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1. Introduction

The chemistry of radical cyclisation has been at the
forefront of research in a significant number of
disciplines." These results underscore the importance
of developing new methods for the synthesis of various
heterocycles and this may be done by constructing five-
and six-membered rings, either in separate or in
multistep processes. Rapid progress in free-radical
reactions and their applications in organic synthesis
have been achieved during the last three decades® and,
due to this extraordinary development, carbon—carbon
bond formation'* is nowadays routinely considered in
retrosynthetic analysis. Acyl radicals* take part in a
large range of inter- and intramolecular reactions and,
hence, they are useful synthetic intermediates.” Ryu and
co-workers have shown that acyl radicals can also be
generated by the reaction of alkyl radicals with carbon
monoxide.*®” Primary, secondary, and tertiary radicals
can be effectively carbonylated to transform them into
carbonyl derivatives such as aldehydes,® ketones,’
esters,10 lactones,ll thiolactones,]2 amides,13 lactams,14
and acyl selenides.'> Some of these transformations are
associated with atom or group transfer, inter- or
intramolecular radical addition, cascade reactions,
radical translocation, one-electron oxidation, or ionic
chemistry. Intramolecular radical ipso-substitution has
not received much attention in organic synthesis.'®
Alkyl radicals obtained by the treatment of thiocarba-
mates of conformationally favourable 3-alkyl-3-arylpro-
pan-1-ols with tris(trimethylsilyl)silane and AIBN were
found to undergo intramolecular ipso-substitution of the
methoxy group, producing the corresponding cyclised
products. On the other hand, either conformationally
favourable or flexible I-arylalkan-3- or 4-ones easily
cyclised into five- or six-membered condensed rings by
treatment with Sml, via ketyl radical intermediates.'’
Spirocycles can be effectively synthesised by a radical
cyclisation procedure employing an intramolecular
radical attack onto a cyclic oleﬁn,18 intramolecular
addition of tertiary cyclic radicals to an alkene'® or
alkyne,?® or cyclisation of a radical species containing a
preoccupied quaternary carbon centre.?’

Radical reaction is emerging as one of the leading methods
in many industrial processes especially for producing a
whole class of useful plastics or polymers such as
polyethylene, teflon, polystyrene etc. Radical reactions are
of vital importance in biology and medicine. The search for
various heterocycles and many new methodologies has been
a central goal for free-radical chemists in recent years. This
review has the same goal as its predecessors to provide the
most effective literatures in the particular area. The main
aim of this review is to reflect upon, and to summarise, the
main developments that have taken place in the application
of free-radical chemistry to synthesise five- and six-
membered heterocycles and to stimulate further studies in
this continually evolving field. In order to keep the review to
a reasonable length, coverage has been focused”? only on
five- and six-membered heterocyclic ring constructions and
has largely excluded heterocyclic syntheses in which the
heterocyclic ring(s) are not part of a radical cyclisation.

2. Reagents, solvents and radical initiators used in
radical cyclisation

Tributyltin hydride has proved to be an excellent radical-
generating reagent for the development of modern synthetic
radical chemistry, but, due to its high toxicityi‘, it is not
useful in pharmaceutical synthesis. Additionally, it is very
difficult to remove the tributyltin residues from the reaction
mixtures and this reagent is very unstable and decomposes
steadily, even if carefully stored. Tributylgermanium
hydride (Bu;GeH)? is a superior alternative to BuzSnH,
devoid of all these problems. The use of tris(trimethyl-
silyl)silane [(TMS)3;SiH or TTMSH]23 and polymethyl-
hydrosiloxanes®* has been extensively developed.
Triphenylgermanium hydride-mediated radical carbonyl-
ation/cyclisation reactions® are also very useful.

Bowman et al. reported® the cyclisation of 2-iodo-1-(prop-
2-enyloxy)benzene 1 to give a similar yield of 3-methyl-2,3-
dihydrobenzofuran 2 using Bu;GeH and Bu;SnH, respect-
ively, but the reaction is slightly slower with Bu;GeH
(Scheme 1).

S —

Reaction conditions | Yield of 2
Bu,;SnH (1.2 equiv), ACN, PhMe, reflux, 2 h 86%
Bu,GeH (1.2 equiv), ACN, PhMe, reflux, 3 h 91%

Scheme 1.

The radical cyclisation reactions of 1-iodo-3a and 1-bromo-
2-[(3-phenylprop-2-enyl)oxy]benzene 3b were also studied
using BuzSnH and BuzGeH. The rate of bromine abstraction
from bromobenzene by Bu;Ge  radicals at ambient
temperature is relatively slow, but will be faster at higher
temperature and the rate of abstraction of iodine (k) will be
faster. Bowman et al. observed?® that Bu;SnH-mediated
radical cyclisation of the radical precursors 3a and 3b gave
the cyclised product 6 in good yield, whereas the yields with
Bu3GeH were extremely low. Various reaction conditions
and initiators failed to improve the yield of the cyclised
product 6. The poor reactions with Bu3GeH were due to the
slow rate of H-abstraction (k) by the intermediate benzyl
radical 5 (via 4) from Bus;GeH; the rate of H-abstraction
from Bu;GeH is too slow (20-30-fold slower than that with
Bu;SnH) to facilitate propagation and, hence, the chain
reaction was inhibited. This is a drawback of Bu;GeH,
compared to BusSnH. The yield of the cyclisation product 6
was increased to 75% by using the polarity reversal catalysis
(PRC) technique developed by Roberts,”” in which the
nucleophilic benzylic radical intermediate 5 reacts rela-
tively rapidly (k3) with the electrophilic source of hydrogen
(PhSH). This was the first example of the use of PRC with a
triorganogermanium hydride (Scheme 2).

* Tributyltin compounds can be handled safely on a small scale in the lab,
provided that good lab practice is observed (see: Thomas, E. J., Science of
Synthesis; Georg Thieme: Stuttgart, 2003; Vol. 5, pp 200-201).
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©\ /H fast
PhSH
k, fast
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Bu,GeH | k, slow
Ph
+ Bu,Ge'
(0]

Bu,GeH
PhSH + Bu,Ge-

k, fast
Reaction condition Radical precursor | Yield of 6

Bu,SnCl (0.1 equiv), NaBH,, AIBN, /BuOH, reflux, 4 h 3a 59%

3b 77%
Bu,SnH (2 equiv), AMBN, cyclohexane, reflux, 3 h 3a 92%

3b 52%
Bu,GeH (1.3 equiv), AMBN, cyclohexane, reflux, 3 h 3a 0%
Bu,GeH (1.0 equiv), PhSH (0.1 equiv), ACN, cyclohexane, reflux, 9 h 3a 75%
Bu,SnH (2.2 equiv), syringe pump addition AMBN, MeCN, PhMe, reflux, 3 h 3a 52%
Bu,SnH (2.0 equiv), Et,B, THF, 25 °C, 21 h 3a 64%

Scheme 2.

The use of water as a solvent is an excellent achievement
from both an economical and an environmental stand-
point.”® The indium-mediated carbon—carbon bond-forming
reactions in aqueous media are very useful in organic
synthesis.”> Nambu et al.* synthesised 1-methoxy-4-(4-
methyl-2-oxolanyl)benzene from 2-iodo-1-(4-methoxy-
phenyl)-1-prop-2-enyloxyethane by using VA-061 as the
water-soluble initiator and EPHP as the chain carrier and an
overall increase in the product yield was obtained by
employing 1-10 equiv of NaCl as a ‘salting out’ salt. The
reaction was best carried out by using various surfactants,
for example, cetyltrimethylammonium bromide (CTAB), in
the presence of 2,2'-azobis[2-(2-imidazolin-2-yl)propane]
(VA-061) and N-ethylpiperidine hypophosphite (EPHP).
Recently, Barton et al. have reported a radical reaction using
hypophosphorous acid.>' The radical cyclisation of hydro-
phobic substrates using a combination of the water-soluble
radical initiator, VA-O61,32 the water soluble-chain carrier,
EPHP and the surfactant, CTAB, in water>> has been used.
Kita et al. have reported®* a radical reduction in aqueous
isopropyl alcohol using a combination of VA-061,
hypophosphorous acid and triethylamine.

Murphy and co-workers synthesised® indolones in excel-
lent yields from the reaction of iodoarenes with diethyl-
phosphine oxide (DEPO) in water at 80 °C via aryl-radical
formation, hydrogen-atom abstraction, cyclisation and
re-aromatisation. The reaction featured V-501 as a water-
soluble initiator and no other additives were needed. This
reagent afforded an extremely easy work up, high yield of
products and was free from phosphorous- or initiator-
derived byproducts. The process proceeded at a much lower
temperature than was required for efficient reaction with
tributyltin hydride in benzene and the yield was even higher
than that from the corresponding reaction annulated by
EPHP.

Triethylborane (Et3;B) is a powerful reagent for radical

cyclisation and the novel tandem radical addition cyclisa-
tion of oxime ethers and hydrazones intramolecularly
concerted with an o,B-unsaturated carbonyl group was
demonstrated.®® Diethyl phosphite, (EtO),P(O)H, has
proved to be a useful alternative and more versatile reagent
for radical cyclisation.”” Many indium-mediated reactions
have been initiated by single-electron transfer (SET) in
tandem carbon—carbon bond-forming processes in aqueous
media.*®

Studer et al. studied®® intermolecular addition followed by
cyclisation reactions by reacting various dienes (3 equiv)
with alkoxyamines in CICH,CH,Cl to afford the 1,4-func-
tionalised malonates in moderate to good yield as a cis/trans
mixture of isomers. In this connection, it is important to note
that the diastereomers could not be separated, but their
relative configuration was assigned on the basis of literature
reports*® on similar cyclisations.

The rapid and homogeneous heating in the case of
microwave-assisted organic synthesis is advantageous
over the conventional thermal heating techniques. The
addition of azidotrimethylsilane (2 equiv) to arylnitrile-
boronate esters 7 was found to proceed rapidly in
dimethoxyethane (0.10 equiv) to give the aryltetrazole-
boronates 8 in moderate to good yield, with dibutyltin oxide
as catalyst.*' It is important to note that the same reaction
required >22h for complete conversion under refluxing
conditions (Scheme 3).

During the last few years, there has been flurry of
applications of Ce(IV) reagents for producing radicals and
radical cations that can further react with other substrates to
form C—C bonds.** Ce(IV)-mediated oxidative additions of
enolisable carbonyl compounds to activated olefins is of
particular importance.** Ceric ammonium nitrate (CAN) is
the most commonly used reagent for this purpose, but
the poor solubility of CAN may be avoided by preparing
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N
A
N B N
TMSN, (2 equiv), Bu,SnO (0.10 equiv.) —N
0 microwave, 150 °C, 10 min
B 0
\ DME, > 99% conv B
o \
(6]
7 8
Scheme 3.
ceric-tetra-n-butylammonium nitrate (CTAN), having a
more lipophilic ammonium counterion.** The use of o 0 0
CTAN has been exemplified in the oxidative additions of O OFt
1,3-dicarbonyl substrates to allyltrimethylsilame.45 The | OEt O O CAN MeOH / \
oxidative coupling of B-carbonyl imines 9a—j and allyl- . J\/U\ — M
\ ! : . ) . Ph” N-H T Me OEt 1t N ¢
trimethylsilane with CTAN were investigated in MeCN and ) |
CH,CL.*® In MeCN, allylation products were generated R R
predominantly, whereas, in CH,Cl,, the dihydropyrrole 13 14 15
products 10a—j were obtained exclusively. Here, solvent- 13 a) R=p-CIC(H, 15 a) 54%
assisted nucleophilic cleavage of the intermediate PB-silyl b) R=p-BrCH, i’)) 55:;4
cation is found to play an important role in the solvent- ©) R = p-Et0,CCeH, d) 45%
dependent chemoselectivity (Scheme 4). dR=Fh e) 53%
¢) R =CH,CN
0 Scheme 6.
R, _~_SiMe, K radical 16. This radical intermediate 16 undergoes inter-
M = / SiMe, molecular addition followed by oxidation to give 18 (via
R R CTAN . R N 17), which undergoes a condensation reaction to afford 15
(2 equiv.), CH,Cl, |
. 41, EtN, rt R (Scheme 7).
9a-j ’ 10a-j
9 a) (RI, R2= Me, R} = CHzph) 10. a) 78%
b) (R!, R? = Me, R3=Pr) b) 71%
©) (R, R? = Me, R* = CH(Ph)(CO,Me) ©) 54% 3. Synthesis of nitrogen heterocycles
d) (R, R? = Ph, R? = CH,Ph) d) 65%
e) (R'=Me, R? = OMe, R3 = -CH,Ph) €) 82;%
f) (R' = Me, R? = OMe, R* = Pr) D 128@ 3.1. Imine and enamine substrates and related systems
g) (R! = Me, R? = OMe, R3 = CH(Ph)(CO,Me)) ;ag o
h) (R! = Me, R*= OCH,CH,, R® = CH,Ph) i) 80% Naito et al. exemplified*® the radical cyclisation of various
i) (R = Me, R? = O-/Bu, R? = CH,Ph) i) 74%

§) (R! + R? = -CH,CH,CH,-, R? = CH,Ph)

Scheme 4.

The conversion of 9 to 10 in the presence of a non-
nucleophilic solvent proceeded via (11—12—10). The
intermediate B-silyl cation was quenched by the presence of
a proximal nucleophilic imine (Scheme 5).

The CAN-mediated reaction between B-aminocinnamates
13 and ethyl acetoacetate (B-dicarbonyl compound) 14 in
methanol at rt can lead to the formation of highly substituted
pyrroles 15 (Scheme 6).*’

A plausible mechanism for the above conversion suggests
that initiation occurs with CAN oxidation of 14 to produce

RiN
I
/\/SiMe3 R R

_— =

CTAN, CH,CI,

(0}

2

+
Me,si” 11

Scheme 5.

non-nucleophilic (\ +
—_— >

oxime ethers and the sulphanyl radical addition—cyclisation
of different hydrazones. Radical additions to C-2, C-3 and
C-4 of a quinoline were found to proceed under neutral
conditions.*’ Johnston et al. have developed™’' the free
radical-annulated vinyl amination by non-conventional
vinyl radical addition to the azomethine nitrogen, following
S-exo-trig cyclisation. This new vinyl amination protocol
is very effective for synthetic access to non-stabilised
N,N-dialkyl enamines and tandem bond-forming pro-
cesses.”” Recently, the tributyltin hydride-mediated radical
cyclisation of various ketimines was carried out to analyse
the aryl radical additions to the nitrogen of azomethines.”?
Aryl, trifluoromethyl, alkyl and o,B-unsaturated ketimines
were engaged in regioselective aryl nitrogen bond formation
via 5-exo cyclisations of an aryl radical to the azomethine
nitrogen. C-N bond formation is more selective than C-C

R 0
Ri__ 7 2
N R

— — 10

solvent

Me,Si 12
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(S)-19a 89% ee (87%)
(R)-19b > 99% ee (77%)
Scheme 8.

bond formation and competes only with direct aryl radical
reduction by the stannane.

Johnston et al. have recently prepared®® two non-natural
proline derivatives (21a,b), (S)- and (R)-7-azaindoline-o-
aminoacetate, as their trifluoroacetate salts on a gram scale,
in which the key step was the tri-n-butyltinhydride-
mediated radical cyclisation of (S)- and (R)-2-(benzhydryl-
idene-amino)-3-(2-bromopyridin-3-yl)-propionic acid tert-
butyl ester 19a and 19b to produce 1-benzhydryl-2,3-
dihydro-1H-indole-2-carboxylic acid tert-butyl ester 20a
and 20b, respectively. This large-scale free radical
cyclisation protocol replaces benzene solvent with toluene
without any complication and the crystalline nature of the
intermediates and the final product enables straightforward
purification at each stage, including enantiomeric enrich-
ment (89-99% ee for 19b). Deprotection to the free amino
acid 2l1a,b from 20a,b was readily achieved by

(S)-202 >99% ce (53%)
(R)-20b > 99% ce (67%)

o 0 OEt 0 0
Me EtO OEt
T — 0\
Ph III'H Ph N Me

R
18 15

co'B CF,CO,H
Y _BGSiH
N

CH cl, “HO,CCF,

Ph

(S)-21a (66%)
(R)-21b (89%)

trifluoroacetic acid in CH,Cl, and its isolation as the
trifluoroacetate salt is most convenient for both character-
isation and storage (Scheme 8).

Recently, Bowman et al. have synthesised™® 2,3-disubsti-
tuted indoles 27 from imidoyl phenylselanide precursors 22
under BuzSnH-mediated standard radical cyclisation con-
ditions. The unpaired electron of the imidoyl radicals is
placed in an sp? orbital. From a study of the NOESY NMR
spectrum, it was found that the phenylselanide group is anti
to the N-substituent in the imidoyl selanides 22 and the
imidoyl radicals will therefore, initially have the two
substituents in the syn position 23, which is unfavourable
for cyclisation.

Although the literature reveals™> that the barrier to inversion
between the syn- and anti-imidoyl radicals is higher than
that for vinyl radicals, the rate of inversion and cyclisation

z
syringe pump addition of z
| Bu,SnH (2.2 equiv) and
R portionwise addition of \ R
/)\ AIBN (1.0 equiv) over 6 h, N
N™ “SePh PhMe, N, at 27
22
z
R —>= fast 5-ex0 @g
A :
N SePh N/) .
22 23
SnBu,

27. ) R = p-Tol (95%)

b) R = p-CIC H, (92%)

¢) R = CH,Ph (98%)
d) R = Me (98%)

Scheme 9.

Bu3 SnH

®E§R~©3
N
27
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must be rapid, compared to the bimolecular reaction with
Bu3SnH, even at high concentrations of BuzSnH. Com-
pound 25 was therefore, formed by 5-exo cyclisation of
24 (obtained from the rapid conversion of 23) and the
3H-indole intermediates 26 (not isolated) were subsequently
produced from 25 and were rapidly tautomerised to the
indoles 27 (Scheme 9).

Studer et al. have introduced® silylated 1,4-cyclohexa-
dienes having the capacity to release silyl radicals for use in
conjunction with an organic halide precursor. 1-Carbamoyl-
2,5-cyclohexadienes released carbamoyl radicals (amino-
acyl radicals), which underwent ring closure to give the B-
or y-lactams in moderate yields.”” The high regioselectivity
of oxime ethers was demonstrated by Warkentin et al. who
showed™® that even the normally disfavoured 6-endo-attack
was preferred at the carbon centre over 5-exo-cyclisation at
the nitrogen. Radical addition on to oxime ether derivatives
is rapidly developing and is very effective in synthesising
various complex natural products,’® for example, 1-deoxy-
norjirimycin,® (+)-7-deoxypancratistatin,®" morphine
alkaloids,®> (—)-balanol fragments®® and pyrrolidine
nucleoside analogues.®*

N-Benzyl-N-[2{N-(benzyloxy)ethanimidoyl}phenyl]-1-
methyl-2,5-cyclohexadiene-1-carboxamide 28a was
allowed to react® with dilauroyl peroxide as initiator and
a catalytic amount of methyl thioglycolate in refluxing
benzene. After a 30 h reflux of a benzene solution of 28a,
1-benzyl-3-[(benzyloxy)amino]-3-methyl-1,3-dihydro-2H-

indol-2-one 31 (R=H) was isolated in 68% yield. The
electrophilic sulfanyl radical RS’, obtained from methyl
thioglycolate, will preferentially abstract hydrogen from the
bisallylic site of 28, due to a favourable polar effect, to
generate a cyclohexadienyl radical 29 and regenerate RSH.
In refluxing benzene, radical 29 will undergo rapid
B-scission to produce a carbamoyl radical 30, together
with toluene as a benign and easily removable byproduct.
The indolinyl aminyl radical 31 should be produced by the
5-exo-ring closure of 30 and the radical 31 will readily
abstract a hydrogen atom from additional 28 and, hence,
propagate a chain reaction with the 3-substituted indoline
derivative 33a as the end product. The cyclisation steps
were very rapid and took place regioselectively at the
C-atoms of the C=N bonds, by 5-exo ring closure.
Competition from 6-endo cyclisation of the carbamoyl
radical 30 will generate the dihydroquinazolin-2-one
intermediate 32. Compound 28b under a very similar kind
of reaction sequence furnished 1-benzyl-3[(benzyloxy)-
amino]-5,6-dimethoxy-3-methyl-1,3-dihydro-2H-indol-2-
one 33b in 63% yield (Scheme 10).

3.2. Substrates with ketenimine functions

1-(2-Bromoethyl)-2-isocyanatobenzene was reacted with
tributyltin hydride using thermal initiation with AIBN,
photochemical initiation and conditions of slow organotin
addition®® and 3,4-dihydro-1H-quinolin-2-one was obtained
as the major product via 6-endo cyclisation. Alternatively,
the cyclisation might be treated as 6-exo. The inter- and

Scheme 10.
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b) R = OMe (63%)
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intramolecular addition of free radicals onto ketenimines
was explored®’ very recently by Vidal et al. They found that
the intramolecular addition of benzylic radicals generated
from xanthates, onto the central carbon of a ketenimine
function with its N-atom joined to the ortho-position of the
aromatic ring occurred under a variety of reaction
conditions and provided a novel radical-annulated synthesis
of 2-alkylindoles.

Recently, Vidal et al. demonstrated®® the radical cyclisation
of the C,C-disubstituted ketenimines 34a—g by a three-
portion addition of a stoichiometric excess of tris(trimethyl-
silyl)silane (3 equiv) and AIBN (1.2 equiv) to a 0.015 M
solution of the ketenimines in boiling benzene. Under these
reaction conditions, the ketenimines 34 were totally
consumed to produce the 2H-1,4-benzoxazines 35a—g and
36a-g in moderate to good combined yields (36-82%).
These radical cyclisations are controlled by a persistent
radical effect® (Scheme 11).

The mechanism for the formation of 35 and 36 from 34 may
be explained as follows. The in situ-formed [(CH3);Si]5Si
radical should attack the selenium atom of the ketenimines
34 to give PhSeSi[Si(Me);]; and the expected aryloxy-
methyl radicals 37. These, in turn, undergo cyclisation to
the tertiary radicals 38a by intramolecular addition of the
radical moiety onto the central carbon atom of the
ketenimine function. The (2H-1,4-benzoxazin-3-yl)methyl

R3

R
PhH, reflux, 24 h

34a-g¢ p

R3

2
(0]
0 R
\/SePh ) R2 o +
TTMSH (3 equiv) CN
R N e —— Me R’ N X R
%\‘/ AIBN (1.2 equiv) ! =

10609

radicals 38a subsequently underwent radical-radical cross
coupling with the 1-cyano-1-methylethyl radical 39
obtained from the thermal decomposition of AIBN to give
the compounds 35. Another possibility is that the unpaired
electron of the radicals 38a can also reside on the nitrogen
atom of the 1,4-benzoxazine substituent, as directed by the
canonical form 38b. The formation of the compounds 36
may be explained by the radical-radical coupling of 38b
with the 1-cyano-1-methylethyl radical 39 present in the
reaction medium (Scheme 12).

Wang et al. observed’” that the thermolysis of benzannu-
lated enyne—isocyanates such as 40 initiated a cycloaroma-
tisation reaction to generate in situ O,4-didehydro-2-
hydroxyquinolines 41a,b as reactive intermediates. This
cycloaromatised intermediate could be captured either as
biradicals 41a and/or as zwitterions 41b, depending on the
nature of the substituent at the alkynyl terminus. Compound
40 was refluxed in 1,2-dichlorobenzene in the presence of an
excess of y-terpinene in a sealed glass tube at 230 °C for
24 h to produce 3-phenyl-2(1H)-quinolinone 42 in 47%
yield, along with a small amount of the chlorinated adduct
43 in 6% yield. The intermediate obtained from cycloar-
omatisation of 40 bearing a phenyl substituent could be
regarded as biradical 41a, which then abstracted hydrogen
atoms from vy-terpinene, leading to 2(1H)-quinolinone 42.
Alternatively, the same intermediate could also be regarded
as zwitterion 41b, which then underwent an initial hydride

N

e
35 36

Scheme 11.

O

34—

Nx
v X

Ph

Scheme 12.

e
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35a, 36a) R! = R2 = R® = H, R* = Ph (35:36 = 0.7:1) (79%)
35b,36b) R!= Me, R2 = R3 = H, R* = Ph (35:36 = 1:1) (74%)
35¢, 36¢) R! = OMe, R2 = R3 = H, R* = Ph (35:36 = 1:1) (36%)
35d,36d) R' = H, R2, R*= CH,, R* = Ph (35:36 = 0.7:1) (73%)
35,36¢) R! = R®= H, R2 = Me, R* = Ph (35:36 = 0.7:1) (66%)
35f,36f) R! = CI, R2 = R® = H, R* = Ph (35:36 = 0.5:1) (82%)
35g,36g) R! = Cl, R2=R3 = H, R* = Me (35:36 = 1.8:1) (78%)
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Me
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abstraction from +y-terpinene, followed by protonation to
produce 42. The chloro-substituent in 43 was presumably
obtained from 1,2-dichlorobenzene. The presence of a
2-phenylethyl substituent in place of a phenyl substituent in
40 also allowed the resulting intermediates to be captured
intramolecularly, either as biradicals or as zwitterions,
producing 2(1H)-quinolinone in 81% yield. On the other
hand, with a 2-methoxyphenyl, a 2-(dimethylamino)phenyl,
or a 3-methoxypropyl substituent, the chemical behaviour of
the cycloaromatised adduct could be best explained in terms
of a zwitterionic intermediate, leading to benzofuro[3,2-c]-
quinolin-6(5H)-one (53-68%); 5,11-dihydro-11-methyl-
6H-indolo[3,2-c]quinolin-6-one (59-82%); benzofuro[3,2-c]-
pyridin-1(2H)-one (90%) and 2,5-dihydro-2,5-dimethyl-
1 H-pyrido[4,3-b]indol-1-one (38%) and related compounds.
The efficiency and selectivity of the cycloaromatisation
reaction could also be enhanced by the introduction of
1.1-10 equiv of dimethylphenylsilyl chloride to the reaction
mixture to capture the resulting zwitterions (Scheme 13).
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Fluorine-containing quinolines have received considerable
attention, because the presence of fluorine atoms into
organic molecules modifies their biological and physical
properties.”"’* 3-Fluorinated quinolines have been found to
exhibit notable biological activities, giving rise to their
medicinal and agricultural use.”?

When o-isocyano-substituted-f,B-difluorostyrenes 44a—c
were added to n-BusSnLi (Scheme 14, method-A), 2,4-
disubstituted 3-fluoroquinolines 45a—c were exclusively
obtained in high yield.”* On the other hand, the addition in a
reverse manner (Scheme 14, method-B) afforded 4,4'-
disubstituted 3,3’-difluoro-2,2"-biquinolines 46 as major
products.”>’® Thus, by just changing the order of addition of
the substrates and tin reagent, both fluoroquinolines 45 and
difluorobiquinolines 46 were selectively synthesized
(Scheme 14).

The mechanism for the formation of 45 and 46 from 44 may

R
F,C F
z n-Bu,SnLi =
phc +
THF AN
__N
7 Y45
Substrate R n-Bu,SnLi (equiv) Method Conditions Yield of 45 Yield of 46
44a n-Bu 3.0 A -78°C, 1 h 80%
44b Et 3.0 A -78°C,0.25h 7% -
44c s-Bu 4.1 A -78°C,2 h 65% -
44a n-Bu 2.5 B 0°C,lhtort,1h 4% 59%
44b Et 2.1 B 0°C, 1 htort,1h  12% 42%
44c s-Bu 2.5 B 0°C,1htort,1h - 42%
Scheme 14.
R R .
R H
45
n-BuSnLi | F,C -LiF | P~ n-Bu,SnLi =
- n-Bu,Sn - n-Bu,Sn* BN 4 -
_N Xy ’ Lit °N 8.5 46
™ 49 and/or
Lir 47 48 44, -LiF

Scheme 15.
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be explained as follows. Isocyanides 44 underwent a one-
electron reduction with n-BusSnLi to produce the radical
anions 47, which, in turn, cyclised to give the quinolyl
radicals 48. These radicals were readily reduced further to
generate the 2-quinolyllithiums 49. In method-A, an excess
amount of n-Bu3SnLi smoothly reduced 46 to afford the
anions 49, which exclusively produced the quinolines 45.
On the other hand, the reverse addition, that is by adding
n-Bu;SnLi to 44, method-B, allowed the generated quinolyl
anions 49 to react with the quinolyl radicals 48 and/or with
the remaining substrates 44 to produce the biquinolines 46
(Scheme 15).

3.3. N-Vinylic substrates and related systems

Tamura et al. observed’’ the effect of a halogen atom in the
5-endo radical cyclisation of o-haloamides on N-benzyl
amides. The cyclisation ability decreased from the chloro-
to bromo- to iodo-amide and the same reaction course was
also followed in (TMS);SiH-mediated reactions.

Jones et al. have reported’® that the regiochemistry of the
cyclisation of aryl radicals onto pyrroles attached through an
amide at the C-3 position is influenced by the N-substituent
on the pyrrole. Pyrroles substituted with an electron-
donating group (methyl) on nitrogen, produced exclusively
8-methoxy-1-methyl-5-(2-trimethylsilylethoxymethyl)-4,5-
dihydro-1H-pyrrolo[3,2-c]quinolin-4-one in 43% yield,
arising from 6-endo cyclisation. No 5-exo or 6-exo
cyclisation product was isolated from the reaction. On the
other hand, pyrroles substituted on nitrogen with an
electron-withdrawing group (carbamate) gave the cyclisa-
tion product (32%), along with a small amount of the
aromatised product in 15% yield. From a consideration of
the above results, it has been concluded that the formation
of either the spiropyrrolidinyloxindole or pyrrolo[3,2-c]-
ginoline nucleus from a common intermediate can be
controlled by changing the substituent on the pyrrole, and
the regiochemistry is not influenced by the substituents on
the benzene ring.

Recently, it was observed’® that the tributyltin hydride-
mediated radical cyclisation of the 2-styrylindole took place
at C-3 of the indole via a 6-endo-trig pathway to produce the
benzo[c]carbazole in 58% yield as the major product.

Parsons et al. have shown®® that the 5,5,6-ring system
present in mitomycins can be prepared via tandem radical
cyclisation sequences involving either a tandem S5-endo/
5-exo radical cyclisation or, alternatively, a [1,6]-hydrogen-
atom transfer, followed by a 5-exo cyclisation sequence.

Recently, Zhang et al. have described®' a general method
for constructing a variety of nitrogen heterocycles. They
treated the N-acylated cyclic nitrogen compounds with
(TMS);SiH and AIBN to generate the tricyclic isoindo-
linones as the major product, along with some reduction
product.

The oxidative radical cyclisation of enamides by using
n-Bu;SnH and dilauroyl peroxide has recently been reported
by Miranda et al.** and an efficient 5-endo and 6-endo
oxidative radical cyclisation was observed. n-Bu;SnH and

dilauroyl peroxide were used both as radical initiators and as
oxidants in cyclisations onto enamide systems. Dibenzoyl
peroxide and dicumyl peroxide were tested in the same
reaction and the product yields were very similar to those
obtained with dilauroyl peroxide.

Recently, we have reported® the regioselective synthesis of
a number of pyrimidino[3,2-c]tetrahydroisoquinolin-2,4-
diones from the 1,3-dialkyl-S-(N-2’-brom0benzyl,N-
methyl)amino-pyrimidine-2,4-diones by the intramolecular
addition of an aryl radical to the uracil ring bearing the
amino nitrogen atom. The beauty of this reaction sequence
is that the usual aerial oxidation in this type of cyclisation
with n-Bu3SnH is not observed and the dihydro compounds
are isolated in excellent yield.

N-(o-Bromobenzyl)-N-[2,2-bis(phenylthio)ethenyl]propa-
namide underwent a BuzSnH-mediated radical cyclisation
in a 5-exo manner to produce 1-[bis(phenylthio)methyl]
dihydroisoindoles, which were partially desulphurised with
Bu;SnH-AIBN to give the 1-mono(phenylthio)methyl
congeners.**

Harrowven et al. reported® the intramolecular 6-exo/endo-
trig and 5-exo-trig cyclisations of aryl radical intermediates
to the o, B- and y-carbons of pyridine at neutral pH. The
tether conjoining the radical donor to the pyridine plays an
important role in determining the fate of the reaction. When
a Z-alkene was used as a tether, for example, (Z£)-3[2-(6-
iodo-1,3-benzodioxol-5-yl)-1-ethenyl]pyridine, the n-
Bus;SnH-mediated radical cyclisation afforded a 5:4 mixture
of benzo[h]quinoline (54%) and benzo[f]isoquinoline
(43%). The reaction was more complex when a saturated
two-carbon tether, for example, 2-[2-(6-iodo-1,3-benzo-
dioxol-5-yl)-ethyl]pyridine, was employed. In this case,
a mixture of products, 2-[2-(1,3-benzodioxol-5-yl)ethyl]-
pyridine (35%), 5,6-dihydro-[1,3]dioxolo[4'5":4,5]-
benzo[f]quinoline (33%) and 5,6-dihydro-[1,3]dioxolo-
[45":4,5] benzo[h]quinoline (27%), was obtained from the
hydrogen-atom abstraction, ipso-cyclisation and ortho-
cyclisation pathways.

A few years ago, Mitchell and Rees reported®® a
photochemical conversion of 9-(benzotriazol-1-yl)acridine
50 in to 8H-quino[4,3,2-kl]acridine 54 in acetonitrile and
suggested that an intermediate carbene (obtained initially
from a triplet diradical) in the guise of its dipolar form
cyclised to the pentacycle 54. Previously, they had
explored®” the parallel thermal transformation (50— 54)
by differential scanning calorimetry. The same quino-
acridine 54 was also prepared®”*® from 9-(2-bromoanilino)-
acridine with tributyltin hydride and AIBN in boiling
toluene under standard radical-cyclisation conditions.

Recently, Stevens et al. have reported® the cyclisation of
9-(benzotriazol-1-yl)acridine 50 to the pentacycle, 8H-
quino[4,3,2-kl]acridine 54, in a range of low-boiling
solvents, which is mechanistically distinct from the
previously published photochemical (carbene) and thermo-
lytic (radical) cyclisations. The degradation of 50 in 98%
yield in boiling triglyme (216 °C), and yields of 98% in
ethanol (78 °C) and 95% in methanol (65 °C), (Table 1)
cannot be accommodated reasonably within the diradical
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Table 1. Yields of 8 H-quino[4,3,2-kl]acridine 54 from the thermolysis of 9-
(benzotriazole-1-yl)acridine 50 in boiling solvents

Solvent Temperature Reaction time Yield (%)
0 (h)
Methanol 65 36 95
Ethanol 78 24 98
Trifluoroethanol 88 72 0
Propan-1-ol 97 24 Trace
Propan-2-ol 82 29 50
Butan-1-ol 117 24 90
Butan-2-ol 98 24 Trace
Diglyme 162 24 0
Triglyme 216 2 98
Diphenyl ether 259 1 97
Benzene 80 48 0
Toluene 110 48 0
Triethyl amine 89 24 80
Pyridine 115 24 6
Dimethyl formamide 156 24 80

hypothesis. The formation of 50 to 54 may be explained by
the formation of a diazonium species 51, which can cyclise
to quinoacridine 54 via zwitterion 52 and the carbonium ion
reactive species 53, in a process showing affinities to the
intramolecular arylation by diazonium compounds (Pschorr
cyclisation),” but without requiring any copper catalysis.
Several factors, for example, the propensity of benzotriazole
to undergo N-N bond cleavage, resonance stabilisation
and solvation of cationic reactive species, are responsible
for the initiation of heterolytic fission of the benzotriazole
(Scheme 16).

Ganguly and co-workers observed®! that furan-3-carboxy-
amide 55 on reaction with TBTH furnished the spiro
compound 56 (59%) and no rearrangement product 57 was
detected (Scheme 17).

Ganguly et al. also explored’’ the TBTH reaction with
compound 58 to obtain compound 61 (20%), 62 (16%), 63
(47.2%) and 64 (8%). Here, compound 64 was obtained as a
minor product from the spiro radical intermediate 59. The
major products were obtained by rearrangement of the spiro
radical 59 to the radical 60, which accepts a hydrogen radical
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57 S5 56 (59%)

Scheme 17.

to give cis-62 and trans-61 and, in addition, the radical 60
undergoes oxidation to yield the compound 63 (Scheme 18).

A tributyltin hydride-mediated radical reaction’® of
compound 65 afforded 66 (11%) and 67 (16.9%) along
with the starting material (45%). The formation of 66 and 67
from 65 may be explained as follows. The initial radical 68
underwent spiro cyclisation to give the intermediate 69,
which after further rearrangement, bond cleavage and
subsequent oxidative cyclisation (path-A) produced benz-
imidazole 67, via 70. The intermediate 69 may also undergo
bond migration, followed by loss of a hydrogen radical, to
give 66 via 71 (path-B, Scheme 19).

Cordes et al. reported” a relatively rare 7-endo cyclisation
process to generate octahydrocyclopenta[b]azepines in
reasonable yield and excellent stereoselectivity. The
vinylogous amide 72 underwent 6-exo ring closure to the
azaspirocycles 73 and 74 in a moderate yield and in a 1:1
ratio of diastereomers (Scheme 20).

Recently, Kamimura et al. carried out BuzSnH-mediated
radical cyclisation® reactions of a-chloro-acrylamide 75 or
acrylamide 76. o-Unsubstituted 76 underwent exclusive
5-exo cyclisation to give 77 in 78% yield, while the
existence of an a-chloro substituent again controlled the
regioselectivity to 6-endo cyclisation, to afford the 3,4-
dihydro-1H-quinolin-2-one 78 in 71% yield (Scheme 21).

A spirocyclic fragment containing two fused five-membered
saturated heterocycles is found in many naturally occurring
compounds, for example, marine amathaspiramides® and
pseudoindoxyl alkaloids.”® Radical ipso-type substitution
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on to aryl rings mainly proceeds with rearomatisation.”’

Zard and co-workers reported”® radical spirocyclisation to
generate the dearomatised spirocycle. Parsons et al. have
described” vinyl radical ipso-type substitution on furan.
Jones et al. have applied aryl radical spirocyclisations on to
pyrroles’® and the C-3 position of indoles,'* which afforded
the spirocycles in moderate to good yield.

Recently, Baldwin and co-workers have subjected'®! the
radical cyclisation precursors 79a,b to the standard radical
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bromo-5-methoxybenzyl)amine in refluxing ethanol to
give different 4-[N-(2’-bromobenzyl),N-methyl] amino
coumarins 8la-h in 70-75% yield. These tertiary amine
substrates were then refluxed in dry benzene under nitrogen
with tri-n-butyltin chloride and sodium cyanoborohydride in
the presence of 0.5-0.6 mol equiv of AIBN for 4-5 h to give

79a,b 80a,b the title compounds 82a-h in 65-68% yield (Scheme 23).'*
a) X =0, R =Me (80%)
b) X =0, R =Bn (88%) The formation of the products 82a—h from the substrates
P 81a-h may easily be explained by the generation of an aryl
cheme 225 radical 83 in the tri-n-butyltin hydride- and AIBN-mediated
cyclisation conditions to obtain the spirocycles 80a,b reaction.The aryl radical 83 may undergo cyclisation by two
(Scheme 22). different modes, a 6-endo trig cyclisation'®® to afford the
heterocyclic radical 85 (path-A) or a 5-exo-trig cyclisation to
A number of 4-tosyloxycoumarins were treated with give the spiroheterocyclic radical'™ 84b via 84a (not isolated;
N-methyl,N-(2-bromobenzyl)amine and N-methyl,N-(2- path-B). The relatively more stable heterocyclic radical 85
4
2! Me\N R
RZ
X Br Bu,SnCl, Na(CN)BH,
0 0 AIBN, PhH, reflux, 3-4 h, N,
R’ R g2a-h
81a-h
82 a) R! = R® = R#=H, R?=Bu(65%)
b) R!' =R3=H, R?="Bu, R* = OMe (67%)
¢) Rl = R3 = R* = H, R? = Me (70%)
d) R!'=R3=H, R? =Me, R*=OMe (67%)
¢) R' =R2=R*=H, R*= Me (66%)
f) R =R2=H, R®= Me, R* = OMe (69%)
g) R' =R>=R3=R*=H (68%)
h) R!=R2=R3=H, R*=OMe (65%)
Scheme 23.
R* R
RI MeN R! MeN
Rz AN Br
1) (6]
3 Path-A
R 81a-h !

6- endo

Scheme 24.
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(benzyl radical) may form a conjugated double bond to yield
the products 82a—h by an unknown mechanism, which is usual
for this type of synthetic sequence, that is an oxidation step in
a BuySnH-mediated cyclisation.'*>'% The possibility of the
formation of the heterocyclic radical 85 via the spirocyclic
radicals 84a and 84b by a neophyl rearrangement'®’ cannot be
ruled out (Scheme 24).

3.4. N-Allylic substrates and related systems

Ganguly et al. observed’' that the the thiophenecarboxa-
mide 86 on treatment with TBTH yielded the spiroindole 88
in 62% yield as a major product and compound 89 in 20%
yield. This result indicates that the radical 87 combined with
the thiophene double bond or the allyl substituent instead of
undergoing rearrangement to the fused aromatic compound
90 (Scheme 25).

According to the published procedure developed'®® for the

J |
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radical addition—cyclisation of oxime ethers, treatment of an
oxime ether carrying an unsaturated ester 91 with TBTH
and AIBN in refluxing benzene gave two types of products
92 and 93. The major product of the reaction was an
unexpected tricyclic pyrroloquinoline 92, having no
benzyloxy group (52%, cis:trans=1:1) in the molecule,
whereas the expected bicyclic tetrahydroquinoline 93 (22%,
cis:trans=1:1.5) was obtained as the minor product. Naito
etal. examined'® the introduction of a carbonyl group into the
C(8) position and a C; unit into the C(4) position of cis-92
possessing the requisite stereostructure for the synthesis of
martinelline. The radical precursor 94 was produced from
compound cis-92 in several steps. When a solution of Bu3;SnH
and AIBN in benzene was slowly added to a solution of 94 and
methyl acrylate in refluxing benzene using a syringe pump, the
expected compound 97 was produced (via the radical
intermediates 95 and 96) as a single diastereomer in 43%
yield, along with the pentacyclic product 98 (19%).
Compound 98 might have been produced by the radical

L s

N 0 N N
0] N (0] +
~# @ — ©/ — 0 N
= B — . —
_p TALS =~ |
S
90 86 87 88 (62%) 89 (20%)
Scheme 25.
O
~ NHOBn
NOBn CO,Et N
/H Bu,SnH, AIBN + CO,Et
PhH reflux N ITI
”I"s Ts
91 92 93
Ac\ Ac\
N N Ac
H{ 0 Ac \
N methyl acrylate Ac N
Bu,SnH, AIBN Ac
— N —_— >
. Br PhH, reflux N .
N . N ]
+S © o éZ
cis-92 94 95 96
\ﬁ

Scheme 26.

97 (43%)

98 (19%)
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cyclisation of the transiently formed aryl radical 95 into the
aromatic ring, followed by oxidation (Scheme 26).

Intramolecular reactions of nucleophilic carbon-centered
radicals with aromatic systems have received considerable
synthetic attention in the last few years, in order to construct
complex polycyclic molecules incorporating aromatic
rings."'® TBTH-mediated radical cyclisations of aryl and, to
a lesser extent, alkyl radicals upon arenes' ' and
heteroarenes,''® including pyridines,''? quinolines,*’
azoles'" or indoles,lM’115 have already been reported, but,
similar processes involving acyl radicals have rarely been
studied.”®"'"® The generation of 2- and 3-indolylacyl radicals
from the corresponding phenyl selenoesters and their reactions
with alkene acceptors under reductive conditions were
reported earlier."!” Recently, Bennasar et al. explored''® the
TBTH-annulated radical cyclisation of selenoester 99

SePh
@\5%
N 0

condns a-f
_

99 100

Reaction conditions

GRSt
N [e) \ 0
+
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separated by one methylene group under several experimental
conditions. They also reported the cyclisation of 99 under
non-reductive conditions (n-BugSny, 300 W sunlamp). This
reaction was successful because of the comparatively longer
effective lifetime of the indolylacyl radical, and, when
substrate 99 was treated with 2.2 mol of n-BugSn,, the
tetracycle 101 was obtained in 65% isolated yield, with no
trace of the reduction product 100 (Scheme 27).

The mechanism of this reaction is depicted as follows. After
cleavage of n-BueSn, under the influence of heat and/or
light, the resulting tributyltin radical generates the 2-indo-
lylacyl radical 102, which, in the absence of competitive
reactions, can react intramolecularly upon the benzene ring
to give the cyclohexadienyl radical 103. By using
substoichiometric amounts of the radical mediator, conver-
sion of 103 into 101 must be explained via a chain-propagation

N

101

Product (yield, %)

a) n-Bu,SnH (1.5 mol), AIBN (0.1 mol), PhH, 0.03 M,

reflux, syringe pump, 2 h

b) n-Bu;SnH (1.8 mol), AIBN (1.8 mol), MeCN- hexane,

0.03 M, reflux, syringe pump, 4 h

¢) n-Bu;SnH (1.2 mol), AIBN (0.1 mol), PhSe, (cat), PhH,

0.01 M, reflux, syringe pump, 20 h

d) TTMSS (1.2 mol), AIBN (2.0 mol), PhH, 0.03 M, reflux

syringe pump, 4 h

e) n-Bu,Sn, (0.2 mol), 300 W, PhH, 0.01 M, reflux, 24 h
f) n-Bu,Sn, (2.2 mol), 300 W, PhH, 0.01 M, reflux, 24 h

Scheme 27.

99

-
Bu,SnSePh

—_—

PhSTeH

102 ‘)/\PhSe'
99y

‘p 99

101 =——

Scheme 28.

0
N

103

100 (90%)
100 (90%)
100:99 (1:1)
100:101 (4:1)

100 (10%), 99 (25%), 101 (40%)
101 (65%)

Bu,;SnOOH

101
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SePh
O \ conditions a-¢
_—
Yo |

Me
105 106

Reaction conditions

) ()
+ +
N 0 N
! Me

107 108

| Product (yield, %)

a) n-Bu;SnH (1.8 mol), AIBN (1.8 mol), MeCN-hexane,

0.06 M, reflux, syringe pump, 4 h

b) n-Bu,Sn, (0.2 mol), 300 W, PhH, 0.01 M, reflux, 24 h
¢) n-BuSn, (2.2 mol), 300 W, PhH, 0.01 M, reflux, 24 h

Scheme 29.

mechanism involving an Skn-type reaction. Deprotonation of
the radical 103, followed by an SET reaction from the resulting
radical anion 104 to the selenoester 99 would generate the
tetracycle 101 and a new radical anion, which would lose a
phenylselenolate anion to give the radical 102 to propagate
the chain. The phenylselenol thus obtained could reduce the
radical 102 and thereby explain the formation of the aldehyde
100 (Scheme 28).

The selenoester 105 having a benzyl group at the 3-position
of the indole ring underwent cyclisations leading to 2,3-
fused-ring indole derivatives 106108 in both reductive and
non-reductive conditions''® (Scheme 29).

Kamimura et al. also observed” that a-unsubstituted
acrylamides 109a—c always furnished 110a—c via 6-exo
adducts, whereas the corresponding o-chloro substituent
effectively switched the mode of cyclisation from 6-exo to
T-endo (Scheme 30).

2 2
R\ N/R Bu,SnH (2.5 equiv) R\ N/R
AIBN, PhH, reflux
—_—
Br | 0 slow addn 0
109a-c 110a-¢

a) R! = OMe, R? = Bu (48%)

b) R! =H, R? = CH,CF; (51%)

¢) R =H, R? = Me (55%)
Scheme 30.

Bu SnH, AIBN 5 -exo
PhH reflux — pe
l 6- endo
(0]
Bu3SnH
N
Me

114

Scheme 31.

-

Me

106 (50%), 107 (40%)

105 (25%), 106 (14%), 107 (30%), 108 (5%)
101 (65%)

Tributyltin hydride-mediated radical cyclisation''® of
N-allyl-7-bromo-3a-methyl-hexahydroindol-2-one 111 was
found to afford a six-membered-ring product 116 that
prevails over the isomeric five-membered compound. The
reaction was initiated by the generation of a cyclohexenyl
radical 112 from compound 111. When the hydride
concentration was kept low, rearrangement of the kineti-
cally formed radical 113 obtained from the cyclohexenyl
radical 112 to the thermodynamically more stable radical
114 would occur (via 115), leading to a six-membered
product 116. When the substrate 111 (0.01 M) was allowed
to react with TBTH and a catalytic amount of AIBN, the six-
membered ring product 116 was the major product (89%),
but, when the bromide 111 was treated with BusSnH at a
concentration of 0.1 M, a significant quantity (20%) of
the 5-exo cyclisation product 117 (3:1 mixture of
diastereomers) was produced, along with the 6-endo
cyclisation product 116 in a 1:3 ratio, together with the
simple reduction product (19%) (Scheme 31).

BusSnH-annulated standard radical cyclisation conditions
afforded pyrrolo[3,2,1-de]phenanthridinone (68%) as the
major product from N-benzyl-substituted hexahydro-
indolinones. (S)-N-Allyl-2-bromo-N-(phenylethyl)aceta-
mide 118 exists as a mixture of E/Z isomers in a ratio of
3:1, favouring to (Z)-rotamer.lzo’121 This mixture was
treated with tributyltin hydride and catalytic amounts of
AIBN in benzene at reflux. The formation of the
pyrrolidinones 119 and 120 was achieved when the Z-118
rotamer was present, while the Ph; s-migration product 121

N
Bu3 SnH N Me
EN

117
o
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)
©/\f _BuSut, AIBN

r Ph1 s-migrn
Br

121 (11%) E-118

Scheme 32.

SePh
©j\>_< Bu,SnH, AIBN
N O PhH, reflux

b
122

122.a)n=1
b)yn=2

Scheme 33.

was obtained when the E-118 rotamer was highly populated
or the rotation of the amide bond was quite slow
(Scheme 32).'*

Indole selenoesters, carrying different alkenyl, cyclohex-
enyl or tetrahydropyridyl moieties at the nitrogen atom,
were chosen as radical precursors'*® and these were treated
with n-BuzSnH and AIBN in refluxing benzene. Compound
122a preferred to form the five-membered ring through
the 5-exo mode to give the compound 123 having a pyrrolo-
[1,2-a]indole skeleton in 84% yield. Again, compound 122b
was found to cyclise in a 6-exo manner to give the
pyrido[1,2-alindole 124 in 70% yield (Scheme 33).

The selenoesters 125 and 126, containing a 2-cyclohexenyl
moiety, furnished stereoselectively the cis-fused tetracycles

SePh

Bu;SnH AIBN

PhH reflux
5-exo
127 (70%)
SePh \ 0
Bu,SnH, AIBN H
0O ——> N
PhH, reflux
6-exo
H
128 (70%)

Scheme 34.

: N/v/ ) @/\N/\/
(go — O)\

Z-118 Br

Bu,SnH, | 5-exo-trig
AIBN cyclisn

O o O -

119 (43%) 120 (38%)

(0]
n=1
——
5-exo
123 (84%)
n=2 AN Y
6-exo
N
124 (70%)

127 (via a 5-exo route) and 128 (via a 6-exo route),
respectively (Scheme 34).

Baldwin et al. utilised'®' the benzofuran derivative 129,
which underwent spirocyclisation, followed by a reductive
fragmentation, to give 135. The mechanistic aspect of the
above reaction sequence is outlined as follows. The
spirocyclic radical 130 obtained from 129 underwent
fragmentation with the formation of a more stable phenoxy
radical 131. Reduction of the quinone resonance form 132
by tributyltin hydride resulted in the oxystannane 134
(via 133), which was hydrolysed to the phenol 135 after
work up (Scheme 35).

3.5. Cascade/tandem cyclisation

Curran et al. found'** that phenylcarbamic acid pent-3-ynyl
esters in the presence of AIBN (1 equiv) and tris(trimethyl-
silyl)silane (TTMSH) (4 equiv) in benzene under standard
conditions involving UV irradiation generated the furo-
quinolines. They also examined the standard radical
cyclisation of various thioamides and thioureas to furnish
2,3-dihydro-1H-cyclopenta[b]quinoline and indoloquino-
line derivatives, respectively.

The planned cascade [4+ 1] radical annulation involving
0,0'-dialkyl-substituted aryl isonitriles and N-propargyl-6-
iodopyridones furnished a mixture of the 7,9- and 7,12-
isomers of 11H-indolizino[1,2-b]quinolin-9-ones, with
significant regioselectivity in favour of the more-crowded
product.'® This was illustrated with a regioselective syn-
thesis of (20S)-7-trimethylsilyl-9-isopropyl camptothecin.

Cascade radical reactions via o- (arylsulphanyl)lmldoyl
radicals were successfully used'?® for the competitive
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—_—
PhH, reﬂux (¢) N<gn
O
129 130
Br HSHBU3
OH OSnBu,
== —
z 72 4
N N
0 N © o) N Bn o 0 \Bl'l
0 SnBu,
135 (46%) 134 133 132

Scheme 35.

[4+2] and [4+ 1] radical annulations of alkynyl isothio-
cyanates with aryl radicals, leading to a new class of
compounds, the thiochromeno[2,3-b]indoles.

Tandem cyclisation of N-propargylaminyl radicals pro-
duced by N-chlorination of (E)-alk-4-enylamines, followed
by treatment with tributyltin radicals, using n-Bu3SnH and a
catalytic amount of AIBN, afforded 2-methylenepyrrolizi-
dines'?” and the reaction is highly stereoselective.

The synthesis of the spiropyrrolidinyloxindoles, horsfiline
and coerulescine, has been described,128 in which the key
step is the tandem radical cyclisation of iodoaryl alkenyl
azides. The radical cyclisation of 2-(2-azidoethyl)-N-
benzyl-N-(2-iodo-4-methoxyphenyl)acrylamide by using
(TMS);SiH and AIBN in refluxing benzene furnished
1-benzyl-5-methoxy-1H-spiro[indole-3,3’-pyrrolidin]-2-
one. This was subjected to in situ methylation to produce

Bu,SnH, AIBN

©f\>_<SePh
N [0)
L7

—_—
2N

CO,Me
(5 equiv.)

122a

Scheme 36.

n-BuySnH, AIBN
e — .
PhH, reflux

Scheme 37.

136

1-benzyl-5-methoxy-1'-methyl-1H-spiro[indole-3,3’-pyrro-
lidin]-2-one in 60% yield.

Thermolysis of the enyne—carbodiimides having the central
C—C double bond incorporated as part of the cyclopentene
ring favours the formation of the corresponding N,4-
didehydro-2-(phenylamino)pyridine intermediates, either
as the o—m biradicals or as the zwitterions.'?” Many
intramolecular decay routes were obtained for the initially
formed o-m biradicals or zwitterions, leading to 5,6-
dihydrobenzo[c][1,8]naphthyridine, 1,2,3,4-tetrahydro-
[1,8]naphthyridine, 5,6-dihydrobenz[flisoquinoline and the
benzofuro[3,2-c]pyridine.

Recently, Bennasar et al. observed'? the feasibility of
promoting a cascade reaction from the selenoester 122a,
involving a cyclisation process followed by an inter-
molecular addition of the intermediate cyclopentylmethyl

0}

\
/ N
o 123 (20%)

\

N

CO,Me

137 (45%)

6-endo
B —

n-Bu;SnH

)§ OTBS
o

140 (91%)

MeO
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radical 136 to an external electron-deficient alkene.’®!3° In

this case, compound 122a was treated with n-BusSnH and
AIBN in the presence of 5equiv of methyl acrylate to
furnish the 2-substituted pyrrolo[1,2-alindole 137 (45%),
via a cyclopentylmethyl radical 136. Direct reduction of the
radical 136 also gave a very small amount (20%) of 123
(Scheme 36).

Exposure of 7-acetyl-3-allyl-4-bromo-6-(tert-dimethyl-
silanyloxy)-5,6,6a,7-tetrahydro-3 H-pyrrolo[2,3-d]carbazol-
2-one 138 in the presence of n-BuzSnH and AIBN in
refluxing benzene under slow addition conditions afforded
6-acetyl-5-(tert-dimethyl-silanyloxy)-2,3,4,5,5a,6-hexa-
hydro-1H-6,1 221—diaza—indeno[7,l—cd]ﬂuoren—IZ—one131 140
(91%), via an initially generated cyclohexenyl radical 139,
either by a direct 6-endo-trig cyclisation or, alternatively, by
a vinyl radical rearrangement pathway'>* (Scheme 37).

3.6. Diastereoselective radical cyclisation

TBTH and AIBN slowly added to a solution of the
substrates 141a—f in refluxing benzene gave excellent yields
of the diastereomeric piperidines 142a—f and 143a—f, while
the same products were obtained with diastereomeric ratios
up to 99:1 by using tris(trimethylsilyl)silane (TTMSH)
instead of TBTH'* (Scheme 38).

The formation of the trans-piperidines 142a—f as the major
diastereomers may be explained by the preference of the
2-substituent to adopt an axial position in the chair-like
transition state A, thus, avoiding the pseudo A3 strain with
the sulfonamide,'** the radical finally cyclising onto an
equatorial olefin B (Fig. 1).

3.7. Synthesis of nitrogen heterocycles with non-
conventional reagents

The radical cyclisation'?> of halo-amides has been designed
to obtain the functionalised pyrrolidinones via 5-endo-trig
and 5-exo-trig radical cyclisation routes. The trichloro-

TS Ts
R, R 111

1 Condition-A “
or

Br | Condition-B

RO.C RO,C
141a-f 142a-f

TSN\M TsN - co Rl
\/ : COR' o 2
R B

Figure 1. Proposed pathway to major isomers 142a—f.

enamide was heated with copper(I) chloride/bipyridine to
obtain the desired trichlorinated spirocycle, following 5-
endo-trig cyclisation, and the resulting spirocycle was then
allowed to react with tributyltin hydride (3.3 equiv) to
remove all three chlorine atoms. Parsons et al. succeeded in
obtaining the unsaturated pyrrolidinone, pulchellalactam,
by using 5-endo cyclisation. '’

Ishibashi et al. decided'®® to react N-[2-(3,4-dimethoxy-
phenyl)ethyl]-a-(methylthio)acetamide with Mn(OAc); in
the presence of Cu(OAc), and obtained the tetrahydroindol-
2-one, which was then cyclised with Mn(OAc); to give
4-acetoxyerythrinane.

Microwave-assisted free radical cyclisation'*’ of alkenyl
and alkynyl isocyanides with thiols gave the five-membered
nitrogen heterocycles. In a typical reaction, a thiyl radical
(RS") was found to add to an alkenyl isocyanide, generating
a thioimidoyl radical, which underwent 5-exo cyclisation
and subsequent hydrogen-atom abstraction to produce the
cis- and trans-pyrrolines.'®’

Suitably substituted heteroaromatic compounds such as
indole and pyrrole derivatives were found to serve as
excellent acceptor units for intramolecular couplings of
samarium ketyls, and produced highly functionalised indole
derivatives with very good diastereoselectivities. The
intermediate samarium enolates were trapped by electro-
philes, permitting efficient tandem reactions.'*®

The formation of various indolines was exemplified by the
reaction of different unsymmetrically substituted anilines
with the Tordo-type alkoxyamines.'”

a) R=Me, R =Me
b) R = Bn, R! = Me
¢) R=iPr,RI=Me
d)R=Me, R! =/Bu
¢)R=Bn,R!'=¢Bu
fyR=iPr,R!=7Bu

e z—r

Ro,c™
143a-f

Condition-A: Bu,SnH, AIBN, PhH, 80 °C
Condition-B: TTMSH, AIBN, PhMe, 90 °C

Bromide Condition-A Condition-B
142:143 Yield 142:143 Yield
(%) (%)
141 a) 70:30 98 72:28 97
b) 80:20 89 77:23 86
) 86:14 95 92:8 76
d) 75:25 99 96:4 63
e) 83:17 85 97:3 73
f) 86:14 84 99:1 75

Scheme 38.
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Q 0
R4
N

i. Bu;SnH, (10 equiv)
AIBN (1 equiv), DMF
MW (50 W, 45 min)
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O~
RZ

N NH,

145 a)R! =

b) R!
¢)R!
dR!
e)R!
f R!

Scheme 39.

Solid-phase synthesis of various indol-2-ones 145a—f by
means of aryl radical cyclisation of resin-bound N-(2-
bromophenyl)acrylamides 144a—f using Bu3SnH in DMF
was demonstrated very recently.'*’ The reaction proceeded
smoothly under microwave irradiation to give the desired
indol-2-ones within a very short reaction time, in
comparison to conventional thermal heating (Scheme 39).

Polymer-supported isocyanides 146a,b were reacted'*! with

HSCH,CH,OH
(35equiv.), AIBN

NC (5 equiv.), DMF

48 h, 50 °C

gs il 10% TFA-CH,CI,

=Me, RZ=R*=H, R3=
=F,R2=R*4=H,R3=
=R2= Me, R3=
=OCF,, R =R* = H, R® = Ph, 55% (78% purity)
=R2=R4=H,R3

- . O in CHZCl

(0]
R*
R 145
Ph, 80% (90% purity)
Ph, 93% (100% purity)
Ph, 91% (86% purity)
Ph, R*=H, 100% (78% purity)

RZ:R4:H’R3:

=3-MeOC,H,, 90% (100% purity)

2-mercaptoethanol and AIBN in DMF at 50 °C to obtain
the cyclised products 147a,b, which were cleaved from the
solid support using TFA in CH,Cl,, to produce the
pyroglutamic acid derivatives 148a,b (Scheme 40).

New solid-phase triorganogermanium hydrides have been
synthesised'*? by the addition of a simple triorganogerma-
nium hydride unit into Quadragel™ and Merrifield resins.
These solid-phase germanium hydrides have been used to

|
O)H:Na:
O
148 R

148 2) R = H (60%)
b) R = Me (41%)

0% TFA

PMB
151 (57%)

Scheme 40.
GeMe,H
0 mequw )
J/ e ok
AIBN, reflux, 19 h
PMB
149
Scheme 41.
(0]

153

154
153 a) R=nBu
b) R=Me
Ditin reagent (0.1 equiv) Time yield of 154
(h) (%)
153a 4 98 (90)*
153b 1 99 (93)a

Scheme 42.

* Isolated yields are in parenthesis.
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explore a range of synthetic radical reactions. The radical
cyclisation of the a-bromoamide 149 was best carried out by
using 2.6 equiv of Quadragel ™-germanium hydride 150 to
produce compound 151 via a 5-exo route. In general, the
Quadragel ™-germanium hydride furnished better results
than the Merrifield-germanium hydride (Scheme 41).

Cyclisation of the diallyl amide 152 has been employed'*
with 10 mol% of the ditin reagents 153a or 153b and very
high yields of the cyclised product 154 were obtained, with
no reduced byproducts being detected. The reaction took 1 h
to complete when the methyl-substituted ditin resin 153b
was used, but the same reaction was somewhat slower using
the sterically more encumbered butyl-substituted ditin resin
153a (Scheme 42).

3-Alkylidenehexahydrofuro[2,3-b]pyrans [a mixture of (E)-
and (Z)-isomers] were prepared*®'** in good yields with
moderate stereoselectivity by using a reductive cyclisation
procedure with indium and iodine. Takemoto and co-workers
have synthesised'*> various (E)-3-alkylideneoxindoles
157a—f from the substrates 155a—f via the vinylindium
intermediates 156a—f in the presence of In and Py-HBr; in
DMF. The In-mediated cyclisations of 155a—d furnished the
desired products 157a—d as single E-isomers in good yields.
Treatment of 155e and 155f, containing an electron-donating
group on the aromatic ring in the R group, with In and
Py-HBr;, however, afforded the corresponding (E)-isomers
157e £, along with very small amounts of the (Z)-isomers. The
In (2 equiv)

I
I
Py.HBr; (1 equiv)
N

Jg O DMF, 18-24h
n

155a-f
Scheme 43.
0
RWN/RZ BuOCl, 1,
i R }|I CH,CL, rt
158a-f

158. a) R=R2=H, R3=Bu
b)R!'=R2=H, R3=Bn
¢)R' =R?=H, R? = CH,CO,Et
d)R' =Me, R2=H, R*=Bu
e)R!=H, R2=Ph, R3 = Bu
f) R! = Me, R2 = Ph, R* = Bu

Scheme 44.

ratio of Z/E was dependent on the substituents on the aromatic
ring in the R group (Scheme 43).

The two isomers (Z/E, with the (Z)-isomers preferred) of
4-iodo-3-octenoamide 158a, without separation, were
allowed to react'*® with BuOCI and I, in CH,Cl, in the
dark at rt. The reaction took 10 h and the cyclic iminoketone
159a was isolated in 72% yield. The other N-unsubstituted
substrates 158b—d afforded the cyclic iminoketones 159b—d
in the same fashion in good yield. The reactions of the
N-phenyl-substrates 158e.f, however, led to the formation of
the dienes 159e.f with excellent stereoselectivity (Scheme 44).

A plausible mechanism for the conversion of 158a—f in to
159a—f may be depicted as follows. The iodine atom in 158
plays a vital role in the cyclisation reactions by providing
the driving force for the 5-endo cyclisation via B-elimi-
nation of the iodine radical (161 —162). The products 158
obtained under atom transfer radical addition (ATRA)
reaction, on treatment with /BuOI generated the correspond-
ing amidyl radicals 160, which might add to the C=C bond
in a 5-endo manner to produce the cyclised radicals 161.
The radicals 161 then underwent B-elimination to give the
lactams 162. In presence of an excess amount of I, or ICI
(formed by the reaction of BuOCI and 12),147 the lactams
162 underwent iodination to give 163. The intermediates
163 then rearranged to produce 164. When R?*=H, the
corresponding iminoketones 159a—d were formed as the
products, but, when R? is an aryl group, dehydroiodination

R
=
H
N (6]
bn
156a-f 157a-f
Product and yield Reaction time
157 a) R =Et, 75% (E) 24h
b) R = CH,0Bn, 70% (E) 24h
¢) p-CF;-Ph, 75% (E) 18h
d) Ph, 80% (E) 24h
e) p-Me-Ph, 84% (E:Z=19:1) 18 h

f) p-MeO-Ph, 80% (E:Z=10:1)  18h

159 a) 72%

b) 73%
I ) 72%
159a-d d) 79%
Ph e) 63%
111 f) 52%
o = pr
R 159e-f
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t BuOI

R3 160

RZ— Ph
- HI

159¢ -~

Scheme 45.

took place, to give the intermediates 165, which generated
the unsaturated lactams 159e.f via the loss of a proton
(Scheme 45).

aci-Nitro anions were found to be very useful and versatile
intermediates and have many important synthetic appli-
cations.'*® CAN-promoted one-electron oxidation of
unsaturated aci-nitronates was reported earlier.'* Silylation
of nitronate 168, obtained by an aza Michael addition
of tosylallylamine 167 to nitroalkene 166, furnished
N-(silyloxy)-isoxazolidine 169 in 31% yield, which was
then diastereoselectively transformed into 3-nitro-4-
hydroxymethylpyrrolidine 170 after desilylation'™ (52%
yield) (Scheme 46).

Compounds bearing a pyridine nucleus fused to a

10623

2 2

[—>

&)

l ICI
R
I

fl{ 2
N
\ Pr
|+
|
164 163
'H+ R*=H (R'=H, R} = Bu)
159a-d

saturated nitrogen-containing ring, including 7-aza-
oxindoles, 7-azaindolines, tetrahydro[l,8]naphthyridines
and tetrahydro-5H-pyrido[2,3-b]azepin-8-ones, were syn-
thesised'”" in good yields starting from various 2.6-
dichloropyridines. The addition of lauroyl peroxide to a
refluxing solution of xanthates 171la-e in DCE or
chlorobenzene furnished the 7-azaoxindoles 172a-e in
good yields (Scheme 47).

During the last few years, the addition of radicals to
aromatic nuclei, followed by oxidation to restore the
aromatic system, has received considerable attention and
is of preparative value.''®'>>"'*¢ Djcumyl peroxide-annu-
lated radical cyclisations of alkyl iodides to various
aromatic systems including pyrrole, indole, isoquinolone,
pyridone and benzene have very recently been

NO, N O
1) allylamine J/ DBU
11) TsCl CH,Cl,, 0°C
167 st 168 1
31% | CISiMe,; (TMSCI)
Me,SiO_ .0
NO, N
OH
52%
) ]
1'“5 Ts
170 169
Scheme 46.
RI SYOEt R!
S a) R! = H, R = cyclopropyl (57%)
=z | j\I\DLP, chlorobenzene = b) R!'=H, R =7Bu (82%)
—_—
¢)R! = H, R = Bu (73%)
N 5 P X SN0 d)RI=CL R = Bu (74%)
NN ! ¢)R! = CI, R = Bu (78%)
R R
171a-e 172a-e

Scheme 47.



10624

K. C. Majumdar et al. / Tetrahedron 61 (2005) 10603—10642

dicumyl peroxide

_—

0]

| N

N

chlorobenzene
k/l reflux

Scheme 48.

exemplified."””” It is very important to note that such
cyclisations have been reported to fail under Bu;SnH/
AIBN-annulated reaction conditions.'®

To a degassed solution of 1-(2-iodoethyl)tetrahydro-
indolones 173a—e in refluxing chlorobenzene was added
dicumyl peroxide (1.5 equiv) portionwise, and the cyclised
products 174a—e were obtained in good yields (Scheme 48).

The most important transition-metal complex catalyst
system is a 1:1 mixture of CuCl and bipyridine for
cyclisation of N-protected-N-allyltrichloroacetamides into
the corresponding a0, y-trichlorinated vy-lactams.'>'¢!
Mono-nuclear ruthenium amidinates, (n°-CsMes)Ru-

174a-e
a) R =H (82%)
b) R=F (91%)
¢) R =Cl(85%)
d) R = Br (53%)
¢) R =NO, (75%)

(amidinate) 175 and (n°-CsMes)Ru(amidinate)Cl 176,
were reported to be novel catalysts for the cyclisation of
N-allyltrichloroacetamides'® and were found to have
comparable reactivity to the CuCl/bipyridine system. A
cationic diruthenium amidinate, (r|5—C5Mes)Ru(u2-i-
PrN =C(Me)Ni—Pr)Ru(n5-C5Me5)] *lis generated by treat-
ment of (n°-CsMes)Ru(p,-i-PrN=C(Me)Ni-Pr)Ru(Cl)(n’-
CsMes) 177 with NaPFg or other metal salts of weakly
coordinating anions, and this complex is active towards
catalytic ATRC of N-allyltrichloroacetamides 178a-d to
produce 179a-d'®? (Scheme 49).

Halogen-substituted tin hydride systems such as Bu,SnIH
and Bu,SnCIH-HMPA were found to promote the effective

Scheme 49.

175X=Y=Z=H

176 X=Cl,Y=Z=

H

177 X=ClL,Y=Z=i-Pr

Cl
Cl Cl
=
jil3 J/cat (10 mol%)
—_—
0 N 250C 0
]
)
178204 R
a- 179a-d

Entry Substrate Catalyst Solvent Time Yield

(h) (%)
1 178a (R = Bn) 177 CH,CI, 4 30
2 178a 177 + NaPF, CH,CI, 0.5 >99
3 178a 177 + NaBPh, CH,(CI, 0.5 >99
4 178a 175 PhMe 4 85
5 178a 176 PhMe 4 88
6 178b (R =Ts) 177 CH,Cl, 4 97
7 178b 177 + NaPF, CH,Cl, 0.5 >99
8 178b 177 + NaBPh, CH,Cl, 0.5 >99
9 178b 175 PhH 4 31
10 178b 176 PhH 4 0
11 178¢ (R =Ph) 177 + NaPF CH,CI, 1 52
12 178d (R =allyl) | 177 + NaPF, CH,CI, 1 >99
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H

R .
NO 4 A, BuSniH-HMPA

; 0
o) 180 181 dioxane, 0 °C,2 h

Scheme 50.

reduction of imines'® and, especially, Bu,SnCIH-HMPA
afforded effective reductive amination to give a wide range
of secondary and tertiary amines in one-pot procedures.'®*
Although pyrroles are found in naturally occurring and
biologically active molecules,'® very few methods have
been developed for the construction of a 2-monosubstituted
pyrrole ring.'®

Enals having aromatic ketones 180 were allowed to react'®’
with various aromatic amines 181 in one-pot procedures by
the reductive amination of 180 using the Bu,SnIH-HMPA
system followed by heating at 80 °C; the result was the
formation of various 2-monosubstituted pyrroles 183a—d
(through 182a-d) in good yield (Scheme 50).

It has been found that the allylic chlorodi-n-butyltin 184
system effectively reacted with the formyl group of
substrates 180 without any strong Lewis acid. The allylation
was highly chemoselective to the formyl group where the
enone moiety of 180 was unreactive. After the allylation,
successive reaction with an isocyanate, followed by heating,
afforded the 4,5-trans-disubstituted-2-oxazolidinones 187a
and 187b selectively.'®® The chloro substituents on the tin
centre were essential because allyltri-n-butyltin was not
reactive. HMPA is useful to cause the cyclisation to give
187, avoiding the linear adduct. The reaction sequence of
180 to 187 may be explained as follows. After the
chemoselective allylation of the formyl group, the generated
tin—oxygen bond of 185 reacted with an isocyanate
spontaneously,'®® to form the adduct 186. The resulting
tin—nitrogen bond in 186 successively added to the enone

Bu
\ =
H Bu—sn \F
" cl 184 R ~
—_—
A O HMPA, THF
(0] rt, 20 h
180

a) R =n-CH,,, R? =Ph, 81% (trans:cis = 91:9)
b) R = p-CICH,, R? = Ts, 54% (trans:cis = 100:0)

Scheme 51.

N 80 °C, R‘</ >\
R\'(\) 2h N
X |
0

185

Ar\ _Sn

Ar
182 183

183 a) R =n-CgH,,, Ar = p-CIC(H, (81%)
b) R = n-C{H,,, Ar = Ph (54%)
) R =n-CgH,,, Ar = p-Tol (60%)
d) R = n-CH,, Ar = p-MeOC,H, (66%)

moieties of 180 in a conjugate addition to give the
2-oxazolidinones 187 in a one-pot procedure (Scheme 51).

4. Synthesis of oxygen heterocycles

Tri-n-butyltin hydride-mediated radical cyclisation'’” of the
Z-hydroxy vinyl bromide was achieved via a 5-exo-trig
cyclisation of an alkoxy radical, possibly involving a rare
[1,5]-hydrogen shift from the hydroxyl group to the vinyl
radical, to generate an unusual furan in 55% yield as the
major product.

BusSnH-mediated radical cyclisation reaction of a simple
carbohydrate-derived imidazole thioate afforded'’' the
thiolactone (cis:trans=2.1:1.0) in 58% yield. When a dilute
solution of the same substrate in benzene was added to an
excess of Ph3SnH at 80 °C (reverse addition), an imidazole
glycoside was obtained in 88% yield. Diphenyl phos-
phate'”* was subjected to reflux with tributyltin hydride in a
3:1 mixture of benzene and allyl alcohol to synthesise a
(1:10) trans:cis mixture of 2,2,4-trimethyl-3-phenyl-
tetrahydrofuran.

Zhang et al. reported a novel double ipso substitution
process for the synthesis of azabenzoisocoumarins.®’ The
same group also reported'’® a straightforward two-step
parallel synthesis for structurally diverse spiro compounds,
where 2-bromobenzoic acids were used as the common
building blocks to couple with a series of conjugated enols
or enamines. Sequential intramolecular free-radical Michael

/
RIN=C=0 |
———— | R
O?H 0°C, 1h \\ 0
O  snd /&
HMPA F N N
1 HMPA R’
R Y 186
0 \ 60°C, 1 h
Rz/N (0]
Y then H,0
0
187
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TBSO

(Me;Si),SiH (1.1 equiv)
AIBN (0.4 equiv added

OMe
OTBS
188

Scheme 52.

addition led to the formation of spirobenzolactones,
spirobenzolactams, spirobenzolactone—lactams, spirobenzo-
lactone—thiolactones, spirodilactones and bridged-
spirolactones.

Recently, we have reported'®* the regioselective synthesis
of 1H,3H,6H-[2]benzopyrano[4,3-d]pyrimidine-2,4-diones
(75-85%) and 12H-benzopyrano[3,2-c][1]benzopyran-5-
ones (70-85%), respectively, by radical cyclisation
reactions. Earlier, we have synthesised174 2H-benzo-
pyrano[3,2-c]quinolin-7(8H)-ones by a Bus;SnH-mediated
radical cyclisation of 4-(2’-bromobenzyloxy)quinolin-
2(1H)-one derivatives. We have also reportedl75 the
synthesis of various spiroheterocycles by the tri-n-butyltin
hydride-induced radical cyclisation of 5-(o-bromoaryloxy-
methylene)-6,7,8-trihydropyrido[2,3-d]pyrimidine-2,4-
(1H,3H)-diones. These heterocycles can additionally be
obtained under acid-catalysed enol-ether cleavage
conditions.

(E)-3-(1-Benzyl-2-phenylselenenyl-ethoxy)-acrylic acid
ethyl ester underwent carbonylation or reductive cyclisation
in the presence of TTMSH-AIBN and carbon monoxide
(80 atm) to produce (5-benzyl-3-oxo-tetrahydrofuran-2-yl)-
acetic acid ethyl ester in 86% yield as a 9:1 mixture of
cis- and trans-isomers. Again, radical carbonylation or
reductive cyclisation of various N-vinyl-B-amino-alkyl
phenyl selenides were found to give 2,5-disubstituted
pyrrolidin-3-ones, 7predominantly as the cis-isomers (cis:
trans=3:1—12:1).1 6

Enantiomerically pure 5-acetyl-3-amino-3,4-dihydro-2H-1-
benzopyran and methyl-3-amino-3,4-dihydro-2H-1-benzo-
pyran-5-carboxylate were synthesised starting from D- or
L-serine, in which the key step was the formation of the
benzopyran ring involving Bu;SnH-AIBN-annulated
radical cyclisation conditions.'””

Sherburn and co-workers proposed'’® the total syntheses of

Bu,;SnH-AIBN

850C, 82%
190

Scheme 53.

over 6 h), PhH, 80 °C

“/\ 0 0 “/\O o “/\O o OH o .
CI‘I (addition over 9 h) -
l I' heat6h PhM Z
cat more, €
MeO O\H MeO” | MeO" | o
191 192

189.2) R=TBS (44%) 189
b) R = Me (44%)

7(S)-hydroxymatairesinol and 7(S)-hydroxyarctigenin, in
which the key step was the radical cyclisation of
thionocarbonates 188 to produce the compounds 189 in
very high (>95%) trans-diastereoselectivity with the
(MeSi);SiH reagent (Scheme 52).

Recently, Clive et al. have synthesised'”® ent-nocardione A
193, in which the key step was the Buz;SnH-mediated radical
cyclisation of 8-allyloxy-4[(1R)-2-iodo-1-methylethoxy]-4-
methoxy-4H-naphthalen-1-one 190. Radical cyclisation of
190 under standard conditions (slow addition of a dilute
solution of stannane and initiator to a dilute solution of
the substrate at 85 °C) furnished the desired product 192 in
82% yield; evidently, the intermediate radical 191 is
quenched by the stannane, rather than undergoing closure
through oxygen onto the double bond of the allyl group
(Scheme 53).

Recently, we found that aryl radical cyclisation of a range of
6-(2'-bromophenoxymethyl)-1,3-dimethyluracils 194a-g
with tributyltin chloride and sodium cyanoborohydride in
the presence of AIBN for 4 h furnished exclusively the
5-exo cyclisation products, 1,3-dimethylspiro[pyrimidine-
6,3'-2' 3/-tetrahydrobenzofuran]-2,4-diones'* 195a—g in
92-95% yield (Scheme 54).

The regioselective formation of a five-membered hetero-
cyclic ring can be explained by the application of the FMO
theory. Aryl radicals are high-energy species and, hence, are
nucleophilic in character. The presence of a highly electron-
withdrawing carbonyl group confers considerable electro-
philic character to the C-6 position of the uracil moiety.
Thus, in the case of the nucleophilic radicals 196, FMO
theory suggests that the mode of ring closure is largely
determined by the interaction between the radical SOMO
(=HOMO) and the alkene LUMO of the acceptor (electron-
deficient centre) and, accordingly, more favourable bond
formation occurs between the radical centre (nucleophilic)

193
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R AIBN, n-Bu,SnCl, Me R
v Q Na(CN)BH,, PhH N
(&) B 1
N r R > R
N reflux, N, atm
| o7 N
o) ' 0
0 N Me
' 195a-g
Me  194a-g

Scheme 54.

and Cg of the uracil ring for the 5-exo products 195a—g via
197 (Scheme 55).

Majumdar and co-workers recently synthesised'®' spiro-
[chroman-3,3’ (2’H)-benzofurans] 200a—f in 60—75% yields
from a number of 3-(2-bromophenoxymethyl)coumarins
199a—f with tributyltin chloride and sodium cyanoboro-
hydride in refluxing benzene for 7-10 h under nitrogen, in
the presence of a catalytic amount of AIBN. The aryl radical
196 did not afford compound 198 in an alternative 6-endo-
trig mode (Scheme 56).

The formation of the spiro furan ring in compounds 200a—f
from 199a—f can be explained by 5-exo-trig radical
cyclisation of the initially generated aryl radical onto the
double bond of the coumarin moiety. Although both 5-exo
and 6-endo cyclisations are possible, in spite of our best
efforts, by varying the reaction conditions, we could not
generate the 6-endo-trig cyclised product or the correspond-
ing lactone of compound 200. The reason for the exclusive
formation of the 5-exo cyclisation product is not clear. The

R
RZ
0 (0]
Me Me
\N Br R! \N
)\ | O J\ |
o) T 0 TII
Me Me
194a-g 196
(0]
Me\
E\
o
Me

Scheme 55.

195 a) R' =R2?=H, R3=Me (95%)
b) R! =R} = H, R? = Me (92%)
¢) R = Me, R> = R3 = H (92%)
d) R'=R2=H, R3 = OMe (94%)
e) R'=R*=Me, R = H (92%)
f) R! = R? = R3 = H (94%)
g) R!, RZ =.5,6-phenylene, R3 = H (95%)

stability of the intermediate benzylic radical may facilitate
the formation of the spiro benzofuran ring.

Deoxygenation of a carbonyl group, giving the correspond-
ing saturated hydrocarbon, is a frequently encountered
process in organic syntheses.'®*'® The conversion of a
lactone carbonyl into a cyclic ether by employing certain
Lewis acid hydride complexes is well established in the
literature.'® In such reactions, the in situ-generated
diborane in the presence of the Lewis acid presumably
facilitates the deoxygenation reaction through the formation
of an oxonium ion intermediate.'®’ Although Na(CN)BH;
in the presence of a Lewis acid can deoxygenate carbonyl
groups,'®? the reaction fails with lactones.

Compound 199a on treatment with Bu;SnH in the presence
of a catalytic amount of AIBN in refluxing benzene under
nitrogen furnished only the debrominated product. No
deoxygenated compound 200a or the corresponding lactone
was obtained. This excludes the possibility of a radical
pathway for the deoxygenation with simultaneous

R R

R> R’

(0]
Me
R' N . R'
5-exo
(0] )\ (0]
(0]

1
6-endo Me
. 197 T .
R

R? o R2
Me\
N
R' J\ R
oy
0 Me 0
195a-g
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R? 3
R’ R! R
2
AIBN, »n-Bu,SnCl, R
Na(CN)BH,, PhH
—_—
Br reflux, 7 h, N, atm R
0 0 0
199a-f 200a-f

Scheme 56.

cyclisation and signifies that Na(CN)BH; plays an
important role in the deoxygenation reaction. The com-
pounds 199a—f were treated with Bu3SnCl and Na(CN)BH;
in the absence of AIBN in refluxing benzene under nitrogen,
but, no reaction was observed. Coumarin and 3-phenoxy-
methylcoumarin were also treated with Bu3;SnCl and
Na(CN)BH; in the presence of, and in the absence of,
AIBN in refluxing benzene, but, here, too, no deoxygenation
of the lactone carbonyl was observed. These observations
clearly indicate that the deoxygenation process does not
proceed via the oxonium ion intermediate pathway. In
addition tri-n-butyltin chloride and Na(CN)BH; could not
have effected deoxygenation without the involvement of a
radical intermediate.

Recently, we have extended our efforts towards the radical
cyclisation'®® of 3-(2’-bromobenzyloxy)quinolin-2-ones
201a-d and 3-(2’-bromobenzyloxy)benzopyran-7-ones
201e.f in the presence of n-BuzSnCl-Na(CN)BH;-AIBN
and obtained the spiro-quinolone and coumarin derivatives
202a—f in 80-85% yield (Scheme 57).

The regioselectively exclusive formation of a spirohetero-
cyclic ring in the products 202a—f from the starting material
201a—f may be explained by the generation of aryl radicals
203. Subsequent 5-exo cyclisation may give the spiroheter-
ocyclic radicals 204, which then readily abstract the
hydrogen atom from the in situ formed n-Bu;SnH to

R

200. a) R! = R2 = H, R3= Me (72%)
b) R! =R2 =R? = H (75%)
¢) R! = R® = H, R2 = Me (65%)
d) R' = R2 = H, R® = OMe (68%)
e) R! = Me, R2 = R3 = H (64%)
f) R! = R3 = Me R2 = H (60%)

produce the spiroheterocycles 202a—f. At this point in time,
the exclusive formation of five-membered heterocyclic
compounds 202a—f from the substrates 201a—f suggests
that the benzylic radicals 204a—f, generated by 5-exo-trig
ring closure of radicals 203, might be more stable than the
radical 205, generated from 6-endo-trig ring closure.
Inspection of the molecular models indicates that the
radical intermediates 204 should be much more stabilised,
due to excellent overlapping of the p-orbital of the radical
centre with the neighbouring aromatic m-system (Scheme
58).

4.1. Diastereoselective radical cyclisation

N-(1-Phenyl-6-methyl-5-hepten-1-oxy)thiazolethiones 206
were allowed to react'®” with BrCCl; in the presence of
AIBN in refluxing benzene at 80 °C to generate 2-(1-bromo-
1-methylethyl)-6-phenyltetrahydropyran 207 (34%, cis:-
trans=65:35) and 2-phenyl-5-(dimethylvinyl)tetrahydro-
furan 208 (46%, cis:trans=50:50). The relative
configurations of the 2,6-disubstituted tetrahydropyrans,
cis-207 and trans-207, were obtained from the 6-exo-trig
cyclisation of 5-hexen-1-oxyl radical 209 (trichloromethyl-
sulfanyl-substituted thiazoles 212 were also obtained and
were determined by NMR spectroscopy) and subsequent
bromine-atom trapping of the intermediate 210, via an
energetically favoured transition state. In the synthesis of
the 2,5-disubstituted tetrahydrofuran 208, a d-H atom

O R
Br Bu,SnCl, Na(CN)BH, O
X AIBN, PhH, reflux, 4-5 h, X
0 N, atm
0 o ©
201a- 202a-f

Scheme 57.

202 a) X = NEt, R = H (80%)
b) X = NEt, R = OMe (82%)
¢) X = NMe, R = H (84%)
d) X = NMe, R = OMe (80%)
e) X =-O-, R = H (85%)
f) X = -O-, R = OMe (84%)
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) 5-exo ‘
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O
X 203 204

6-endo

Scheme 58.

transfer takes place in the initial step (209 — 211) and this is
followed by bromine-atom trapping of the intermediate 211-
starting either from the resonance formula 211a or from
211b and subsequent HBr elimination (Scheme 59).

Recently, Hartung et al. treated'®® (E)-6-phenyl-5-hexen-2-
ol 213 with TBHP, Py-HBr and VOL(OEt) and obtained
brominated tetrahydropyran 215 as the major product (58 %,
2,6-cis:2,6-trans=86:14) and 2-(phenylbromomethyl)-5-
methyl tetrahydrofuran 216 as a minor product (5%,
cis:trans =42:58), via the diastereoselective generation of

|

(0)

BrCCl,, PhH
Ph

R —
AIBN, 80°C
\i/\)\ 207 (34%)

(cis:trans = 65:35)

10629

2,5-like-2,6-like-configured bromiranium ion 214 as the
major intermediate. Polar effects favour rearrangement
of 214 into tetrahydropyran 2,3-trans-2,6-cis 215 via
0,C-6 bond formation. 2,6-Unlike-configured tetra-
hydrofuran trans-216 was originated from the disfavoured
5-exo-selective rearrangement of intermediate 214
(Scheme 60).

Reaction of (E)-vinyl sulfoxide 217a with tributylstannane
in the presence of triethylborane at —20 °C in toluene
furnished a 94:6 mixture of the tetrahydrofuranyl products

208 (46%)
(cis:trans = 50:50)

206
H L Ph OH Ph OH
“cCl, ) %
206 o + cH
209 210 211a 211b
ArIS major diastereomer
/ \ BrCCl, BrCCl,
N j<>°CC13 j(»-ccg /HBr
212 207 208
Scheme 59.
H H
i o] i Ph Ph
[Br'] - [H* o, i
< Br
Z ph B P H
H H 4+
(5%)-213 (25*,55*,65%)-214 (2R*35%,65%)-215 (2R*,55%,65%)-216

Scheme 60.

major minor
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I

n-Bu;SnH (1.2 equiv)
\J—/ .. E;B (1.5 equiv), PhMe g0 S
S
Bn «Tol' 200¢, 30 min
/IO/\/ O

217a
1
n-BuySnH (1.2 equiv)
BnO ., z Et;B (1.5 equiv), PhMe
S 'O \
-20 °C, 30 min
217b eSS
. l \O

Tol
Scheme 61.

218 and 219. The (Z)-vinyl sulfoxide 217b under similar
reaction conditions was converted almost exclusively into
218 (218:219=99:1)"% (Scheme 61).

4.2. Synthesis of oxygen heterocycles with non-conven-
tional reagents

Molybdenum-catalysed stannylation reactions can be used
for constructing heterocyclic ring systems'*° via subsequent
intramolecular Stille couplings, because aromatic halides
are not affected by the metalation step. Distannation of the
phenyl ester 220 can lead to the distannylated product 221
(in addition to 7% of the hydrostannylated a-product) and
subsequent Stille coupling at 70 °C afforded (E)-3-tributyl-
stannylmethyliden-2H-benzo[b]furan 222 in good yield
(79%). 1t is expected that the exo-double bond should
show a high tendency to isomerise to the heteroaromatic
ring system. The same reaction was also carried out at 90 °C
and it was found that, in place of the expected product 222, a
mixture of the reduced product 223 and the photodestannyl-
ated product 224 was obtained (Scheme 62).

0 Bu,SnH (4 equiv)
T Mo(CO)(CNC(H,NO,-4)
1 || (1.5 mol%), PhMe, /\
220

221 (53%)

10% Pd(PPh,),

i

*q S '\
AN L Tol BnO\/@/SATOI
+ H (0] H AN

H 0 { R\O R O
218 219

from 217a: 95% (94:6)
from 217b: 88% (99:1)

There has been a tremendous development of Sml,-
mediated reactions over the last 20 years.'"”' It has been
discovered that a mixture of Sml, in THF, water and an
amine (e.g., Et;N, TMEDA or PMDTA) resulted in
unexpected rates in the reduction of ketones, imines, o,
B-unsaturated esters and alkyl halides.'®® 1-Allyloxy-2-
iodobenzene on treatment with Sml, and Et3N, followed by
water, gave an almost instantaneous reaction to produce the
coupled product, 3-methyl-2,3-dihydrobenzofuran, in 99%
yield. Again, the coupling of 1-iodo-2-(2-propynyloxy)ben-
zene initially furnished the corresponding five-membered
styrene derivative ring, which, within 5 min, was reduced
to 3-methyl-2,3-dihydrobenzofuran in the presence of
excess Sml,—H,O-amine.'” Diastereoselective coupling
of 1-(cyclohex-2-enyloxy)-2-iodobenzene analogues with
Sml,—H,O-amine yielded hexahydrodibenzofuran deriva-
tives in good to high yields.'”*

Kilburn et al. reported'®® samarium diiodide-annulated

6-exo-cyclisation of various methylenecyclopropyl ketones
to synthesise cycloheptane derivatives, provided that the

SnBu,

SnBu 0
PhMe, 90 °C
10% Pd(PPhg) 4
223 (46%) 224 (41%)
Bu,

O
PhMe, 75 °C

222 (79%) SnBu

Scheme 62.

Q HSmIZ, THF/ MeOH
0

addr_l over
1 min

225 226

Scheme 63.

227 228 (62%)
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stereochemistry of the starting material favours suitable
conformations for the cyclisation.

Recently, the same workers also treated'®> cyclic allyloxy
enones 225 with a solution of 2.5 equiv of Sml, in the
presence of a mixed THF/MeOH (4:1) solvent at —78 °C,
and obtained a new compound 228 in 45% yield as a single
diastereomer, via 226 and 227 (Scheme 63).

Sulphanyl radical addition—cyclisation of hydroxamates
229a having an O-benzyloxime ether in the presence of
thiophenol (1 equiv) and AIBN (0.5 equiv) proceeded
smoothly at 80 °C to give a ca. 3:1 separable mixture of
the amino-1,2-oxazinones 230a and 231a in good
yield."”® Similarly, the hydroxamate 229b with an O-
methyloxime ether was found to give cis-230b and trans-
231b in 76% combined yield. The ethyl radical addition—
cyclisation of 229a,b was also described by using
triethylborane as an ethyl radical source. The hydro-
xamate 229a, on treatment with Et;B (5 equiv) at rt, gave
a 3.5:1 mixture of cis-230c and trans-231c in 71%
combined yield. The ethyl radical addition—cyclisation of
229a at —78 °C gave cis-230c with high stereoselectivity,
whereas the hydroxamate 229b furnished the cyclic
hydroxamates cis-230d and trans-231d in 72% combined
yield (Scheme 64).

Y
o NHOR
N
Bn O

10631

Addition of sulphanyl and alkyl radicals to the alkene and
subsequent cyclisation onto the oxime ether in 229 took
place regioselectively to produce the substituted 1,2-
oxazinones with an alkoxyamino group in the intermediate
232, which underwent cyclisation in a 6-exo-trig route to
produce the cis-1,2-oxazinones 230a—d and the trans-
isomers 231a—d (Scheme 65).

Y'/\\| Y
NOR
0 SR N/ S —=230
s
BA N0
229

N
B O
Scheme 65.

L » 231

232

The high preference for the cis-isomer in the alkyl radical
addition at —78 °C may be explained according to
Beckwith’s hypothesis.'®” The radical X leads to the
formation of cis-230 and is more stable than the radical Y
(the intermediate of trans-231), due to the effects of orbital
symmetry in X (Fig. 2).

Thiol-olefin co-oxygenation (TOCO) of substituted allylic
alcohols 233 generates o-hydroxyperoxides that can be

| NOR R Y
0 4 ) 230a,231a  Bn  PhS
Y cis-230a-d 230b,231b  Me  PhS
No Y 230c, 231¢c Bn Et
Bi O 230d,231d  Me Et
229a,b NHOR
(¢}
 —
N
Bh O
trans-231a-d
Sulphanyl radical addition (Y = PhS):
Substrates| R Conditions Solvent | T Yield cis-230:trans-231
co | @
229a Bn PhSH (1 equiv) + AIBN (0.5 equiv)| PhH 80 80 cis-230a:trans-231a = 71:29
229b Me | PhSH (1 equiv) + AIBN (0.5 equiv)| PhH 80 76 cis-230a:trans-231a =71:29
Ethyl radical addition (Y = Et):
Substrates R Conditions Solvent T Yield cis-230:trans-231
€O | )
229a Bn Et;B (5 equiv) PhMe t 71 cis-230c:trans-231¢ = 78:22
229a Bn Et;B (5 equiv) PhMe 0 84 cis-230c:trans-231¢ =80:20
229a Bn Et;B (5 equiv) PhMe -78 79 cis-230c¢:trans-231¢ =91:9
229b Me Et;B (5 equiv) PhMe t 71 cis-230d:trans-231d = 68:32
229b Me Et;B (5 equiv) PhMe 0 81 cis-230d:trans-231d=79:21
229b Me Et;B (5 equiv) PhMe =78 72 cis-230d:trans-231d =89:11

Scheme 64.
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Y
N\%
B wNOR
O N
X m't

Figure 2.

Y NOR

condensed in situ with various ketones to afford a series
of functionalised 1,2,4-trioxanes 238 in good yield'?®
(Schemes 66 and 67 and Table 2).

A phenylthiyl radical, generated from thiophenol through
initiation with AIBN/hv, attacks the double bond of the allyl
alcohol 233 in a Markovnikov fashion to produce a tertiary
carbon radical 234. This radical then traps oxygen to form
a peroxy radical 235. Radical hydrogen abstraction
from thiophenol affords the o-hydroxyperoxide 236 and
regenerates a phenylthiyl radical to propagate the reaction.
The o-hydroxyperoxide 236 subsequently undergoes a
smooth condensation with cyclohexanone 237 in the
presence of a catalytic amount of tosic acid to yield 1,2,4-
trioxane 238 (Scheme 67).

This methodology has been applied to various combinations
of ketones 237 and allylic alcohols 233, to generate a series
of spiro-trioxanes 238, as shown in Table 2.

Various alkoxyamines 239a-c were isomerised using
microwave irradiation at high temperatures (210 °C) and
short reaction times (2.5 min).'*” Under these conditions,
allyltosylamide 239a was isomerised efficiently to give

i) AIBN, ArSH, O,

JI\/OH
R

€

ii) cyclohexanone, TsOH
MeCN

240a (70%, trans:cis=3.3:1). A lower yield was observed
for the cyclisation of the ester (239b to 240b, 36%,
trans:cis=2.5:1). In order to carry out the isomerisation
of the amide 239c, addition of camphor-10-sulfonic acid
was required. The reaction took 12 min to complete to
afford the amide 240c¢ in a 40% yield (trans:cis=1.9:1)
(Scheme 68).

O
N
o~ 210 °C, MW N_O\jix
—_—
X DMF
NN\
0 239a-¢ 240a-c
240. a) X = NTs (70%)
b) X =0 (36%)
) X = NH (40%)
Scheme 68.

Iodoalkene 241a on reaction with indium (2 equiv) and
iodine (1 equiv) in MeOH gave a highly polar compound
242a, which, in the presence of 1 N HCI, proceeded to give
the alkyl iodide 243a as a mixture of stereoisomers («:3=
8:1).200 The reaction was found to be more effective with
1 N NaOH-H,O, or with H,O,. The same radical
cyclisation procedure was applied to other di- and tri-
substituted olefins (241b and 241c¢) to give 243b and 243c
via 242b and 242c, respectively. Alkenes containing leaving
groups at the allylic positions were transformed only into

ArS 0—0 g2 R!=Ph
X >(R3 R2,R® = (CH,)
R 0—o0

Ar=Ph

233a 238a
Scheme 66.
ArS’ J\/ X
235 ArSH
\)j\/ OH R. X/(Ars
R
0—OH
233.a)R!=Ph ArS ArS
) >< >( R 237 X
TsOH (cat) R OH
238 (68%) 236
a) R,R3 = (CH,),
Scheme 67.
Table 2
Allylic alcohol (233) Ketone (237) Trioxane (238) Yield (%)
(233a) R'=Ph Cyclohexanone 238a: R'=Ph, R, R*=(CH,)s, Ar=Ph 68
(233a)R'= Cyclopentanone 238b: R' =Ph, R?, R>=(CH,),, Ar=Ph 54
(233b) R'=Me Cyclohexanone 238¢c: R' =Me, R%, R*=(CH,)s, Ar=Ph 53
(233b) R'= Cyclopentanone 238d: R' =Me, R?, R*=(CH,),, Ar=p-Cl-Ph 46
(233b) R'=Me Cyclobutanone 238e: R'=Me, R?, R*=(CH,);, Ar=Ph 61
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1 1

In (2 equiv) H R> H R R2
(j/l % L, (1 equiv) additive ;
R —Mm— > InL, [———> R
., MCOH, rt, 4h condn
(0) (0} (0) a (0) (¢} H (0)
241 highly polar compound 243
241.a)RI=R2=H 242 243 a)RI=R2=H,R3=1
b) R!=Ph,R2=H b) R! =Ph, R2 = H, R3 = OH
¢ R'=R?=Me ¢) R! =R?=Me, R* = OH
Substrate | Temp Time Additives (2 equiv) | Product (243) | Yield
‘0 (%)
241a 80 18 h 1 N HCI 243a 63
241a 80 18 h 1 N NaOH 243a 50
241a rt 20 min 1 N NaOH, H,0, 243a 73
241a rt 20 min H,0, 243a 75
241b 0 20 min H,0, 243b 68
241c 0 20 min H,0, 243¢ 71

Scheme 69.

the corresponding vinyl-substituted cyclic compounds.
Alkynes bearing good leaving groups at the propargylic
position, however, gave allenic products selectively
(Scheme 69).

A novel indium-mediated atom transfer radical cyclisation
reaction has been studied®®' using a catalytic amount of In
and I, and a reductive radical cyclisation reaction using an
excess amount of In and I, without the use of a radical
initiator such as AIBN or Et;B/O,. Treatment of iodoalkyne
244 with a catalytic amount of In (0.1 equiv) and I,
(0.05 equiv) promotes atom-transfer 5-exo cyclisation to
give the five-membered alkenyl iodide 245 as the major
product (69%). On the other hand, on reaction with In
(2 equiv) and I, (1 equiv), the iodoalkyne 244 furnished the
reductive 5-exo cyclisation product 246 (85%). Both these
processes were initiated by low-valent indium species. To
prove the versatility of these reactions, optically active HIV
protease inhibitors were synthesized by this reductive
cyclisation method (Scheme 70).

5. Synthesis of sulphur heterocycles

The radical reactions of some thiol esters were carried out**?
by adding a benzene solution of PhSH and AIBN under
refluxing conditions. The cyclised indanone and tetralone in
a ca. 96:4 ratio (overall 73% yield), along with comparable
amounts of the (E)- and (Z)-dihydrothiophene, were
obtained. Small amounts of the (E)- and (Z)-vinyl sulphide
adduct were also isolated. Recently, we have described?
a simple convergent synthesis of the cis-benzothiopyrano-
[3,2-c]benzopyran-7(2H)-ones (70-75%) through the

o

245 (69%

In (0.1 equiv)
1, (0.05 equiv)

MeOH, 32 h

Scheme 70.

L)

implementation of a regioselective 6-endo-trig aryl radical
cyclisation of the respective 4-(2'-bromobenzyl)thiobenzo-
pyran-7-ones with tributyltin hydride in presence of AIBN.

Various para-substituted benzenesulphonyloxyethyl bro-
mides were treated”** with tributyltin hydride in refluxing
benzene under a nitrogen atmosphere and Smiles-type
rearrangement products were obtained, as well as ortho-
substitution products and reduction products, in varying
yields. para-Substituted 2-phenylethanols were formed by
ipso-substitution followed by loss of sulphur dioxide and
hydrogen abstraction from the tin hydride and free radical
substitution at the ortho-position resulted in the cyclisation
products.

The radical reactions>®> of pentynylthiol esters 247a—e with
PhSH were carried out by adding a benzene solution of the
thiol (1.1 equiv) and AIBN (0.2 equiv) with a syringe pump
over ca. 3h to a refluxing solution of the appropriate
substrate (2 mmol) in benzene under an N, atmosphere.
The reaction mixture was refluxed for an additional period
of 1-2 h for a greater conversion of the starting material to
the desired product(s). The benzocarbothiate 247a under the
above reaction conditions afforded benzaldehyde 250a in
excellent yield, along with equal amounts of the (E)- and
(Z)-dihydrothiophene 248. Additionally, small amounts of
the (E)- and (Z)-vinyl sulphide adducts 249a were isolated.
Similarly, some comparable results were obtained with
other substrates 247b—e and the yield of the products
249b-e and 250b—e were also recorded (Scheme 71).

The unique mode of ring closure of o-sulphenyl-,
a-sulphinyl-, a-sulphonyl- and 5-methyl-5-hexenyl radicals

oo

246 (85%)

In (2 equiv)
L1 equlv)

MeOH, 17 h
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PhSH AIBN
l S T s0c s
(6]
247
247 a) R'=R2=H
b)R!'=CIl,R2=H
¢)R'=NO,,R?=H
d)R' =N, R?=H
¢ R'=H,R2=N,
Scheme 71.

has been exposed by Della and co-workers.?°® In the case of
5-hexenyl radicals, the sulphinyl-substituted species shows
an unexpected regioselectivity relative to its analogues.
Therefore, the a-S— and a-SO,—5-hexenyl radicals gave
measurable and increasing quantities of the 6-endo product,
whereas the o-sulphinyl species cyclised with high
selectivity (95.5:4.5) via the 5-exo mode. Della et al. then
studied the regiochemistry of cyclisation of the 5-hexenyl
systems bearing a substituent at C-5. The combined effects
of the steric factors associated with the presence of the

Bu3 SnH / > ﬁj
253
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@Y@J@*

SPh O

Products and yields (%)

248 (92%), 249a (5%), 250a (93%)
248 (87%), 249b (1%), 250b (88%)
248 (78%), 249¢ (6%), 250¢ (65%)
248 (81%), 249d (3%), 250d (70%)
248 (81%), 249¢ (1%), 250e (80%)

methyl group at C-5 and the longer C-S bonds are
responsible for the sulphenyl 251a and sulphonyl 251b
radicals generating the enhanced quantities of the 6-endo
products 253a and 253b, respectively, in comparison to the
corresponding 5-exo products 252a and 252b, respectively.
The high regioselectivity associated with ring closure of
251b afforded the cyclohexyl sulphone 253b. Although the
6-endo mode of cyclisation of the sulphinyl radical 251c¢ is
highly preferable, more of the 5-exo product 252c¢ was
obtained from 251¢ with respect to the 6-endo product 253¢
(Scheme 72).

Again, the selenide 254 was converted into the sulphone 255
with a high degree of selectivity under BuzSnH-mediated
radical cyclisation conditions. In this case, the electrophilic
nature of the radical centre is greatly influenced by the ester

25 function, which promotes the 6-endo cyclisation®*®
) (Scheme 73).
251.a) X =S 252.a) X =8 253. a) X = S (major)
b) X = SO, b) X =S80, b) X = SO, (major)
9X=50 9 X=SO (major) X =50 . .
6. Synthesis of silicon-containing heterocycles
Scheme 72.
Tributyltin hydride-annulated (1.4 equiv of Bu;SnH,
10 mol% AIBN, PhH, 0.02 M) radical cyclisation of
bromomethyldimethylsilyl ethers 256a—d led to the
SePh formation of heterocyclic, oxasilacyclopentane products
Bu;SnH 257a-d,”"” but these cyclic silanes were not stable under
> come . ) S \\O CO,Me normal silica gel chromatography.
(6] (6}
254 255 They could, however, be preserved in benzene at —5 °C
without any significant decomposition. Tamao oxidation”*®
Scheme 73. for the oxidative removal of the tether’® (KF, KHCOs,
N NPh
’ Bu,SnH, (1.4 equiv) IEIH NPh, | KF, KHCO,, I}IH NPh, NH NPh,
R i : H,0,, THF :
H  AIBN (ca. 10 mol%) o 22 R ; R
oo R‘m MeOH (1:1) j/\ N
\ N PhH (0.02 M), 80 °C Tamao [O] =
/ \ Br 078\ OH 2(:; OH 2(5):
256a-d anti- Syn-
257a-d 258a-d

oxasilacyclopentane product

ratio (trans:cis)

2-hydrazino 1,3-diol product
ratio (anti:syn)

256a) R = Me 257a) 80:20 258a) 79:21
256b)R=iBu  257b) 88:12 258b) 85:15
256¢) R =i Pr 257¢) 95:5 258¢) 96:4
256d) R = Ph 257d) > 98.2 258d) > 98.2

Scheme 74.
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Ph\ /Ph

Ph

o~ Sl\ Bu,;SnH, (0.5 equiv) (O Si/
SnMe ~
Br * AIBN, PhH, A @ Ph
N\ R

259a-d R 260a-d
260. a) R = SiMe;, (84%)
b) R =Ph (86%)
¢) R = CH,SiMe, (43%)
d) R = C(Me),0OH (47%)
Ph Ph Ph
N Ny
> 1
\SnMe O/( \gM\ez\
xXQ 7
¢
\ R
261 262
Scheme 75.
H,0,) resulted in the anti-2-hydrazino-1,3-diols 258a—d in Acknowledgements

good yield (Scheme 74).

A few years ago, it was reported that acyl radicals were
capable of undergoing SH' reactions at silicon to furnish the
cyclic acylsilanes.?'° 1-(3-Bromopropyl)-3-(trimethylsilyl)-
2-propynyldiphenyl(trimethylstannyl) silyl ether 259a was
allowed to react with TBTH (0.5 equiv) and AIBN in
refluxing benzene to produce 2,2-diphenyl-3-(trimethyl-
silyl)4,5,6,6a-tetrahydro-2H-cyclopenta[d][1,2]oxasilole
260a in 84% yield.”'' The phenyl-substituted acetylene
259b was transformed into the vinylsilane 260b (86%)
under the same reaction conditions. In the same way, the
other silanes 260c and 260d were obtained from 259c¢
and 259d, respectively. The radicals 261 obtained from
the stannylated silyl ethers 259 underwent 5-exo-dig-
cyclisation to generate the vinyl radicals 262. SH' reaction
at silicon afforded the cyclic alkoxysilanes 260
(Scheme 75).

7. Conclusions

It is evident from the foregoing discussions that the
literature on the syntheses of heterocycles by radical
cyclisation is vast and it is beyond the scope of this review
to include all related aspects of radical cyclisations. Only
the introduction, mechanism and recent representative
examples of radical cyclisation in general have been
included. We have limited ourselves to the application of
radical cyclisation for the formation of fused furan and
pyran rings. A detailed discussion has been confined to the
literature published during 2004. Mechanistic aspects of
various radical cyclisation reactions have also been
discussed in detail. In recent years, there has been a
considerable study of the cyclisation of radicals on
heterocyclic compounds, a reaction that had previously
been ignored. Radical cyclisation reactions, however, still
offer enormous challenges to synthetic organic chemists.

We thank the CSIR (New Delhi) for financial assistance.
P. P. M. is grateful to the CSIR (New Delhi) for a Senior
Research Fellowship.
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Abstract—A new traceless linker was developed to synthesize a library of 42 compounds possessing an azomethine linkage using
combinatorial solid-phase parallel synthesis. The loading of the substrates on a solid support and cleavage from the solid support were
performed by an imine synthesis and by imine-exchanged process under mild conditions, respectively. Thioesters with a hydroxy group on
the central core exhibited liquid crystalline properties with the widest transition temperatures in the library.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Solid-phase organic synthesis has been commonly used for
combinatorial synthesis to rapidly discover new drugs and
materials. Many types of linkers were recently developed in
combinatorial solid-phase syntheses because the selection
of an adequate linker is important to efficiently build the
desired libraries." Linkers should be easy to load starting
materials onto the solid support, must be stable during the
reactions and must be cleavable without damage to the
product at the final stage. Especially, traceless linkers have
advantages because the point of attachment on the solid
support is not apparent in the target molecules.”

Liquid crystals are widely used in optoelectric devices and
electron-transporting materials. Considerable synthetic
effort and time are required to develop new liquid crystals.
We previously demonstrated an efficient combinatorial
synthesis to search for new liquid crystals and to system-
atically investigate the substitution effect on mesomorphism
by preparing liquid crystalline libraries on a solid support.®™®

In this paper, we focus on the development of a new

Keywords: Liquid crystals; Combinatorial synthesis; Traceless linker;
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traceless linker to synthesize rod-shaped azomethine
derivatives,” which are typical liquid crystals.®
2. Results and discussion

2.1. Development of a new aniline linker and synthesis of
a liquid crystalline library

The structure of the target molecules 1 synthesized on the

Y@,COOH
O 2\
X

? H 2 (I members) P = | O
NH, step 1 NN
3
4 X=H, OH
ROH, RSH, RsNH
5 (m members) a = I C%PR
step 2 N C%rSR
g X CONR,
NHz COOR
IS “V o
RO N x COSR
7 (n members) /©/ S X CC())[r\IF{Q
RO

step 3
1 (I x mx n members)

Scheme 1. Synthetic plan of an azomethine-type liquid crystalline library.
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solid phase is shown in Scheme 1. They are composed of a
rigid aromatic core with an azomethine linkage, an alkoxy
side chain, and an ester or amide group. We planned to
construct a liquid crystalline library through solid-phase
synthesis by employing imine-exchange reactions’ because
the target molecules 1 have no extra functional groups to
attach to the solid support. In addition, because the
azomethine linkage is labile to acids and bases, we designed
a new linker suitable for synthesizing the liquid crystals
with an azomethine linkage on a solid support under mild
conditions. In the first step, / members of 4-formylbenzoic
acids 2 are condensed with an amine 3 on the solid support
to afford resin-bound azomethine 4 (step 1). In the second
step, m members of alcohols, thiols, and amines 5 are
reacted with 4 to give azomethine 6 (step 2). Finally, the
azomethines on the solid support are cleaved by n members
of 4-alkoxyanilines 7 through an imine-exchange process to
give 1 (step 3). In the consecutive procedure, /XmXn
members of compounds are synthesized in these three steps.

Methyl 4-formylbenzoate was linked to aminomethylated
SynPhase Lantern 8, a multipin solid support, through imine
formation to give resin-bound methyl benzoate 9. 4-Octyl-
oxyaniline was added to proceed to the imine-exchange

reaction, which gave the desired product 10 in only 16%
yield due to the instability of resin-bound azomethine 9. To
stabilize the resin-bound azomethine, we synthesized a
linker 11 from 8 and a 4-aminobenzoic acid derivative. The
loading of methyl 4-formylbenzoate and cleavage with
4-octyloxyaniline on the resin 12 gave the azomethine 10 in
75% yield. A three-step procedure involving 4-formyl-
benzoic acid loading followed by condensation with
I-nonanol and cleavage with 4-octyloxyaniline afforded
14aa8 in 47% yield. This reduced yield might result from
partial alcoholysis of a resin-bound azomethine 13 during
the condensation step. (Scheme 2)

4-Alkoxyaniline linker 15 was synthesized to stabilize a
resin-bound azomethine intermediate. Simple loading and
cleavage using 15 gave the desired product 10 in 70% yield.
The equilibrium between 10 and 16 was not shifted
effectively in favor of 10 due to their comparable stability
even addition of 4 equiv of 4-octyloxyaniline. (Scheme 3)

The product yields were dependent on the delicate stability
balance of the resin-bound azomethine. The ideal linker
should resist alcoholysis during condensation and cause an
equilibrium shift favorable to the product in the final step.

(0]
b ﬁOMe
OMe
16% Ns

8 9 CgH170 10
75% (from 11)
c
ﬁ "
) NH, a ]
g 5
o} o 12
1
(6]
| ¢ I
OH OCgH19
N N
H e, b
EVN CgH170
fe} 14aa8
13

Scheme 2. Model synthesis of azomethines on a solid support from 8 or 11. Reaction conditions: (a) methyl 4-formylbenzoate, DMF, rt, 24 h;
(b) 4-octyloxyaniline, 50 °C, 3 h; (c) 4-tert-butoxycarbonylaminobenzoic acid, DIC, HOBt, DCM, then TFA, DCM; (d) 4-formylbenzoic acid, DMF, rt, 24 h;

(e) 1-nonanol, DIC, DMAP, DCM, rt, 3 h.

NHe
N c
8 2. o~ /©/ /@r —— 10
£ NM E/\NMO o
16

15

OMe

(from 8)

Scheme 3. Model synthesis of azomethine 10 on a solid support using an aniline linker 15. Reaction conditions: (a) 6-(4-fert-butoxycarbonylaminophenoxyl)-
hexanoic acid, DIC, HOBt, DCM, then TFA, DCM; (b) methyl 4-formylbenzoate, DMF, rt, 24 h; (c) 4-octyloxyaniline, 50 °C, 3 h.
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Scheme 4. Model synthesis of azomethines on a solid support using an aniline linker 17. Reaction conditions: (a) 4-(4-tert-butoxycarbonylaminophenyl)-
butyric acid, DIC, HOBt, DCM, then TFA, DCM; (b) methyl 4-formylbenzoate, DMF, rt, 24 h; (c) 4-octyloxyaniline, 50 °C, 3 h; (d) 4-formylbenzoic acid,
DMF, rt, 24 h; (e) 1-nonanol, DIC, DMAP, DCM, rt, 3 h.
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Scheme 5. Partial alcoholysis and subsequent condensation in the second step.
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Scheme 6. Parallel synthesis of an azomethine library on a solid support. Reaction conditions: (a) 2 kinds of 4-formylbenzoic acid (4-formylbenzoic acid,
4-formyl-3-hydroxybenzoic acid), DMF, rt, 24 h; (b) 4 kinds of alcohols, thiol, and amine (n-CoH;9OH, Et(OC,H,4),OH, n-CoH;9SH, (Me,CHCH,),NH), DIC,
DMAP, DCM, rt, 3 h; (c) 7 kinds of 4-alkoxyanilines (n=4-10), DMF, 50 °C, 24 h.
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Finally, 4-alkylaniline linker 17 was investigated. (Scheme
4) The resin-bound intermediate 18 was expected to have
moderate stability between 12 and 16. The product 10 was
obtained in 94% yield by simple loading and cleavage. The
three-step procedure involving condensation with 1-nonanol
gave 14aa8 in 66% yield.

Because the original linker 17 must be recovered after
cleavage of the resin-bound azomethines, we investigated
the possibility of recycling of the linker 17. In the case of
simple loading and cleavage, the yield of the repeated using
was comparable to the first one. However, the yield
decreased considerably from 66 to 40% for the recycling
in the three-step procedure. (Scheme 4) To elucidate the
details of the reaction occurred on the resin, the recycled
resin was treated with methyl 4-formylbenzoate. The
methylester 10 was obtained in 15% yield. This result
indicates that azomethine 21 was partially formed on the
solid support via alcoholysis of 19a and consecutive
condensation in the second step. (Scheme 5).

Table 1. Isolated yields and transition temperatures of all library members

2.2. Library synthesis of rod-shaped liquid crystals

The linker 17 was most suitable for the synthesis of
azomethines on the solid support in our experiment. We
applied the linker 17 to parallel synthesis of a rod-shaped
liquid crystalline library shown in Scheme 6. 4-Formyl-
benzoic acid and 4-formyl-3-hydroxybenzoic acid were
linked to 17 to afford two members of resin-supported
azomethines 19a and 19b. The reaction of 19a with two
alcohols, a thiol, and an amine gave the corresponding esters
22aa, 22ab, a thioester 22ac and an amide 22ad. On the
other hand, 19b was reacted with an alcohol and a thiol to
form an ester 22ba and a thioester 22bc. Finally, all six
members of azomethines are reacted with 7 kinds of
4-alkoxyanilines to afford the 42 final products through
imine-exchange reactions. Esters 14aa4—14aal0 (n=4-10)
and 14ab4—14ab10 (n=4-10) and thioesters 14ac4—14ac10
(n=4-10) were obtained in moderate yield after chromato-
graphic purification (Table 1). On the other hand, amides
14ad4-14ad10 (n=4-10) were obtained in low yield,

Compounds X R n Yield (%) Transition temperatures (°C) and enthalpy changes (kJ mol ~ Iy
14aa4 H OCoH /9 4 55 Cr 58.7 (25.2) SmA 81.3 (3.3) Iso

14aa5 5 58 Cr 58.1 (27.0) SmA 76.0 (3.0) Iso

14aa6 [§ 59 Cr 57.8 (27.6) SmA 84.3 (3.8) Iso

14aa7 7 57 Cr 65.1 (30.4) SmA 84.4 (3.8) Iso

14aa8 8 66 Cr 63.7 (28.1) SmA 88.3 (3.9) Iso

14aa9 9 58 Cr; 67.8 (12.4) Cr, 70.4 (15.8) SmC 85.7 SmA 87.6 (4.2) Iso
14aal0 10 55 Cr 75.1 (17.3) SmC 80.7 SmA 89.6 (4.4) Iso

14ab4 H O(C,H,0),Et 4 71 Cr 74.2 (32.2) [SmA 42.8 (3.1)] Iso®

14ab5 5 53 Cr 57.0 (27.5) [SmA 27.5 (2.4)] Iso

14ab6 6 57 Cr 62.2 (31.1) [SmA 40.3 (3.2)] Iso

14ab7 7 58 Cr 43.5 (23.0) [SmA 38.8 (3.0)] Iso

14ab8 8 52 Cr; 40.0 (5.3) Cr, 43.5 (15.3) SmA 46.7 (3.9) Iso

14ab9 9 51 Cr 58.4 (28.6) Iso

14ab10 10 60 Cr 56.9 (28.0) Iso

14ac4 H SCoHo 4 53 Cr 78.3 (16.7) SmF 82.9 (0.8) SmA 150.8 (3.5) Iso

14ac5 5 58 Cr 72.8 (21.8) SmF 83.4 (1.1) SmC 100.5 SmA 148.5 (3.5) Iso
14ac6 6 82 Cr 70.2 (14.7) SmF 92.7 (1.6) SmC 111.2 SmA 149.8 (4.3) Iso
14ac7 7 52 Cr 75.1 (23.2) SmF 95.2 (1.8) SmC 131.0 SmA 147.8 (4.4) Iso
14ac8 8 53 Cr 76.9 (19.1) SmF 102.4 (2.3) SmC 133.7 SmA 148.7 (4.3) Iso
14ac9 9 33 Cr 87.1 (24.4) SmF 102.6 (2.9) SmC 137.4 SmA 143.5 (4.3) Iso
14ac10 10 33 Cr 90.0 (22.7) SmF 106.6 (3.4) SmC 142.6 SmA 146.1 (5.8) Iso
14ad4 H N(CH,CHMe), 4 25 Cr 98.7 Iso

14ad5 5 12 Cr 72.7 Iso

14ad6 6 18 Cr 83.3 Iso

14ad7 7 16 Cr 85.2 Iso

14ad8 8 20 Cr 105.5 Iso

14ad9 9 22 Cr 93.4 Iso

14ad10 10 24 Cr 78.5 Iso

14bad OH OCoH /9 4 47 Cr 70.6 (19.8) SmA 128.7 (4.2) Iso

14ba5 5 46 Cr 73.2 (21.3) SmA 123.8 (4.2) Iso

14ba6 6 52 Cr 77.0 (18.3) SmA 126.7 (4.7) Iso

14ba7 7 50 Cr 76.0 (23.3) SmC 81.0 SmA 124.0 (4.8) Iso

14ba8 8 47 Cr 85.7 (25.4) SmC 99.0 SmA 125.0 (5.0) Iso

14ba9 9 43 Cr 92.0 (27.1) SmC 113.0 (0.2) SmA 123.7 (4.6) Iso

14bal0 10 30 Cr 85.1 (31.6) SmC 118.2 (0.1) SmA 124.3 (5.4) Iso

14bc4 OH SCoHy9 4 17 (38)° Cry 47.8 (1.3) Cr, 62.7 (8.2) SmA 188.1 (4.4) Iso

14bc5 5 20 (38) Cr 68.6 (13.6) SmA 185.2 (5.3) Iso

14bc6 6 18 (40) Cry 55.9 (3.3) Cr, 58.7 (8.8) SmA 185.7 (5.2) Iso

14bc7 7 21 (39) Cr 60.1 (11.2) SmC 149.0 SmA 182.5 (5.5) Iso

14bc8 8 19 (40) Cr 64.7 (12.5) SmC 161.0 SmA 182.1 (5.6) Iso

14bc9 9 20 (32) Cr 71.2 (14.3) SmC 171.0 (0.2) SmA 178.6 (6.1) Iso

14bcl10 10 17 (34) Cr 70.7 (16.1) SmC 173.5 (0.2) SmA 177.6 (6.4) Iso

? The transition temperatures and the enthalpy changes shown in parentheses were determined by the second heating of DSC except for 14ad series. The
transition temperatures of 14ad series were determined by the second heating of optical microscopy.
® Mesomorphic phases, transition temperatures and enthalpy changes in brackets were observed in the first cooling process.

¢ Values in parentheses refer to yields for 16 equiv of 1-nonanethiol in step 2.
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possibly because the imine-exchange reaction between 19a
and diisobutylamine partially occurs at the second step. The
yields of 14b series (X=0OH) were lower than correspond-
ing 14a series (X=H) probably due to partial self-
condensation between a phenolic hydroxy and carboxylic
group in 19b on the resin. Addition of large excess
(16 equiv) of thiol at the second step improved the yield
in 14bc series.

2.3. Mesomorphic behavior

The transition temperature and the thermal behavior of the
library members were determined using a polarizing
microscope equipped with a hot stage and differential
scanning calorimetry (DSC) measurement. The results are
summarized in Table 1. Esters 14aad-14aal0 (n=4-10)
exhibited smectic A (SmA) and C (SmC) phases, in which
the SmA phase was demonstrated by observation of fan and
homeotropic textures while the SmC phase was assigned by
observation of fan and schlieren textures. The X-ray
diffraction study of 14aal0 (n=10) indicated that Othe
layer spacings of the SmA and SmC phases were 34.3 A at
87°C and 338 A at 78°C, respectively. Because the
calculated molecular length of 14aal0 (n=10) is 37.1 A,
molecules should partially intercalate in the SmA phase and
the molecules are tilted 24 ° in the SmC phase when they
form a monolayer arrangement. On the other hand, 14ac10
(n=10) had SmA, SmC, and smectic F (SmF) phases. The
SmF phase was assigned by the observation of the mosaic
texture. The X-ray diffraction study of 14acl0 (n=10)
indicated that the layer spacings of the SmA, SmC, and SmF
phases were 33.1 A at 145 °C, 32.2 A at 130 °C, and 34.5 A
at 98 °C, respectively. The calculated molecular length of
14ac10 (n=10) is 37.5 A. The molecular packing models
are similar to those of 14aal0 (n=10). The layer spacing of
the tilted SmF phase is slightly larger than that of the SmA
phase. It might be due to that the SmA phase has more
molten side chains than the SmF phase appeared at the
lower temperature. Monoethyl diethylene glycol esters
14ab4-14ab10 had a less stable SmA phase monotropi-
cally. The reduction of the thermal stability of 14ab4—
14ab10 might be due to the flexibility of the diethylene
glycol chain. The secondary amides 14ad4—14ad10 were
not mesomorphic because of the increase in molecular width
of their branching.

Thioesters 14ac4-14acl10 exhibited liquid crystalline
properties with the higher thermal stability compared to
corresponding esters 14aad4-14aal0, and 14ab4-14ab10.
The thermal stability of the SmA phase of 14ac4-14ac10
was enhanced by approximately 60 °C when compared with
14aa4—14aal0 because the thioester linkage is superior in
linearity and longitudinal length to corresponding ester
linkage.'” The clearing temperature for 14b series (X =OH)
was 40-60 °C higher than that for 14a series (X=H) as a
result of hydrogen bond formation between azomethine
nitrogen and phenolic hydrogen, which enhanced the
planarity of the molecule."' The thioesters possessing a
hydroxy group on the aromatic nuclei (14bc series, R=
SCoH;9, X=O0H) showed smectic phase in the widest
temperature range.

3. Conclusion

We developed a new traceless linker, which made it possible
to synthesize a library of liquid crystals with an azomethine
linkage using imine-exchange reactions through combina-
torial solid-phase parallel syntheses. This linker has the
advantage of being able to release the final product under
mild conditions. Thioesters at the terminal position with
hydroxy group on the central core exhibited smectic phases
with the widest transition temperatures in the library
consisting of 42 members. Thermal stability of the library
members was explained by consideration of the linearity
and planarity of the molecules and flexibility and bulkiness
of the substituents of the ester and the amide groups.

4. Experimental
4.1. General

All commercially available chemicals were used without
further purification except 4-alkoxyanilines. The 4-alkoxy-
anilines were further purified by recrystallization. The
SynPhase Lantern 8 was purchased from Mimotopes Pty
Ltd (Victoria, Australia). Melting points were determined
using a Biichi B-545 apparatus and are uncorrected. IR
spectra were recorded with a JASCO FT/IR410 spectro-
photometer equipped with SensIR Technologies Dura-
scope™ for ATR (attenuated total reflectance) and only
characteristic peaks are reported. '"H NMR spectra were
recorded at 200 or 300 MHz with Varian Gemini-200 or
Mercury-300 spectrometers, using tetramethylsilane as
the internal standard. Mass spectra were taken on JEOL
AX-500. Elemental analyses were performed using
PerkinElmer 2400. The transition temperatures and the
mesomorphic phase were observed by a polarizing
microscope (Olympus BHSP BH-2) equipped with a hot
stage (Linkam TH-600RMS). Enthalpy changes were
measured using a differential scanning calorimeter (Seiko
DSC 200). The X-ray diffraction measurements were
carried out with a Rigaku Rint 2100 system using Ni-
filtered Cu K« radiation at various temperatures. The
measuring temperatures were controlled with a Linkam
HFS-91 hot stage.

4.2. Preparation of aniline linkers 11, 15, and 17

4.2.1. Ethyl 6-(4-tert-butoxycarbonylaminophenoxy)hex-
anoate. To a mixture of ethyl 6-[(4-methylbenzenesulfonyl)-
oxylhexanoate'? (1.09 g, 3.47 mmol) and potassium car-
bonate (1.67 g, 12.1 mmol) in acetonitrile (5 mL) was added
N-Boc-4-hydroxyaniline (0.722 g, 3.45 mmol) in aceto-
nitrile (5 mL). The reaction mixture was heated at reflux
for 17 h. After being cooled to room temperature, the
reaction was quenched by addition of saturated aqueous
NH4Cl (10 mL). The mixture was extracted with ethyl
acetate (3X 15 mL). The combined organic layers were
dried over sodium sulfate and concentrated to furnish the
crude product, which was purified by flash chromatography
(silica gel 45 g, ethyl acetate/hexane 1:5) followed by
recrystallization (ethyl acetate/hexane) to give the product
(776 mg, 2.21 mmol, 64%) as a colorless needles: mp
73.2°C; 'H NMR (300 MHz, CDCl3) 6 1.26 3H, t, J=
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7.1 Hz), 1.44-1.57 (2H, m), 1.51 (9H, s), 1.69 (2H, quint,
J=17.4Hz), 1.78 (2H, quint, J=6.3 Hz), 2.33 2H, t, J=
7.4 Hz), 3.92 (2H, t, J=6.3 Hz), 4.13 (2H, q, J=7.1 Hz),
6.34 (1H, br s), 6.82 (2H, d, /=8.8 Hz), 7.24 (2H, d, J=
8.8 Hz); IR (ATR) 3364, 1733, 1690 cm~'; MS (CD): m/z
296 (100%), 351 (IM]", 59%); HRMS (CI): caled for
CioH2oNOs (IM]), 351.2046, found 351.2057. Anal.
Calcd for C;9oH,oNOs: C, 64.93; H, 8.32; N, 3.37. Found:
C, 65.21; H, 8.55; N, 4.14.

4.2.2. 6-(4-tert-Butoxycarbonylaminophenoxy)hexanoic
acid. To a solution of ethyl 6-(4-fert-butoxycarbonyl-
aminophenoxy)hexanoate (776 mg, 2.21 mmol) in ethanol
(12mL) was added 1M NaOH solution (4 mL). The
reaction mixture was stirred at room temperature for 10 h
and quenched by addition of saturated aqueous NaH,PO,
(10 mL). The mixture was extracted with ethyl acetate (3 X
15 mL). The combined organic layers were dried over
sodium sulfate and concentrated to give the crude product,
which was purified by flash chromatography (silica gel 30 g,
ethyl acetate) and followed by recrystallization (ethyl
acetate/hexane). The product (575 mg, 1.78 mmol, 81%)
was isolated as a colorless needles: mp 115 °C; "H NMR
(300 MHz, CDCl3) 6 1.45-1.57 (2H, m), 1.51 (9H, s), 1.71
(2H, quint, J=7.6 Hz), 1.79 (2H, quint, J=6.3 Hz), 2.39
(2H, t, J=7.6 Hz), 3.92 (2H, t, J=6.3 Hz), 6.45 (1H, br s),
6.81 (2H, d, /=8.9 Hz), 7.23 (2H, d, /=8.9 Hz); IR (ATR)
3362, 1697, 1672 cm™'; MS (CI): m/z 268 (100%), 323
(M1, 62%); HRMS (CI): calcd for C;7H,sNOs ([M] ),
323.1733, found 323.1727. Anal. Calcd for C;7H,sNOs: C,
63.14; H, 7.79; N, 4.33. Found: C, 63.35; H, 8.01; N, 4.51.

4.2.3. 6-(4-tert-Butoxycarbonylaminophenyl)butyric
acid. To a mixture of 4-(4-aminophenyl)butyric acid
(3.00 g, 16.7 mmol) in dioxane (25 mL) and water
(25 mL) were added triethylamine (3.6 mL, 25.8 mmol)
followed by di-fert-butyl dicarbonate (5.61 g, 25.7 mmol) in
dioxane (25 mL). The reaction mixture was stirred at room
temperature for 24 h and quenched slowly by addition of
3 M HCI solution (100 mL) to the reaction mixture. The
mixture was extracted with ethyl acetate (3X 100 mL). The
combined organic layers were washed with brine (2X
60 mL), dried over sodium sulfate and concentrated to
furnish the crude product, which was further purified by
flash chromatography (silica gel 40 g, ethyl acetate/hexane
1:1). The product (4.36 g, 15.6 mmol, 94%) was isolated
as a colorless solid: mp 119.4 °C; '"H NMR (300 MHz,
DMSO-dg) 6 1.47 (9H, s), 1.74 2H, tt, J= 8.2,7.4 Hz), 2.16
(2H, t,J=7.4 Hz), 2.50 (2H, t, /=8.2 Hz), 7.05 2H, d, J=
8.5 Hz), 7.36 (2H, d, J=8.5 Hz), 9.23 (1H, s); IR (ATR)
1700, 1522 cm ™'y MS (CI): m/z 223 (100%), 279 (IM] ™,
39%); HRMS (CI): caled for CsH,1NO, (IM] 1), 279.1471,
found 279.1461. Anal. Calcd for C;5H,1NOy: C, 64.50; H,
7.58; N, 5.01. Found: C, 64.64; H, 7.77; N, 5.18.

4.2.4. Acylation and Boc-deprotection on the Synphase
Lantern. Four hundred and five pieces of the aminomethyl-
ated Lantern 8 (D-series, loading: 38 pmol X405,
15.4 mmol) were shaken twice for 10 min in a 1:1 solution
(500 mL) of DMF and DCM containing 5% TEA. The
solution was removed by decantation and the Lanterns were
shaken with a 1:1 solution of DMF and DCM (3 X3 min)
and DCM (2X 10 min). The neutralized Lanterns were

reacted with 4-(4-tert-butoxycarbonylaminophenyl)butyric
acid (8.32 g, 61.6 mmol, 4 equiv), HOBt-H,O (8.32 g,
61.6 mmol, 4 equiv), and DIC (19.3 mL, 123 mmol,
8 equiv) in a 4:1 solution (220 mL) of DCM and DMF at
room temperature for 15 h. The solution was removed by
decantation and the Lanterns were washed with DMF (3 X
3 min) and DCM (3 X3 min). The N-protected Lanterns
were shaken in DCM (500 mL, 2X3 h) containing 15%
TFA. The Lanterns were washed with DMF (3 X 3 min) and
treated with a 1:1 solution (500 mL) of DMF and DCM
containing 5% TEA (2X10 min). The solution was
removed by decantation and the Lanterns were washed
with a 1:1 solution of DMF and DCM (2X 10 min) and
DCM (2X 10 min) to give aniline linker 17.

Linkers 11, and 15 were prepared by the same procedure
above from 8 and 4-tert-butoxycarbonylaminobenzoic acid
or 6-(4-tert-butoxycarbonylaminophenoxy)hexanoic acid.

4.2.5. Loading of methyl 4-formylbenzoate and cleavage
with 4-octyloxyaniline using the resin 8, 11, 15 and 17.
Two pieces of the Lantern of the solid supported aniline 17
(A-series, loading 75 umol X2, 150 pmol) were reacted
with methyl 4-formylbenzoate (130.5 mg, 790 pmol,
5.3 equiv) in DMF solution at room temperature for 24 h.
The solution was removed by decantation and the Lanterns
were washed with DMF (3X0.5 min) and DCM (3 X
0.5 min) to give the solid supported ester 18. The solid
supported ester 18 was reacted with 4-octyloxyaniline
(132.8 mg, 4 equiv) in DMF (5 mL) at 50 °C for 3 h. The
Lanterns were washed with DMF (3 X3 min). The
combined DMF solution was evaporated and purified by
HPLC (hexane/EtOAc 9:1) to give 10 in 94% yield
(51.9 mg, 141 umol) as colorless solid. When the same
procedure was applied to the recovered resin, the product 10
was obtained in 89% yield.

The same procedures were also tested to the resin 8, 11, and
15. Their yields were described in the text.

Mp 135.5-136 °C; "H NMR (200 MHz, CDCl3) 6 0.89 (3H,
t,J=7.0 Hz), 1.21-1.54 (12H, m), 1.80 (2 H, m), 3.95 (3H,
s), 3.98 (2H, d, J=6.6 Hz), 6.94 (2H, d, /J=8.8 Hz), 7.27
(2H, d, J=8.8 Hz), 7.96 (2H, d, /J=8.4 Hz), 8.13 (2H, d,
J=8.4Hz), 8.54 (1H, s); IR (ATR) 1721, 1621 cm™'; MS
(CI): m/z 368 ((M+H]", 100%); HRMS (CI): calcd for
C,3H30NOs (IM+H] ), 368.2226, found 368.2235. Anal.
Calcd for C,3H,0NO5: C, 75.17; H, 7.95; N, 3.81. Found: C,
75.14; H, 7.95; N, 3.78.

4.2.6. Loading of 4-formylbenzic acid, condensation with
1-nonanol and cleavage with 4-octyloxyaniline on the
resin 15 and 17. Three pieces of the solid supported aniline
17 (A-series, loading 75 pmol X 3, 225 pmol) were reacted
with 4-carboxybenzaldehyde (179.4 mg, 1.19 mmol,
5.3 equiv) in DMF solution (4 mL) at room temperature
for 24 h. The solution was removed by decantation and the
Lanterns were washed with DMF (3 X 0.5 min), and DCM
(3X0.5 min) to give the solid supported azomethine 19a.
The azomethine 19a were reacted with 4-N,N-dimethyl-
aminopyridine (6.9 mg, 56 umol, 0.25 equiv), 1-nonanol
(157 pL, 900 pmol, 4 equiv) and 1,3-diisopropylcarbo-
diimide (273 pL, 1.76 mmol, 8 equiv) in DCM (4 mL) at
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room temperature for 3 h. The solution was removed
by decantation and the Lanterns were washed with DMF
(3X0.5 min), and DCM (3X0.5 min) to give the solid
supported nonyl ester 22aa. The solid supported ester 22aa
were reacted with 4-n-octyloxyaniline (202 mg, 0.91 mmol,
4 equiv) in DMF (5 mL) at 50 °C for 3 h. The Lanterns were
washed with DMF (3X3 min). The combined DMF
solution was evaporated and purified by HPLC (hexane/
EtOAc 19:1) to give 14aa8 (n=38) in 66% yield (71.2 mg,
148 umol) as pale yellow solid. When the same procedure
was applied to the recovered resin, the product 14aa8 was
obtained in 40% yield (43.5 mg, 90.7 pmol). The resulting
lantern was treated with methyl 4-formylbenzoate
(147.7 mg, 900 umol, 4 equiv) in DMF at 50 °C for 3 h.
The Lanterns were washed with DMF (3X3 min). The
combined DMF solution was evaporated and purified by
HPLC (hexane/EtOAc 4:1) to give 10 in 15% yield
(12.4 mg, 33.7 umol) as pale yellow solid.

The same procedures were also tested to the resin 11. The
product 14aa8 (n=_8) was obtained in 47% yield (50.8 mg,
106 pmol) as pale yellow solid.

4.3. Parallel synthesis of liquid crystalline library on the
solid support 17

4.3.1. Loading of 4-formylbenzic acid (synthesis of 19a).
Eighty four pieces of the solid supported aniline 17
(D-series, loading: 38 wmol X 84, 3.19 mmol) were reacted
with 4-carboxybenzaldehyde (2.54 g, 16.9 mmol, 5.3 equiv)
in DMF solution (80 mL) at room temperature for 24 h. The
solution was removed by decantation and the Lanterns were
washed with DMF (3<X0.5 min), and DCM (3 X 0.5 min).

Compound 19b was also synthesized by the same procedure
as described above.

4.3.2. Condensation with 1-nonanol (synthesis of 22aa).
Twenty eight pieces of the solid supported azomethine 19aa
(D-series, loading: 38 pmol X 28, 1.06 mmol) were reacted
with 4-N,N-dimethylaminopyridine (32.5 mg, 0.266 mmol,
0.25 equiv), 1-nonanol (0.74 mL, 4.2 mmol, 4 equiv) and
1,3-diisopropylcarbodiimide (1.3 mL, 8.5 mmol, 8 equiv) in
DCM at room temperature for 3 h. The solution was
removed by decantation and the Lanterns were washed with
DMF (3X0.5 min), and DCM (3 X 0.5 min).

Compounds 22ab, 22ac, 22ad, 22ba and 22bc were also
synthesized by the same procedure as described above.

4.3.3. Cleavage from the solid support (synthesis of
14aad). Two pieces of the solid supported ester 22aa (D-
series, loading: 38 pmol X2, 76 umol) were reacted with 4-
n-butyloxyaniline (63 mg, 0.38 mmol, 5 equiv) in DMF
(5mL) at 50 °C for 3 h. The Lanterns were washed with
DMF (3X3 min). The combined DMF solution was
evaporated and purified by HPLC (hexane/EtOAc 19:1) to
give 14aa4 (n=4) in 55% yield (17.8 mg, 42.0 pmol) as
pale yellow solid.

All library members were also synthesized by the same
procedure as described above.

All new compounds described gave satisfied spectral and
elemental analytic data. One example of spectral data for
one homologue of each compound type and only elemental
analytic data of new compounds are given.

4.3.3.1. Nonyl 4-[(4-butoxyphenylimino)methyl]ben-
zoate (14aa4, n=4). Pale yellow needles; 'H NMR
(200 MHz, CDCl5) 6 0.88 (3H, t, J=6.8 Hz), 0.99 (3H, t,
J=7.1Hz), 1.28-1.60 (14H, m), 1.72-1.82 (4H, m), 3.99
(2H,t,J=6.6 Hz), 4.34 (2H, t,J=6.6 Hz), 6.93 (2H, d, J=
8.8 Hz), 7.27 (2H, d, J=8.8 Hz), 7.95 (2H, d, J=28.3 Hz),
8.12 (2H, d, J=8.3 Hz), 8.54 (1H, s); IR (ATR) 1710,
1620 cm ™ '; MS (CD): m/z 423 (IM] ™", 100%); HRMS (CI):
caled for C,7H3,NO; (IM]1), 423.2773, found 423.2774.
Anal. Calcd for C,;H37NO;5: C, 76.56; H, 8.80; N, 3.31.
Found: C, 76.85; H, 9.09; N, 3.37.

4.3.3.2. Nonyl 4-[(4-pentyloxyphenylimino)methyl]-
benzoate (14aaS, n=>5). Pale yellow needles. Anal. Calcd
for C,gH3oNOs5: C, 76.85; H, 8.98; N, 3.20. Found: C, 77.03;
H, 9.15; N, 3.28.

4.3.3.3. Nonyl 4-[(4-hexyloxyphenylimino)methyl]-
benzoate (14aa6, n=6). Pale yellow needles. Anal. Calcd
for CooH,4 NOs5: C, 77.12; H, 9.15; N, 3.10. Found: C, 77.30;
H, 9.41; N, 3.23.

4.3.3.4. Nonyl 4-[(4-heptyloxyphenylimino)methyl]-
benzoate (14aa7, n=7). Pale yellow needles. Anal. Calcd
for C30H43NOs5: C, 77.38; H, 9.31; N, 3.01. Found: C, 77.64;
H, 9.50; N, 3.12.

4.3.3.5. Nonyl 4-[(4-octyloxyphenylimino)methyl]ben-
zoate (14aa8, n =8). Pale yellow needles. Anal. Calcd for
C5,Hy45NO3: C, 77.62; H, 9.46; N, 2.92. Found: C, 77.76; H,
9.74; N, 3.03.

4.3.3.6. Nonyl 4-[(4-nonyloxyphenylimino)methyl]-
benzoate (14aa9, n=29). Pale yellow needles. Anal. Calcd
for C3,H47NO3: C, 77.85; H, 9.60; N, 2.84. Found: C, 78.04;
H, 9.79; N, 2.99.

4.3.3.7. Nonyl 4-[(4-decyloxyphenylimino)methyl]-
benzoate (14aal0, n=10). Pale yellow needles. Anal.
Calcd for C33H49NO5: C, 78.06; H, 9.73; N, 2.76. Found: C,
78.02; H, 9.50; N, 2.90.

4.3.3.8. 2-(2-Ethoxyethoxy)ethyl 4-[(4-butoxyphenyl-
imino)methyl]benzoate (14ab4, n=4). Pale yellow
needles; '"H NMR (300 MHz, CDCl5) 6 0.99 (3H, t, J=
7.3 Hz), 1.21 (3H, t, J=7.0Hz), 1.51 (2H, qt, J=7.0,
6.6 Hz), 1.78 (2H, quint, J=6.6 Hz), 3.54 (2H, q, J=
7.3 Hz), 3.63 (2H, m), 3.71 (2H, m), 3.87 (2H, t, /=4.8 Hz),
3.99 2H,t,J=6.6 Hz), 4.52 (2H, t, /=4.8 Hz), 6.94 (2H, d,
J=8.8Hz), 7.27 (2H, d, J=8.8Hz), 7.95 (2H, d, J=
8.4 Hz), 8.15 (2H, d, /J=8.4 Hz), 8.54 (1H, s); IR (ATR)
1705, 1621 cm ™~ '; MS (CD): m/z 413 (IM] ™", 100%); HRMS
(CD): caled for C,4H3NOs ([M]F), 413.2202, found
413.2188. Anal. Calcd for C,4H5NOs: C, 69.71; H,7.56;
N, 3.39. Found: C, 69.86; H, 7.39; N, 3.44.

4.3.3.9. 2-(2-Ethoxyethoxy)ethyl 4-[(4-pentyloxyphenyl-
imino)methyl]benzoate (14ab5, n=>5). Pale yellow needles.
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Anal. Calcd for C,5H33NO5: C, 70.23; H,7.78; N, 3.28.
Found: C, 70.27; H, 7.90; N, 3.28.

4.3.3.10. 2-(2-Ethoxyethoxy)ethyl 4-[(4-hexyloxyphenyl-
imino)methyl]benzoate (14ab6, n =6). Pale yellow needles.
Anal. Calcd for C,4H3sNOs: C, 70.72; H, 7.99; N, 3.17.
Found: C, 70.87; H, 8.10; N, 3.16.

4.3.3.11. 2-(2-Ethoxyethoxy)ethyl 4-[(4-heptyloxy-
phenylimino)methyl]benzoate (14ab7, n =7). pale yellow
needles. Anal. Calcd for C,7H37NOs: C, 71.18; H, 8.19; N,
3.07. Found: C, 71.43; H, 8.38; N, 2.95.

4.3.3.12. 2-(2-Ethoxyethoxy)ethyl 4-[(4-octyloxy-
phenylimino)methyl]benzoate (14ab8, n =8). Pale yellow
needles. Anal. Calcd for C,gH3oNOs: C, 71.61; H, 8.37; N,
2.98. Found: C, 71.86; H, 8.56; N, 2.97.

4.3.3.13. 2-(2-Ethoxyethoxy)ethyl 4-[(4-nonyloxy-
phenylimino)methyl]benzoate (14ab9, n =9). Pale yellow
needles. Anal. Calcd for C,oH, NOs: C, 72.02; H, 8.54; N,
2.90. Found: C, 72.29; H, 8.82; N, 3.07.

4.3.3.14. 2-(2-Ethoxyethoxy)ethyl 4-[(4-decyloxy-
phenylimino)methyl]benzoate (14ab10, n=10). Pale
yellow needles. Anal. Calcd for C30H43NOs: C, 72.40; H,
8.71; N, 2.81. Found: C, 72.42; H, 8.78; N, 2.85.

4.3.3.15. S-Nonyl 4-[(4-butoxyphenylimino)methyl]-
thiobenzoate (14ac4, n=4). Pale yellow needles; 'H
NMR (200 MHz, CDCl;) 6 0.88 (3H, t, J=6.6 Hz), 0.98
(3H, t, J=7.3 Hz), 1.20-1.88 (18H, m), 3.09 2H, t, J=
7.3 Hz), 3.99 (2H, t, /=6.2 Hz), 6.94 (2H, d, /=9.2 Hz),
7.27 2H, d, J=9.2 Hz), 7.95 (2H, d, J=28.1 Hz), 8.05 (2H,
d, J=8.1 Hz), 8.53 (1H, s); IR (ATR) 1650, 1620 cm ™ ';
MS (CI): m/z 439 (IM]", 100%); HRMS (CI): calcd for
C»7H57NO,S ([M]1), 439.2545, found 439.2569. Anal.
Calcd for C,7H37NO,S: C, 73.76; H, 8.48; N, 3.19. Found:
C, 73.65; H, 8.51; N, 3.24.

4.3.3.16. S-Nonyl 4-[ (4-pentyloxyphenylimino)methyl]-
thiobenzoate (14ac5, n=S5). Pale yellow needles. Anal.
Calcd for C,gH39NO,S: C, 74.13; H, 8.66; N, 3.09. Found:
C, 74.17; H, 8.37; N, 3.25.

4.3.3.17. S-Nonyl 4-[(4-hexyloxyphenylimino)methyl]-
thiobenzoate (14ac6, n=6). Pale yellow needles. Anal.
Calcd for C,oH41NO,S: C, 74.47; H, 8.84; N, 2.99. Found:
C, 74.68; H, 9.12; N, 3.08.

4.3.3.18. S-Nonyl 4-[ (4-heptyloxyphenylimino)methyl]-
thiobenzoate (14ac7, n=7). Pale yellow needles. Anal.
Calcd for C3oH43NO,S: C, 74.80; H, 9.00; N, 2.91. Found:
C, 74.83; H, 9.21; N, 3.00.

4.3.3.19. S-Nonyl 4-[(4-octyloxyphenylimino)methyl]-
thiobenzoate (14ac8, n=8). Pale yellow needles. Anal.
Calcd for C3;H4sNO,S: C, 75.10; H, 9.15; N, 2.83. Found:
C, 74.87; H, 9.39; N, 2.97

4.3.3.20. S-Nonyl 4-[(4-nonyloxyphenylimino)methyl]-
thiobenzoate (14ac9, n=9). Pale yellow needles. Anal.

Calcd for C5,H47NO,S: C, 75.39; H, 9.29; N, 2.75. Found:
C, 75.30; H, 9.53; N, 3.03.

4.3.3.21. S-Nonyl 4-[(4-decyloxyphenylimino)methyl]-
thiobenzoate (14ac10, n=10). Pale yellow needles. Anal.
Calcd for C33H49NO,S: C, 75.67; H, 9.43; N, 2.67. Found:
C,75.97; H, 9.75; N, 2.84.

4.3.3.22. N,N-Diisobutyl-4-[(4-butoxyphenylimino)-
methyl]benzamide (14ad4, n=4). Pale yellow needles;
"H NMR (200 MHz, CDCls) 6 0.74 (6H, d, J= 6.6 Hz), 0.99
(3H, t, J=7.3 Hz), 1.01 (6H, d, J=7.0 Hz), 1.53 (2H, m),
1.80 (3H, m), 2.14 (1H, m), 3.10 (2H, d, J=7.3 Hz), 3.38
(2H, d,J=7.7 Hz),3.99 (2H, t,J=6.6 Hz), 6.94 (2H, d, J=
8.8 Hz), 7.24 (2H, d, J=8.8 Hz), 7.45 (2H, d, /J=8.1 Hz),
7.91 (2H, d, J=8.1 Hz), 8.52 (1H, s); IR (ATR) 1622 cm ™~ ';
MS (CI): m/z 409 (IM+ 117, 100%); HRMS (CI): calcd for
Co6H37N,0, (IM+H] ), 409.2855, found 409.2872. Anal.
Calcd for Co6H36N,0,: C, 76.43; H, 8.88; N, 6.86. Found:
C, 76.62; H, 9.07; N, 6.89.

4.3.3.23. N,N-Diisobutyl-4-[(4-pentyloxyphenylimino)-
methyl]benzamide (14adS, n=S5). Pale yellow needles.
Anal. Caled for C,7H33N,0,: C, 76.74; H, 9.06; N, 6.63.
Found: C, 76.65; H, 9.37; N, 6.60.

4.3.3.24. N,N-Diisobutyl-4-[(4-hexyloxyphenylimino)-
methyl]benzamide (14ad6, n=6). Pale yellow needles.
Anal. Calcd for Co3HyoN,O,: C, 77.02; H, 9.23; N, 6.42.
Found: C, 77.19; H, 9.55; N, 6.43.

4.3.3.25. N,N-Diisobutyl-4-[(4-heptyloxyphenylimino)-
methyl]benzamide (14ad7, n=7). Pale yellow needles.
Anal. Caled for Cy0H4pN,O,: C, 77.29; H, 9.39; N, 6.22.
Found: C, 77.26; H, 9.69; N, 6.22.

4.3.3.26. N,N-Diisobutyl-4-[(4-octyloxyphenylimino)-
methyl]benzamide (14ad8, n=8). Pale yellow needles.
Anal. Calcd for C30H44N,O,: C, 77.54; H, 9.54; N, 6.03.
Found: C, 77.76; H, 9.55; N, 6.06.

4.3.3.27. N,N-Diisobutyl-4-[(4-nonyloxyphenylimino)-
methyl]benzamide (14ad9, n=09). Pale yellow needles.
Anal. Calcd for C3;H46N-O,: C, 77.78; H, 9.69; N, 5.85.
Found: C, 77.79; H, 9.97; N, 5.84.

4.3.3.28. N,N-Diisobutyl-4-[(4-decyloxyphenylimino)-
methyl]benzamide (14ad10, n=10). Pale yellow needles.
Anal. Calcd for C3,H4gN,0,: C, 78.00; H, 9.82; N, 5.69.
Found: C, 78.12; H, 10.04; N, 5.66.

4.3.3.29. Nonyl 4-[(4-butoxyphenylimino)methyl]-3-
hydroxybenzoate (14bad, n=4). Yellow needles; 'H
NMR (200 MHz, CDCls) 6 0.89 (3H, t, J=6.8 Hz), 0.99
(3H, t, J=6.6 Hz), 1.25-1.60 (14H, m), 1.70-1.86 (4H, m),
4.00 2H, t, J=6.6 Hz), 4.32 (2H, t, J=6.6 Hz), 6.95 (2H,
d, J/=9.0Hz), 7.30 (2H, d, J=9.0Hz), 7.43 (1H, d, J=
8.1 Hz), 7.60 (1H, dd, /J=8.1, 1.1 Hz), 7.67 (1H, d, J=
1.5 Hz), 8.66 (1H, s); 13.48 (1H, s); 13.50 (1H, s); IR (ATR)
1713, 1616 cm ™~ '; MS (CI): m/z 440 (IM+H]", 100%);
HRMS (CI): caled for Co;H3gNO, ([IM+H]™), 440.2801,
found 440.2799. Anal. Calcd for C,;H37NOy: C, 73.77; H,
8.48; N, 3.19. Found: C, 73.79; H, 8.65; N, 3.17.
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4.3.3.30. Nonyl 4-[(4-pentyloxyphenylimino)methyl]-
3-hydroxybenzoate (14baS, n=5). Yellow needles. Anal.
Calcd for C,gH3oNOy: C, 74.14; H, 8.67; N, 3.09. Found: C,
73.93; H, 8.85; N, 3.09.

4.3.3.31. Nonyl 4-[(4-hexyloxyphenylimino)methyl]-3-
hydroxybenzoate (14ba6, n=6). Yellow needles. Anal.
Calcd for Co9H4NO4: C, 74.48; H, 8.84; N, 3.00. Found: C,
74.58; H, 8.51; N, 3.11.

4.3.3.32. Nonyl 4-[(4-heptyloxyphenylimino)methyl]-
3-hydroxybenzoate (14ba7, n="7). Yellow needles. Anal.
Calcd for C30H43NO4: C, 74.81; H, 9.00; N, 2.91. Found: C,
74.60; H, 9.20; N, 2.97.

4.3.3.33. Nonyl 4-[(4-octyloxyphenylimino)methyl]-3-
hydroxybenzoate (14ba8, n=38). Yellow needles. Anal.
Calcd for C31HysNO4: C, 74.96; H, 9.33; N, 2.82. Found: C,
75.14; H, 9.27; N, 2.88.

4.3.3.34. Nonyl 4-[(4-nonyloxyoxyphenylimino)-
methyl]-3-hydroxybenzoate (14ba9, n=9). Yellow
needles. Anal. Calcd for C3,H47NO,4: C, 75.40; H, 9.29;
N, 2.75. Found: C, 75.43; H, 9.52; N, 2.79.

4.3.3.35. Nonyl 4-[(4-decyloxyphenylimino)methyl]-3-
hydroxybenzoate (14bal0, n=10). Yellow needles. Anal.
Calcd for C33H4oNO,: C, 75.68; H, 9.43; N, 2.67. Found: C,
75.48; H, 9.03; N, 2.59.

4.3.3.36. S-Nonyl 4-[(4-butoxyphenylimino)methyl]-3-
hydroxybenzoate (14bc4, n=4). Light orange needles; 'H
NMR (300 MHz, CDCl3) ¢ 0.88 (3H, t, /=6.9 Hz), 0.99
(3H, t, J=7.1 Hz), 1.21-1.36 (10H, m), 1.38-1.58 (4H, m),
1.68 (2H, m), 1.79 (2H, m), 3.07 (2H, t, J=7.1 Hz), 4.00
(2H, t,J=6.3 Hz), 6.95 (2H, d, J=9.1 Hz), 7.30 (2H, d, /=
9.1 Hz), 7.43 (1H, d, J=8.0 Hz), 7.50 (1H, dd, J=8.0,
1.6 Hz), 7.59 (1H, d, J=1.6 Hz), 8.65 (1H, s), 13.55 (1H, s);
IR (ATR) 1651, 1626 cm ™ '; MS (CI): m/z 456 ((M+H] ",
100%); HRMS (CI): caled for Co7H3sNOsS ([IM+H] ™),
456.2572, found 456.2589. Anal. Calcd for C,;H37NO;S: C,
71.17; H, 8.18; N, 3.07. Found: C, 71.21; H, 8.29; N, 3.45.

4.3.3.37. S-Nonyl 4-[(4-pentyloxyphenylimino)-
methyl]-3-hydroxybenzoate (14bcS, rn=>5). Light orange
needles. Anal. Calcd for C,3H30NO5S: C, 71.60; H, 8.37; N,
2.98. Found: C, 71.80; H, 8.52; N, 3.07.

4.3.3.38. Nonyl 4-[(4-hexyloxyphenylimino)methyl]-3-
hydroxybenzoate (14bc6, n=6). Light orange needles.
Anal. Calced for CooHyNO;sS: C, 72.01; H, 8.54; N, 2.90.
Found: C, 72.27; H, 8.80; N, 2.96.

4.3.3.39. S-Nonyl 4-[(4-heptyloxyphenylimino)-
methyl]-3-hydroxybenzoate (14bc7, n="7). Light orange
needles. Anal. Calcd for C30H43NO5S: C, 72.39; H, 8.71; N,
2.81. Found: C, 72.38; H, 8.96; N, 2.92.

4.3.3.40. S-Nonyl 4-[(4-octyloxyphenylimino)methyl]-
3-hydroxybenzoate (14bc8, n=38). Light orange needles.
Anal. Calcd for C5,H4sNO5S: C, 72.76; H, 8.86; N, 2.74.
Found: C, 73.02; H, 9.13; N, 2.81.

4.3.3.41. S-Nonyl 4-[(4-nonyloxyphenylimino)-
methyl]-3-hydroxybenzoate (14bc9, n=9). Light orange
needles. Anal. Calcd for C3,H47NO5S: C, 73.10; H, 9.01; N,
2.66. Found: C, 73.08; H, 9.27; N, 2.73.

4.3.3.42. S-Nonyl 4-[(4-decyloxyphenylimino)methyl]-
3-hydroxybenzoate (14bc10, n»=10). Light orange
needles. Anal. Calcd for C33H4NO3S: C, 73.42; H, 9.15;
N, 2.59. Found: C, 73.70; H, 9.44; N, 2.68.

Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.tet.2005.08.086
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Abstract—A novel sequential Pd-catalysed termolecular allenylation cascade/Ru catalysed RCM process affords a diverse range of A3-aryl/
heteroaryl substituted five—seven membered nitrogen and oxygen heterocycles. Further elaboration, via 1,3-dipolar cycloaddition, in selected

cases, afforded fused heterocyclic ring systems.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Multicomponent cascade reactions are highly attractive
from a drug discovery point of view."? Products of high
complexity and diversity, which are often difficult to
synthesize in a stepwise linear fashion, can be quickly
accessed in a single reaction vessel. Our own efforts in this
area have recently focused on employing allenes as
3-carbon building blocks in Pd-catalysed molecular queuing
processes, which, combined with core organic reactions,
afford products, which are of high synthetic value. Recent
examples include termolecular Pd-catalysed allenylation/
1,3-dipolar cycloadditions,”* Pd/In Barbier type allylation,’
and Petasis/Pd termolecular queuing processes.® Ring
closing metathesis continues to be a highly popular reaction
for the formation of carbo- and heterocyclic ring systems.”®
This is largely to the discovery of air-stable, second
generation Ru catalysts, such as 1, which exhibit higher
thermal stability and wider functional group tolerance than
parent complex 2.°7'' The formation of previously
unattainable tri-and tetrasubstituted double bonds by 1 has
also extended the scope of this excellent reaction.'*'* Our
previous work in this area has involved combination of
RCM with a subsequent Heck reaction affording fused, spiro
and bridged ring heterocycles.'* Examples of strategies
involving a fluorous biphasic solvent system and polymer
support palladium catalyst were developed, which afforded

Keywords: Ruthenium; Allene; Dipolar cycloaddition; Azomethine ylides.
* Corresponding author. Tel.: +44 113 343 6501; fax: +44 113 233 6501;
e-mail: r.grigg@chem.leeds.ac.uk

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.08.078

good yields of bridged tricyclic heterocycles.'® In other
studies, we combined our palladium-catalysed cyclisation-
anion capture methodology with subsequent RCM as an
additional strategy for the synthesis of fused, spiro and
bridged ring heterocycles.'® Further studies showed N-allyl-
anilines,!” and isoquinoline and p-carboline enamines'®
were viable RCM substrates with the first generation
catalyst 2. We now report in full a 3-component Pd-cata-
lysed cascade process employing an aryl/heteroaryl/vinyl
iodide 3, allene gas and an alkene tethered nucleophile 4,
which when coupled with RCM affords a novel and diverse
strategy for the synthesis of heterocycles 6 (Scheme 1).'9!

[\ 1\I/Ies +
Mes/N\(N Mes PCy;, N
Clu, Clin .
Ru—_ Ru=__ ) CI
c” L "Ph c” L ph
PCy; PCy; II\I
1 2 Mes 7

Y-
3 4 5

= OO

Scheme 1.

Our initial studies employed N-allylbenzene sulphonamide
as the nucleophile in the 3-component cascade and
Pd(OAc), (10 mol%) and PPhs (20 mol%) as the catalyst
system. 1,6-Dienes 8-11 were obtained in 79-88% yield
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Table 1. 3-Pyrrolines via sequential pd catalysed cascade synthesis of N,N-diallylsulphonamides/RCM

Entry Aryl/heteroaryl/vinyl Pd-cascade product® Yield (%) RCM product® Yield (%)°
iodide
1
O \EYQ
1 N 86%/(86)° o 74
$0,Ph 20 "
,Ph
8 12
1 S S A\ 3
AW j YQ =
2 N 79%/(72)" u 73
$0,Ph N
9 $0,Ph
13
1 NO,
@\ NO,
A . -
3 NO: i 85%/(68)° N 85
20 Ph o,
> 14
10
1 m/ (0] 0]
O a
4 \ 88/(70)°" — 75
Y N
SO,Ph SO,Ph
11 15

# Reactions carried out in toluene at 80 °C for 18 h and employed 1 mmol aryl/heteroaryl/vinyl iodide, 10 mol% Pd(OAc),, 20 mol% PPhs, 2 mol equiv

K,COs3, allene (1 bar) and 1 mol equiv of N-allylbenzene sulphonamide.

" Reactions carried out in toluene at 80 °C for 2—4 h and employed 5 mol% of catalyst 1.

¢ Isolated yield.

4 Reactions carried out in toluene at 80 °C for 16 h and employed 1 mmol aryl/heteroaryl/vinyl iodide, 2 mol% Pd(OAc),, 4 mol% of salt 7, 3 mol equiv

Cs,COs3, allene (0.5 bar) and 1 mol equiv of N-allylbenzene sulphonamide.

(Table 1).>> We have also utilized a low loading (2 mol%)
palladium/dihydroimidazol-2-ylidine catalyst system for the
synthesis of the 1,6—dienes.5’15 In this latter case, aryl/
heteroaryl/vinyl iodides (1 mmol) reacted with allene
(0.5 atm), Pd(OAc), (2 mol%), salt 7 (4 mol%), Cs,CO;
(3 mol equiv) and N-allylbenzene sulphonamide in toluene
at 70-80 °C over 16 h to give 8-11 (Table 1, entries 1-4) in
68-86% yield

Subjecting dienes 8-11 to 1 in toluene at 80 °C afforded A>-
pyrrolidines 12-15 in 73-94% yield (Table 1). With the
process successfully established variation of the nucleophile
tether was investigated. Nucleophile 16 was readily
prepared in 86% yield from commercially available racemic
allyl glycinate (Scheme 2). Employing the above conditions
in the multi-component Pd-cascade afforded the a,w-dienes
18-26 in yields of 41-81% (Table 2). The addition of
tetraalkylammonium salt NEt4Cl was found to be beneficial
in this case.” Subjecting 18-26 to 1 in toluene at 80 °C
afforded A>- tetrahydropyridines 27-35 in 75-96% yield.
Electron rich, deficient or sterically encumbered aryl groups

co,i1 1) SOCI, NEts, CO,Me
McOH, 0 °C-RT
= NH, = NH 82-86%
2) NEt; CIL,Cl, 0 °C-RT p

either PhSO,Cl, NsCl, P=S0,Ph16,Ns 17.

Scheme 2.

can thus be incorporated into this process with equal
success. The poor yield in the Pd-cascade for entry 9 may be
the result of nucleophilic attack of 16 on the activated
carbonyl of the isatin. A limited investigation into nitrogen
protecting groups for methyl allylglycinate (Scheme 2)
showed the 2,4-dinitrobenzenesulfonyl (DNs) and Boc
groups to be incompatible with the Pd-cascade conditions.
However, the 4-nitrobenzenesulfonyl (Ns)** group proved
to be suitable and nucleophile 17 was employed in the
3-component Pd-cascade process to afford 36-38 in
43-71% yield (Table 3). On subjecting 36-38 to 1
tetrahydropyridines 39-41 were formed in 76-98% yield
(Table 3). Facile removal of the Ns group afforded the
pipecolinic acid derivatives 42 and 43 in 83 and 70% yield,
respectively, (Scheme 3).

The free amino esters allowed further structural elaboration
through cycloaddition chemistry. Refluxing 42, benzalde-
hyde and N-methyl maleimide (NMM) in toluene afforded
a 3.5:1 mixture of endo and exo cycloadducts 44 and 45
(Scheme 4) arising from the syn-dipole formed from the
iminium ion generated in situ from 42 and benzaldehyde.*
The structure of the major isomer 44 was established by
X-ray crystallography (Fig. 1) and that of the minor isomer
45 by NOE studies and coupling constants. These structures
are in agreement with previous related work.?® Refluxing 42
and 43 with salicylaldehyde 46 afforded cgcloadducts 47
and 48 in 56 and 54% yield, respectively.”’ The relative
stereochemistry of 47 and 48 was assigned from chemical
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Table 2. 3-Piperideines via sequential cascade synthesis of N-allyl-N-homoallylsulphonamides/RCM

Entry Aryl/heteroaryl/vinyl Pd-cascade product® Yield (%) RCM product® Yield (%)°
iodide
%\ O/@\
I j‘
1 81 77
© ey Y Z]o Ph
o2
lgogph by
| “j\jQ\ /(ﬁ/@\
2 80 75
©\ vl Mo Z]o Ph
o 28
1 ) 3
3 70 75
OO MeO,C” "N MeO,L™ "N
SO,Ph SO,Ph
20 29
¥\1 0 o, I 0
o \( NY
1 | ~ N\~ N X N\
4 %\(0 70 84
NN Me0,C¢” N MeOL™ N
Y $0,Ph SO5Fh
0 21 30
SN R
Ny T
5 1S 71 MeO,C” N 71
\U MeO,C EO . L.
22 2 31
OMe OMe
1 | O/@
6 68 Me0,C”~ N 96
MeO,C7 N $0.Ph
SO,Ph 32
OMe 23
! N
/
| | N
7 A\ 80 83
N MeO,C ITJ
\ MeO,C” N SO,Ph
s;)iph 33
NO, NO,
| ' ﬁ/g
8 72 Me0,C” N 74
MeO,C” N $0,Ph
SO.Ph 34
NO, 25
o o) o 0
N— N—
0
9 I I 41 = 83
N 0 Me0,c” N
{ Me0,C” N SO,Ph
SO,Ph 35
26

 Reactions were carried out in toluene at 80 °C for 18 h and employed 1 mmol aryl/heteroaryl/vinyl iodide, 10 mol% Pd(OAc),, 20 mol% PPhs, 2 mol equiv
K,COs, allene (1 bar), 1 mol equiv NEt,CI and 1 mol equiv 7.
b Reactions were carried out in toluene at 80 °C for 2—4 h and employed 5 mol% of catalyst 1.

¢ Isolated yield.
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Table 3. Sequential Pd/Ru processes employing 4-nitrobenzenesulphonyl protection

Entry Aryl/heteroaryl/vinyl Pd-cascade product® Yield (%) RCM product® Yield (%)°
iodide
|
1 | 71 98
@ MeO,C T}I MeO,C
36 3
§\I 0 o I!I 0
0 ‘g \(
I | ~" NN
2 %Yo 67 93
NN MeO,C” N MeO,C™ N
T pt !
o 37
o) o. P
o
N— N—
7 |
3 1 43 = 76
N ¢ MeOC” "N
\ MeO,C7 N Ns
Ns 41
38

# Reactions carried out in toluene at 80 °C for 18 h and employed 1 mmol aryl/heteroaryl/vinyl iodide, 10 mol% Pd(OAc),, 20 mol% PPhs, 2 mol equiv
K,COs, allene (1 bar), 1 mol equiv NEt,CI and 1 mol equiv 7.

" Reactions carried out in toluene at 80 °C for 24 h and employed 5 mol% of catalyst 1.

¢ Isolated yield.

/
Ar Ar
Me0,C” N DMF, RT Me0,C”~ N OH
49

H
42 Ar=Ph (83%)

43 Ar= OINYO (70%) }J
N
~ 011%(:(114)
Scheme 3. cm™ (N

shift values, coupling constants and NOE studies and is in
agreement with related work previously reported by our
group (Scheme 5).%*

Ns

C(116)

cay QO
c

C(11)
There has been comparatively little exploration of RCM ( ) /i_o: X
routes to benzoxepines although there are examples
involving both o,w-diene and ene-yne precursors.'*? C(s)
This lack of examples encouraged us to explore the alkene
tethered oxygen nucleophile 49 in our Pd cascade/RCM
process with three representative aryl iodides. The Pd-

cascade afforded dienes 53-55 in 78-80% yield (Table 4). co™~
N

/\ C(26)
The RCM reaction of these dienes, utilizing 1, proved to 5) \/?\/\c;zm
be more sluggish than for the formation of the five- and six- _{ o) O @ \Q}
5)

N(1)

C(7)
J \?C(Z)

membered N-heterocycles and reaction times of 18 h ot
were required to afford moderate yields of 56-58

(Table 4, 56-62%).
Figure 1. X-ray structure of 44.

3 : 1 82 % combined yield

Scheme 4.
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7
MeO,C N
- H

(:[CHO
(6]

46

<

Scheme 5.

Table 4. Benzoxapines via sequential pd catalysed cascade synthesis/RCM

Toluene, 110°C, 18 h

Yield (%)

(¢}
-
48 N
a8 A,
Iil O

Entry Aryl/heteroaryl/vinyl Pd-cascade product® Yield (%) RCM product® Yield (%)°
iodide
CCZ
1 IS ¢ 78 ) \S 69
U s 56

NO, 54

OMe 55

78 O ) O NC: 62

0
57

\
80 O . O OMe 56

58

 Reactions were carried out in toluene at 80 °C for 18 h and employed 1 mmol aryl/heteroaryl iodide, 10 mol% Pd(OAc),, 20 mol% PPhs, 2 mol equiv K,CO3,

allene (1 bar), and 1 mol equiv 7.

® Reactions were carried out in toluene at 80 °C for 18 h and employed 5 mol% of catalyst 1.

¢ Isolated yield.

In summary, a novel and diverse route accessing 3-aryl/
heteroaryl/vinyl substituted heterocycles has been
developed via the sequential employment of a chemo-
selective 3-component Pd-cascade/RCM sequence. An
investigation into the compatibility of other alkene-tethered
nucleophiles in this process is currently underway.

2. Experimental

Melting points were determined on a Reichert hot-stage
apparatus and are uncorrected. Mass spectral data were
obtained from a VG Autospec instrument operating at 70 eV
(EI and FAB) or ZD 2000 electrospray instrument (ES).
Accurate molecular masses were obtained from the EPSRC
Swansea Mass Spectroscopy service using perfluorotri-
butylamine or polyethylenimine as an internal standard.
Microanalyses were obtained using a Carbo Erba
MODI11016 instrument. IR spectra were determined on a
Nicolet Magna FT-IR 560 spectrometer. The IR samples
were prepared as thin films by evaporation of a solution of

the compound in DCM onto a germanium plate. X-ray
structural data were collected on a Stadi 4-circle diffracto-
meter. Column chromatography was performed using silica
gel 60 (Merck, 230—400 mesh). Nuclear magnetic resonance
spectra were recorded on Bruker DPX250, DPX300 and
DPX500 instruments operating at 250, 300 and 500 MHz,
respectively. Solvents were dried according to established
methods,”” unless purchased dry from Aldrich in sure-seal
bottles. Palladium acetate was supplied by Johnson Matthey
and ruthenium alkylidene catalysts were purchased from
Strem and Aldrich and used as received. The term ether
refers to diethyl ether and the term petrol refers to the
40-60 °C boiling point fraction of petroleum ether. All the
compounds are named according to the ITUPAC system
and names were obtained using the ACD/i-Lab software.

2.1. General termolecular cascade procedure

With PPh; ligands. Palladium acetate (23 mg, 0.1 mmol),
triphenylphosphine (53 mg, 0.2 mmol), potassium carbo-
nate (276 mg, 2 mmol), tetracthylammonium chloride
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(166 mg, 1 mmol) for 18-26 and toluene (8 ml) were added
to a Schlenk tube, containing a magnetic stirrer bar.
A solution of the nucleophile (1 mmol), and aryl iodide
(1-1.2 mmol) in toluene (2 ml) was then added. The tube
was then sealed and the mixture frozen in liquid nitrogen,
and degassed by vacuum pump. The solid mixture was then
allowed to reach room temperature, resulting in a liquid
mixture, followed by re-freezing and degassing for a second
time. Allene (1 bar) was then added to the Schlenk tube,
and the mixture heated in an oil bath at 80 °C for 40 h.
On completion of the reaction the excess gas was released
and the mixture filtered. Concentration of the filtrate in
vacuo afforded the crude product, which was purified by
flash chromatography.

With in situ generated carbene ligands. N-Sulfonylpropar-
gylamine (1 mol equiv), aryl iodide (1.1 molequiv),
palladium acetate (2 mol%), 1,3-dimesityl-4,5-dihydro-
imidazol-2-ylidine (4 mol%) and cesium carbonate
(3 mol equiv) were dissolved in toluene (10ml) in a
Schlenk tube. The mixture was subjected to two freeze,
pump, thaw cycles, charged with allene (0.5 atm), stirred for
16-18 h at 70-80 °C, cooled, excess allene vented and the
solvent evaporated under reduced pressure. The crude
product was purified by flash chromatography.

2.1.1. N-Allyl-N-(2-phenyl-allyl)-benzenesulfonamide
(8). The product was isolated as a pale yellow oil (86%);
(Found: C, 69.20; H, 5.90; N, 4.30; S, 10.20; C,;3H;9NO,S
requires C, 69.00; H, 6.11; N, 4.50; S, 10.20%); vmx/cm_1
(CH,Cl, solution) 1635 (C=C), 1344 (S=0,,), 1161
(§=0y), 991 (CH), 911; oy (250 MHz; CDCl3) 7.75 (2H,
dd, J=8.5, 1.2 Hz, PhSO,), 7.25-7.47 (8H, m, Ph and
PhSO,), 5.52-5.38 (1H, m, CH=), 5.43 (1H, s, CH,=),
5.21 (1H, s, CH,=), 5.06 (1H, d, J=10.1Hz,
CH.H=CH), 5.04 (1H, d, /J=16.2 Hz, CHH,,,,;,—~CH),
424 (2H, s, CH,-C=), 3.73 (2H, d, J=6.5Hz, CH,-
CH=); oc (50 MHz; CDCl3) 142.9, 140.4, 138.9, 133.1
132.6, 129.6, 128.9, 128.5, 127.7, 126.9, 119.9, 116.9,
50.9, 49.9; m/z (%) 313 (10, M™), 210 (70, M—PhCCH.,),
172 (41, M—PhS0O,), 141 (74, PhSO,), 118 (79,
PhC=CH,CHs;), 77 (100, Ph).

2.1.2. N-Allyl-N-(2-thiophen-2-yl-allyl)benzenesulfona-
mide (9). The product was isolated as a pale yellow oil
(79%); (Found: C, 59.90; H, 5.20; N, 4.10; S, 20.00;
Ci6H17NO,S, requires C, 60.20; H, 5.36; N, 4.40; S,
20.10%); Vmax/em " (CH,CL, solution) 1653 (C=C), 1341
(S=0,), 1163 (S=0), 998 (CH), 900 (CH); oy (250 MHz;
CDCl3) 7.83 (2H, dd, J=28.4, 1.5 Hz, PhSO,), 7.46-7.55
(3H, m, PhSO,), 6.94 (1H, dd, J=5.1, 3.7 Hz, thienyl-H),
7.14 (1H, d, J=5.1 Hz, thienyl-H), 7.22 (1H, d, J=3.5 Hz,
thienyl-H), 5.52 (1H, s, CH,=), 5.47-5.38 (1H, m,
CH=), 5.09 (1H, s, CH,=), 5.07 (1H, d, /=10.0 Hz,
CHH,.,=CH), 5.03 (1H, dd, J=16.2, 1.1Hz,
CH,.,;H=CH), 4.19 (2H, s, CH,-C=), 3.82 (2H, d,
J=6.5Hz, CH,-CH=); d6c (50 MHz; CDCl;3) 142.2,
140.4, 136.2, 133.1, 132.3, 129.6, 128.1, 127.7, 125.2,
120.0, 115.1, 50.8, 50.1; m/z (%) 319 (6, M), 210 (50,
M —PhCCH,), 178 (52, M—PhSO,), 141 (66, PhSO,), 124
(100, thiophen-C=CH,CH3), 109 (56, thiophen-C=CH,),
77 (95, Ph).

2.1.3. N-Allyl-N-[2-(3nitrophenyl)allyl]benzenesulfona-
mide (10). The product was isolated as a pale yellow
solid (85%); mp 75-77 °C; (Found: C, 60.10; H, 5.15; N,
7.80; S, 8.80; C1gHgN>O4S requires C, 60.30; H, 5.10; N,
7.80; S, 8.90%); wpax/cm ' (CH,Cl, solution) 1653
(C=C), 1636 (C=C), 1528 (NO,), 1347 (S=0,), 1161
(§=0y), 998; oy (250 MHz; CDCl;) 8.23 (1H, d, J=
1.9 Hz, PhNO,), 8.15 (1H, d, J= 8.4 Hz, PhNO,), 7.78-7.81
(3H, m, PhNO, and PhS0O,), 7.47-7.60 (4H, m, PhNO, and
PhSO,), 5.60 (1H, s, CH,=), 5.36-5.50 (1H, m, CH=),
5.38 (1H, s, CH,=), 5.12 (1H, dd, J=10.1, 0.8 Hz,
CH.,;,H=CH), 5.07 (1H, dd, J=16.1, 1.1Hz,
CH,.,,,H=CH), 4.27 (2H, s, CH,-C=), 3.76 2H, d, J=
6.5 Hz, CH,~CH=); 6c (50 MHz; CDCls) 148.7, 141.3,
140.4, 140.1, 133.2, 133.1, 132.2, 129.9, 129.6, 127.6,
123.2,121.9, 120.3, 119.4, 50.8, 50.2; m/z (%) 358 (1, M),
210 (21, M—PhCCH,), 141 (29, PhSO,), 77 (100, Ph).

2.1.4. N-[2-(4-Acetyl-phenyl)-allyl]-N-allyl-benzenesul-
fonamide (11). The product was isolated as a pale orange
solid. (88%); mp 100—102 °C; vyax/cm ' (CH,Cl, solution)
1682 (C=0), 1345 (S=0,,), 1162 (S=0), 998 (CH), 925
(CH), 847 (PhCOMe); oy (250 MHz; CDCl3) 7.92 (2H, d,
J=8.5Hz, PhCOMe), 7.79 (2H, dd, J=8.5, 1.3 Hz,
PhSO,), 7.44-7.53 (5H, m, PhCOMe and PhSO,), 5.57
(1H, s, CH,=), 5.30-5.50 (1H, m, CH=), 5.34-5.04
(2H, m, CH_;;H,,,,s—C), 5.09 (1H, s, CH,=), 4.27 (2H, s,
CH,-C=), 3.74 (2H, d, /=6.5 Hz, CH,-CH=), 2.62 (3H,
s, CH3); dc (50 MHz; CDCl;) 198.2 (C=0), 143.4, 142.2,
140.2, 136.9, 133.1, 132.3, 129.6, 128.9, 127.6, 127.1,
120.0, 118.8, 50.8, 49.9, 27.1; m/z (%) 355 (9, M™), 210
(77, M—PhCCH,), 141 (72, M—PhSO,), 77 (100, Ph), 43
(58, allyl); HRMS Found: 355.1242, C,oH,;NO3S requires
355.1245.

2.2. General ring closing metathesis procedure

Grubbs’ second generation catalyst (5 mol%) was added to a
magnetically stirred solution of the diene (0.13 mmol), in
anhydrous toluene (40 ml) and the mixture stirred under
an argon atmosphere at 80 °C for 2—4 h. Concentration in
vacuo afforded the crude product as a brown oil, which was
purified by flash chromatography.

2.2.1. 1-Benzenesulfonyl-3-phenyl-2,5-dihydro-1H-pyr-
role (12). The product was isolated as a pale yellow solid
(34 mg, 74%); mp 120-122 °C; Izmax/cm_1 (CH,Cl,
solution) 1446 (Ph C=C), 1339 (S=0,), 1167 (S=0),
830 (CH); oy (250 MHz; CDCl3) 7.89 (2H, dd, J=38.2,
1.5 Hz, PhSO,), 7.53-7.58 (3H, m, PhSO,), 7.29-7.33 (5H,
m, Ph), 6.01 (1H, qi, J=2.1 Hz, CH=), 4.29-4.34 and
4.48-4.53 (4H, m, CH,—C= and CH,—~CH=); d¢ (50 MHz;
CDCly) 137.7, 137.4, 133.3, 132.8, 129.7, 129.1, 128.9,
127.8, 125.8, 119.3, 56.1, 55.3; m/z (%) 285 (8, M™), 144
(54, M—PhSO0,), 77 (93, Ph), 41 (100, allyl).

2.2.2. 1-Benzenesulfonyl-3-thiophen-2-yl-2,5-dihydro-
1H-pyrrole (13). The product was isolated as a colourless
solid (38 mg, 82%); mp 105-107 °C; Found: C, 57.50; H,
4.35; N, 4.60; S, 21.90; C;6H;5NO,S requires C, 57.70; H,
4.50; N, 4.80; S, 22.00%; vma/cm ™' (CH,Cl, solution)
1339 (S=0,,), 1166 (S=0y), 830 (CH); 6y (250 MHz;
CDCl;) 7.88 (2H, dd, J=7.8, 1.4 Hz, PhSO,), 7.54-7.59
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(3H, m, PhSO,), 7.22 (1H, d, J=>5.3 Hz, thienyl-H), 6.96
(1H, dd, J=5.3, 3.5 Hz, thienyl-H), 6.88 (1H, m, thienyl-H),
6.01 (1H, qi, J=2.0 Hz, CH=), 4.25-4.34 and 4.43-4.45
(4H, m, CH,—C= and CH,~CH=); d¢ (50 MHz; CDCl;)
137.3, 136.4, 133.3, 132.2, 129.7, 128.0, 127.8, 125.9,
125.2, 118.6, 55.8, 55.7; m/z (%) 291 (9, M™), 150 (100,
M —PhSO0,), 77 (56, Ph).

2.2.3. 1-Benzenesulfonyl-3-(3-nitro-phenyl)-2,5-dihydro-
1H-pyrrole (14). The product was isolated as a colourless
solid (49 mg, 93%); mp 130-132 °C; Found: C, 58.50; H,
4.50; N, 8.20; S, 9.90; C,6H;5NO,S requires C, 58.20; H,
4.27; N, 8.50; S, 9.70; Vmax/cmf1 (CH,Cl, solution) 3088,
2918, 1530 (NO,), 1348 (S=0,,), 1166 (S=0;), 830 (CH);
on (250 MHz; CDCl5) 8.12-8.22 (2H, m, PhNO,), 7.91 (2H,
dd, J=8.2, 1.5 Hz, PhS0O,), 7.55-7.64 (5H, m, PhSO, and
PhNO,), 6.01 (1H, t, J=2.1 Hz, CH=), 4.37-4.40 and
4.51-4.55 (4H, m, CH,~C= and CH,—CH=); 6 (50 MHz;
CDCl;) 148.9, 137.2, 135.9, 134.4, 133.5, 131.6, 130.2,
129.8, 127.8, 123.4, 122.8, 120.6, 56.1, 55.1; m/z (%) 330
(34, M™), 189 (100, M—PhS0,), 143 (54, M—PhSO, and
NO,), 115 (68, M—PhNO, and OPh), 77 (86, Ph).

2.2.4. 1-[4-(1-Benzenesulfonyl-2,5-dihydro-1H-pyrrol-3-
yl)-phenyl]-ethanone (15). The product was isolated as a
colourless solid (32 mg, 75%); mp 145-147 °C; Found: C,
66.20; H, 5.30; N, 4.10; S, 9.60; C;gH;7NO3S requires C,
66.00; H, 5.23; N, 4.30; S, 9.80; vpu/cm™ ' (CH,Cl,
solution) 2919, 1680 (C=0), 1339 (S=0,,), 1166 (S=0),
828 (CH); oy (250 MHz; CDCl3) 7.94 (4H, m, PhSO, and
PhCOMe), 7.55-7.60 (3H, m, PhSO,), 7.37 (2H, d, J=
8.5 Hz, PhCOMe), 6.18 (1H, t, J=2.1 Hz, CH=), 4.33-
4.37 and 4.50-4.55 (4H, m, CH,~C= and CH,-CH=),
2.60 (3H, s, CHj); oc (50 MHz; CDCl;) 197.3 (C=0),
137.1, 137.0, 136.9, 133.4, 129.8, 129.2, 127.7, 125.9,
122.3, 56.1, 55.1, 27.0; miz (%) 327 (23, M™"), 186
(100, M —PhSO,), 170 (57, M—PhSO; and O), 144 (42,
M —PhSO,N(CH,),), 115 (43, M—PhCOMe and OPh), 77
(57, Ph), 43 (63, COMe).

2.3. General allyl glycinate ester formation and
N-sulfonyl protection

2.3.1. Methyl 2-[(phenylsulfonyl)amino]-4-pentenoate
(16). Thionyl chloride (1.35 ml, 0.0181 mol) was added
dropwise to a stirred solution of allyl glycinate (2.09 g,
0.0181 mol) in methanol (150 ml) at 0 °C and the solution
was allowed to warm to ambient temperature. After 1 h the
methanol was removed and the residue dissolved in DCM
(100 ml). Benzenesulfonyl chloride (2.35 ml, 0.0181 mol)
dissolved in DCM (20 ml) was added to the reaction mixture
followed by triethylamine (5.7 ml, 0.056 mol). After 16 h
the mixture was washed with water (2X20 ml), dried
(MgSQ,), filtered and the filtrate concentrated. Purification
of the residue by flash chromatography eluting with DCM
afforded the product (3.8 g, 78%), which crystallised from
DCM/petrol as colourless needles, mp 75-76 °C; Ry 0.13;
(Found: C, 53.40; H, 5.45; N, 4.95. C1,H5NO4S requires C,
53.50; H, 5.60; N, 5.20%); vmax/cm ' (Nujol) 3291 (NH),
1741 (C=0), 1331 (S=0,), 1163 (S=0,), 1092; oy
(250 MHz, CDCl5) 7.88-7.83 (2H, m, ArH), 7.62-7.47 (3H,
m, ArH), 5.62 (1H, ddt, J=18.0, 14.3, 6.8 Hz, CH=CH,),
5.27 (1H, d, J=9.0 Hz, NH), 5.13-5.04 (2H, m, CH=CH,),

4.10-4.02 (1H, dt, J=9.0, 6.8 Hz NCH), 3.5 (3H, s, CH3),
2.47 (2H, t, J=6.8 Hz, CHy); ¢ (63 MHz, CDCl;) 171.6
(C=0), 140.1, 133.3, 131.6, 129.5, 127.6, 120.3, 55.6, 52.9,
37.9; m/z (ES) 292 (M +Na).

2.3.2. Methyl 2-{[(4-nitrophenyl)sulfonyl]amino}pent-4-
enoate (17).*! Prepared by the above N-sulfonyl protection
procedure on a 0.05mol scale. Purification by flash
chromatograpy eluting with DCM afforded the product
(8.65 g, 55%) as a pale yellow solid. Crystallisation from
DCM/petrol afforded colourless needles, mp 134—136 °C; R;
0.15; (Found: C, 45.80; H, 4.40; N, 8.75. C;oH14N>O¢S
requires C, 45.85; H, 4.50; N, 8.90%); Ixma,(/cm_l (film)
1741 (C=0), 1539 (NO,), 1350 (S=0,,), 1171 (S=O0y);
oy (250 MHz, CDCl3) 8.35 (2H, d, /=9.0 Hz, ArH), 8.04
(2H, d, /J=9.0 Hz, ArH), 5.61 (1H, ddt, /J=16.9, 104,
7.2 Hz, CH=CH,), 5.32 (1H, d, J=8.6 Hz, NH), 5.18-5.08
(2H, m, CH=CH,), 4.13 (1H, dt, J=8.6, 5.9 Hz, NCH),
2.55-2.49 (2H, m, CH,); m/z (ES) 337 (M™ +Na).

2.3.3. Methyl 2-[(2-phenyl-2-propenyl)(phenylsulfonyl)
amino]-4-pentenoate (18). Prepared by the general
termolecular cascade procedure on a 1 mmol scale, using
1.2 mmol of the aryl iodide and a reaction time of 40 h.
Purification by flash chromatograpy eluting with DCM
afforded the product (312 mg, 81%) as a colourless oil; Ry
0.34; (Found: C, 65.15; H, 6.15; N, 3.90. C,;H,3NO,S
requires C, 65.45; H, 6.00; N, 3.65%); J/max/cmf1 (film)
1741 (C=0), 1447, 1345 (S=0,,), 1158 (S=0y) 1091,
916; dy (250 MHz, CDCl3) 7.85-7.81 (2H, m, SO,PhH),
7.61-7.46 (3H, m, SO,PhH), 7.38-7.28 (5H, m, PhH), 5.78
(1H, ddt, J=16.7,9.8, 6.8 Hz, CH=CHH), 5.85 (1H, d, /=
0.9 Hz, =CHH), 541 (1H, d, /=09 Hz, =CHH), 5.00
(1H, d, J=16.7 Hz, CH=CHH,,,,s), 498 (1H, d, J=
9.8 Hz, CH=CH_;H), 4.48 (1H, dd, /=28.0, 6.9 Hz, NCH),
4.42 (1H, d, J=16.0 Hz, NCHH), 4.36 (1H, d, /=16.0 Hz,
NCHH), 3.89 (s, 3H, CH3), 2.64-2.58 (1H, m, =CHCHH),
2.43-2.35 (m, 1H, =CHH); 6c (63 MHz, CDCl3) 170.8
(C=0), 144.0, 139.9, 139.2, 133.7, 133.2, 129.3, 128.8,
128.4, 128.1, 126.8, 118.7, 116.5, 59.8 (NCH), 52.2
(OCHj3;), 50.2 (NCH,), 35.2 (=CHCH,); m/z (%) (EI)
385 (4, M), 326, (43, M—CO,Me), 284 (78), 244 (34,
M—SO,Ph), 144 (45), 117 (95), 77 (100, Ph).

2.3.4. Methyl 2-{[2-(3-methylphenyl)-2-propenyl]-
(phenylsulfonyl)amino}-4-pentenoate (19). Prepared by
the general termolecular cascade procedure on a 1 mmol
scale, using 1.2 mmol of the aryl iodide and a reaction time
of 34 h. Purification by flash chromatograpy eluting with
DCM afforded the product (318 mg, 80%) as a colourless
oil; Ry 0.24; (Found: C, 66.25; H, 6.40; N, 3.50.
C2,H»5sNO,S requires C, 66.15; H, 6.30; N, 3.50%); vax/
em ™' (film) 1742 (C=0), 1447, 1437, 1345 (S=0,,), 1159
(S=0y), 1091, 919; 6y (250 MHz, CDCl;) 7.85-7.81 (2H,
m, SO,PhH), 7.59-7.49 (3H, m, SO,PhH), 7.26-7.12 (4H,
m, ArH), 5.63 (1H, ddt, /=16.8, 9.7, 6.9 Hz, CH=CHH)),
5.46 (1H, d, /=0.8 Hz, =CHH), 5.39 (1H, d, /J=0.8 Hz,
=CHH), 5.01 (1H, d, J=16.8 Hz, CH=CHH,,,,), 5.00
(1H, d, J=9.7 Hz, CH=CH_;H), 4.48 (1H, dd, J=8.0,
6.8 Hz, NCH), 4.48 (1H, d, J=17.5 Hz, NCHH), 4.38 (1H,
d, J=17.5 Hz, NCHH), 3.40 (3H, s, OCH3), 2.64-2.60 (1H,
m, =CHCHH), 2.43-2.34 (1H, m, =CHCHH), 2.34 (3H, s,
ArCHs); 6¢c (63 MHz, CDCl3) 170.9 (C=0), 144.1, 138.3,
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133.7, 133.1, 129.3, 129.1, 128.7, 127.5, 123.8, 118.7,
116.2, 59.9 (NCH), 52.2 (OCH;), 50.2 (NCH,), 35.2
(=CHCH,), 21.9 (ArCHs); m/z (%) (FAB) 400 (69,
M*+H), 399 (19, M), 340 (27, M—CO,Me), 259
(100), 258 (34, M—SO,Ph), 158 (20), 131 (47), 77 (13,
CeHs).

2.3.5. Methyl 2-{[2-(2-naphthyl)-2-propenyl](phenyl-
sulfonyl)amino}-4-pentenoate (20). Prepared by the
general termolecular cascade procedure on a 1 mmol
scale, using 1.1 mmol of aryl iodide, Pd,(dba);
(0.05 mmol) and a reaction time of 44 h. Purification by
flash column chromatography eluting with 4:1 v/v petrol/
ethyl acetate afforded the product (295 mg, 69%) as a
viscous, pale yellow oil; R; 0.22; (Found: C, 68.75; H, 5.95;
N, 3.20. C53H,5NO,S requires C, 68.95; H, 5.80; N, 3.20%);
Vmax/em ! (film) 1742 (C=0), 1447, 1347 (§=0,,), 1158
(§=0y), 1091, 921; 6y (250 MHz, CDCl5) 8.11-8.08 (1H,
m, ArH), 7.83-7.79 (4H, m, ArH), 7.54-7.43 (6H, m, ArH),
7.28 (1H, dd, J=17.5, 1.2 Hz, ArH), 5.82 (1H, d, /=1.4 Hz,
=CHcHp), 5.72 (1H, ddt, J=16.9, 10.2, 6.8 Hz,
CH=CHH), 5.32, (1H, d, J=1.4 Hz, =CHH), 5.12 (1H,
d, /=10.2 Hz, CH=CH_H), 5.09 (1H, d, /J=16.9 Hz,
CH=CHH,,4,), 4.59 (1H, dd, /J=8.2, 5.5 Hz, NCH), 4.32
(1H, d, J=18.5Hz, NCHH), 4.19 (1H, d, J=18.5 Hz,
NCHH), 3.39 (3H, s, CH3), 2.67-2.58 (1H, m, =CHCHH),
2.49-2.38 (1H, m, =CHCHH); o¢ (63 MHz, CDCl3) 170.9
(C=0), 144.6, 139.7, 138.8, 134.0, 133.3, 133.2, 131.8,
129.3, 128.7, 128.3, 128.0, 126.8, 126.3, 126.1, 125.8,
125.6, 119.0, 117.5, 60.2 (NCH), 52.3 (OCHj3), 52.0
(NCH,), 35.4 (=CHCH,); m/z (ES) 458 (M 4 Na).

2.3.6. Methyl 2-{[2-(1,3-dimethyl-2,4-dioxo0-1,2,3,4-tetra-
hydro-5-pyrimidinyl)-2-propenyl](phenylsulfonyl)
amino}-4-pentenoate (21). Prepared by the general
termolecular cascade procedure on a 1 mmol scale, using
1.2 mmol of aryl iodide and a reaction time of 40 h.
Purification by flash chromatography eluting with 9:1 v/v
ether/ethyl acetate afforded the product (314 mg, 70%) as a
colourless oil; R; 0.27; (Found: C, 56.30; H, 5.75; N, 9.45.
C,1H6N,O6S requires C, 56.35; H, 5.65; N, 9.40%), vax/
em ™' (film) 1741 (MeOC=0), 1702 (N-C=0), 1655
(N(N)C=0), 1448, 1340 (S=0,), 1266, 1159 (S=O0y),
1091; 6y (250 MHz, CDCl3) 7.82 (2H, m, SO,PhH), 7.60—
7.48 (3H, m, SO,PhH), 7.27 (1H, d, J=0.8 Hz, =CH), 5.73
(1H, ddt, /=16.9, 10.1, 6.8 Hz, CH=CHH), 5.49 (1H, d,
J=0.8 Hz, =CHH), 5.39 (1H, s, =CHH), 5.05 (1H, ddd,
J=169, 2.9, 1.4 Hz, CH=CHH,,,,,), 5.01 (1H, dd, J=
10.1, 1.4 Hz, CH=CH_;H), 4.50 (1H, dd, /=38.3, 6.8 Hz,
NCH), 4.28 (1H, d, J=16.3 Hz, NCHH), 4.19 (1H, d, J=
16.3 Hz, NCHH), 3.46 (3H, s, CH3), 3.44 (3H, s, CH3), 3.42
(3H, s, CH3), 2.75-2.66 (1H, m, =CHCHH), 2.57-2.45
(1H, m, =CHCHH); 6c (63 MHz, CDCl;), 170.8 (C=0),
162.7 (C=0), 151.8 (C=0), 142.0, 139.6, 138.5, 134.1,
133.2, 129.2, 128.2, 120.0, 118.4, 112.5, 60.4 (NCH), 52.4
(OCHg;), 50.6 (NCH,), 37.5 (NCH3), 34.8 (NCHj3), 28.4
(=CHCH,); m/z (ES) 470 (M +Na).

2.3.7. Methyl 2-{(phenylsulfonyl)[2-(2-thienyl)-2-pro-
penyl]amino}-4-pentenoate (22). Prepared by the general
termolecular cascade procedure on a 1 mmol scale, using
1.2 mmol of aryl iodide and a reaction time of 38 h.
Purification by flash chromatography afforded the product

(278 mg, 71%), as a viscous, pale yellow oil, Ry 0.15;
(Found: C, 58.30; H, 5.35; N, 3.80. C19H,NO4S requires C,
58.30; H, 5.40; N, 3.60%); vima/cm ™! (film) 1740 (C=0),
1447, 1437, 1343 (S=0,,), 1160 (S=0,), 1191, 1091, 923;
ou (250 MHz, CDCls) 7.87-7.83 (2H, m, SO,PhH), 7.64—
7.49 (3H, m, SO,PhH), 7.20 (1H, dd, J=5.1, 1.0 Hz, ArH),
7.13 (1H, dd, J=3.7, 1.0 Hz, ArH), 6.98 (1H, dd, J=5.1,
3.7Hz, ArH), 5.65 (1H, ddt, J=16.9, 9.9, 6.9 Hz,
CH=CHH), 5.58 (1H, s, =CHH), 5.30 (1H, s, =CHH),
4.99-5.04 (2H, m, CH=CH_;H,,,,,), 4.53 (1H, t, J=
7.4 Hz, NCH), 4.42 (1H, d, J=17 Hz, NCHH), 4.35 (1H, d,
J=17 Hz, NCHH), 3.40 (3H, s, CHj3), 2.64-2.56 (1H, m,
=CHCHH), 2.49-2.40 (1H, m, =CHCHH); 6c (63 MHz,
CDCly), 170.8 (C=0), 142.5, 139.8, 137.5, 133.6, 133.3,
129.4,128.0,127.9, 125.1, 124.5, 118.8, 114.7,59.9 (NCH),
52.3 (OCHs), 49.7 (NCH,), 35.3 (=CHCH,); m/z (ES) 414
(M™ + Na).

2.3.8. Methyl 2-{[2-(-methoxyphenyl)-2-propenyl]-
(phenylsulfonyl)amino}-4-pentenoate (23). Prepared by
the general termolecular cascade procedure on a 1 mmol
scale, using 1.2 mmol of aryl iodide and a reaction time of
42 h. Purification by flash chromatography eluting with
DCM afforded the product (259 mg, 63%), as a colourless
oil, Ry 0.11; (Found: C, 63.50; H, 6.20; N, 3.40.
C2,H,5NOsS requires C, 63.60; H, 6.05; N, 3.35%); vmax/
em ' (film) 1741 (C=0), 1514, 1342 (S=0,,), 1249
(O-Me), 1159 (S=O0y), 1090, 1030, 836; oy (500 MHz,
CDCl;) 7.84-7.82 (2H, m, SO,PhH), 7.58-7.56 (1H, m,
SO,PhH), 7.51-7.48 (2H, m, SO,PhH), 7.31 (2H, d, J=
8.9 Hz, ArH), 6.84 (2H, d, J=8.9 Hz, ArH), 5.61 (1H, ddt,
J=16.5, 9.7, 6.9 Hz, CH=CHH), 5.39 (1H, d, /=0.8 Hz,
=CHH), 5.29 (1H, d, J=0.8 Hz, =CHH), 4.99 (1H, d, J=
9.7Hz, CH=CH.H), 4.98 (1H, d, J=16.5Hz,
CH=CHH,,,,s), 4.45 (1H, dd, J=8.1, 6.7 Hz, NCH), 4.38
(1H, d, J=16.6 Hz, NCHH), 4.34 (1H, d, J=16.6 Hz,
NCHH), 3.81 (3H, s, CH3), 3.39 (3H, s, CHj3), 2.66-2.61
(1H, m, =CHCHH), 2.40-2.35 (1H, m, =CHCHH); o¢
(125 MHz, CDCl3), 170.4 (C=0), 159.5, 142.9, 139.7,
133.5, 132.7, 131.2, 1289, 127.7, 127.6, 118.2, 114.8,
113.8, 59.5 (CHj3), 55.3 (NCH), 51.8 (CHj3), 50.0 (NCH,),
34.8 (=CHCH,); m/z (%) (EI) 415 (17, M™), 356 (20,
M—CO,Me), 274 (100, M—SO,Ph), 174 (88), 147 (86),
133 (78).

2.3.9. Methyl 2-{[2-(1-methyl-1H-indol-5-yl)-2-propenyl]
(phenylsulfonyl)amino}-4-pentanoate (24). Prepared by
the general termolecular cascade procedure on a 1 mmol
scale, using 1.2 mmol of aryl iodide and a reaction time of
40 h. Purification by flash chromatography, eluting with
DCM yielded the product (353 mg, 80%) as a viscous
colourless oil, Ry 0.1; (Found: C, 66.00; H, 5.95; N, 6.25.
Co4H26N,04S requires C, 65.75; H, 5.95; N, 6.25%); vimax/
cm~ ! (film) 1741 (C=O0), 1446, 1336 (S=O0,,), 1159
(§=0y), 1091; oy (250 MHz, CDCl;) 7.87-7.82 (2H, m,
SO,PhH), 7.58-7.45 (4H, m, ArH), 7.26 (2H, br s, ArH),
7.05 (1H, d, J=3.1 Hz, ArH), 6.44 (1H, d, /=3.1 Hz, ArH),
5.63 (1H, ddt, J=17.0, 10.3, 6.9 Hz, CH=CHH), 5.46 (1H,
d, J=1.0 Hz, =CHH), 5.35 (1H, d, /J=1.0 Hz, =CHH),
5.03-4.95 2H, m, CH=CH ;H,4s5), 4.49 (1H, dd, J=8.2,
6.6 Hz, NCH), 4.46 (2H, br s, NCH,), 3.79 (3H, s, CHj),
3.39 (3H, s, CHj3), 2.70-2.64 (1H, m, =CHCHH), 2.45-
2.38 (1H, m, =CHCHH); dc (63 MHz, CDCl3), 171.0
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(C=0), 144.7, 140.1, 136.9, 133.9, 133.0, 130.6, 129.8,
129.2, 128.7, 128.1, 120.9, 119.1, 118.6 (=CH,), 114.8
(=CH,), 109.4, 101.8, 59.3 (NCH), 52.2 (OCH3), 50.8
(NCH,), 35.3 (=CHCH,), 33.3 (NCH;); m/z (ES) 461
(M7 +Na).

2.3.10. Methyl 2-{[2-(2-methyl-4-nitrophenyl)-2-pro-
penyl](phenylsulfonyl)amino}-4-pentenoate (25). Pre-
pared by the general termolecular cascade procedure on a
1 mmol scale, using 1.1 mmol aryl iodide and Pd,(dba);
(0.05 mmol, 92 mg) in place of Pd(OAc), and a reaction
time of 40 h. Purification by flash column chromatography
eluting with 4:1 v/v petrol/ethyl acetate afforded the product
(322 mg, 72%) as a viscous pale yellow oil, which solidified
on standing. Crystallisation from DCM/petrol afforded
colourless needles, mp 67-69 °C; R; 0.18; (Found: C,
59.35; H, 5.60; N, 6.20; C»,H>4N>O¢S requires C, 59.45;
H, 5.45; N, 6.30%); vpa/em ' (film) 1742 (C=0), 1519
(C-NOy), 1447, 1346 (S=0,,), 1311, 1158 (S=0y), 1091,
926; oy (500 MHz; CDCl3) 8.04 (1H, d, J=2.4 Hz, ArHg),
798 (1H, dd, J=8.4, 2.4 Hz, ArH), 7.81-7.79 (2H, m,
SO,Ph), 7.58-7.58 (1H, m, SO,PhH), 7.50-7.47 (2H, m,
SO,PhH), 7.24 (1H, d, J=28.4 Hz, ArH), 5.69 (1H, ddt, /=
17.0, 10.2, 6.8 Hz, CH=CHH), 5.66 (1H, d, /J=0.8 Hz,
=CHH), 5.14 (1H, d, /=0.8 Hz, =CHH), 5.11 (1H, ddd,
J=102, 2.9, 1.4Hz, CH=CHH), 508 (1H, d, J=
17.0 Hz, CH=CHH,,,5x), 4.53 (1H, dd, /=84, 6.5 Hz,
NCH), 4.14 (1H, dt, J/=18.3, 1.6 Hz, NCHH), 4.09 (1H, dt,
J=18.3, 6 Hz, NCHH), 3.43 (1H, s, OCH3), 2.65-2.59 (1H,
m, =CHCHH), 2.42 (1H, s, ArCH3), 2.42-2.38 (1H, m,
=CHCHH); éc (125 MHz, CDCl3) 170.4 (C=0), 147.2,
146.9, 143.9, 139.3, 137.5, 133.0, 132.7, 129.9, 129.0,
127.6, 125.0, 120.8, 118.8, 117.4, 59.6 (NCH), 51.9
(OCH3), 50.32 (NCHy), 35.0 (=CHCH,), 19.8 (ArCHs);
mlz (ES) 467 (M + Na).

2.3.11. Methyl 2-{[2-(1-methyl-2,3-diox0)-2,3-dihydro-
1H-indole-5-yl]prop-2-enyl(phenylsulfonyl)amino }pent-
4-enoate (26). Prepared by the general termolecular cascade
procedure on a 1 mmol scale, using 1.2 mmol of aryl iodide
and a reaction time of 48 h. Purification by flash
chromatography eluting with 2:3 v/v ethyl acetate/petrol
affords the product (193 mg, 41%), as red solid, which
crystallised from DCM/petrol as red needles, mp 116-
118 °C; Ry 0.2; (Found: C, 61.35; H, 5.25; N, 5.85.
Co4H24N>04S requires C, 61.55; H, 5.15; N, 6.0%); vnax/
em ™' (film) 1740 (MeOC=0), 1619, 1593, 1331 (S=0,,),
1267, 1160 (S=0y), 1091; dy (250 MHz, CDCl;) 7.84-7.81
(2H, m, SO,PhH), 7.72 (1H, dd, J=8.3, 2.0 Hz, ArH), 7.65—
7.49 (4H, m, SO,PhH and ArH), 6.89 (1H, d, /J=28.3 Hz,
ArH), 5.60 (1H, ddt, J=16.9, 9.8, 6.9 Hz, CH=CHH), 5.49
(1H, s, =CHH), 5.45 (1H, s, =CHH), 5.02 (1H, d, J=
16.9 Hz CH=CHH,,4,s), 5.02 (1H, d, J=9.8 Hz
CH=CH_H), 448 (1H, t, J=7.4 Hz, NCH), 4.41 (1H, d,
J=16.9 Hz, NCHH), 4.30 (1H, d, /=16.9 Hz, NCHH),
3.41 (3H, s, CHj), 3.27 (3H, s, CH3), 2.67-2.55 (1H, m,
=CHCHH), 2.42-2.30 (m, 1H, =CHCHH); 0c (63 MHz,
CDCl;) 183.7 (C=0), 170.6 (C=0), 158.7 (C=0), 151.2,
142.4, 139.6, 136.9, 135.2, 133.4, 129.4, 128.0, 123.5,
118.9, 117.7, 117.3, 110.3, 59.7 (NCH), 52.4 (OCH3), 50.0
(NCH,), 35.2 (=CHCH,), 26.8 (N-CHj3); m/z (%) (EI); 468
(57,M™), 409 (72, M— CO,Me), 327 (82, M— SO,Ph), 200
(55), 144 (70), 77 (100).

2.3.12. Methyl 5-phenyl-1-(phenylsulfonyl)-1,2,3,6-tetra-
hydropyridine-2-carboxylate (27). Prepared by the
general ring closing metathesis procedure on a 0.13 mmol
scale and a reaction time of 3 h. Purification by flash column
chromatography eluting with 1:1 v/v petrol/ether to afforded
the product (36 mg, 77%) as a viscous, colourless oil. Ry
0.25; (Found: C, 63.65; H, 5.40; N, 4.00; C;oH;oNO,S
requires C, 63.85; H, 5.35; N, 3.90%); J/max/cmf1 (film)
1744 (C=0), 1447, 1342 (S=0,,), 1202, 1164 (S=O0y),
1097; oy (500 MHz, CDCl;) 7.78-7.76 (2H, m, SO,PhH),
7.51-7.49 (1H, m, SO,PhH), 7.45-7.41 (2H, m, SO,PhH),
7.25-7.18 (5H, m, PhH), 5.94-5.96 (1H, br m, =CH), 4.86
(1H, dd, J=5.5, 3.0 Hz, NCH), 4.50 (1H, ddd, /=164, 3.9,
1.9 Hz, NCHH), 4.09 (1H, ddd, J=16.4, 5.3, 3.0 Hz,
NCHH), 3.40 (3H, s, CHj), 2.66-2.64 (2H, br m,
=CHCH,); 6c (75 MHz, CDCl;3) 171.2 (C=0), 139.5,
138.6, 134.1, 133.1, 129.3, 128.9, 128.3, 127.6, 125.6,
119.7, 52.7 (NCH), 52.6 (OCH3), 43.9 (NCH,), 28.5
(=CHCH,); m/z (%) (EI) 357 (11, M™), 298 (40,
M—CO,Me), 216 (48, M—SO,Ph), 156 (100), 129 (44),
77 (70, Ph).

2.3.13. Methyl 5-(3-methylphenyl)-1-(phenylsulfonyl)-1,
2,3,6-tetrahydropyridine-2-carboxylate (28). Prepared by
the general ring closing metathesis procedure on a
0.14 mmol scale and reaction time of 2 h. Purification by
flash chromatography eluting with 4:1 v/v petrol/ethyl
acetate afforded the product (38 mg, 75%) as a colourless
oil, which crystallised on standing to afford colourless
needles, mp 59-61 °C; R; 0.23; (Found: C, 64.80; H, 5.95;
N, 3.85. C,oH,1NO4S requires C, 64.65; H, 5.70; N, 3.75%);
Vmax/em ! (film) 1744 (C=0), 1447, 1340 (S=0,,), 1202,
1163 (S=0y), 1098, 1032, 971; 6y (250 MHz, CDCly),
7.86-7.82 (2H, m, SO,PhH), 7.62-7.48 (3H, m, SO,PhH),
7.25-7.22 (4H, m, ArH), 6.03-6.00 (1H, br m, =CH), 4.93
(1H, t, J=4.3 Hz, NCH), 4.51 (1H, dd, J=16.4, 2.0 Hz,
NCHH), 4.14 (1H, ddd, J=16.4, 5.0, 2.8 Hz, NCHCH),
3.46 (3H, s, OCH3), 2.73-2.72 (2H, br m, =CHCH,), 2.35
(3H, s, ArCH3); 6. (63 MHz, CDCl;) 171.2 (C=0), 139.5,
138.6, 134.2,133.1, 129.4, 129.1, 128.8, 128.5 127.6, 126.3,
122.7, 119.5, 52.7 (NCH), 52.6 (OCH3;), 44.0 (NCH,), 28.6
(=CHCHy,), 21.9 (PhCH3); m/z (%) (EI) 371 (27, M ™), 312
(54, M—CO,Me), 230 (86, M—SO,Ph), 170 (10), 77 (60,
Ph).

2.3.14. Methyl 5-(2-naphthyl)-1-(phenylsulfonyl)-1,2,3,6-
tetrahydropyridine-2-carboxylate (29). Prepared by the
general ring closing metathesis procedure on a 0.14 mmol
scale and a reaction time of 5h. Purification by flash
chromatography eluting with 4:1 v/v petrol/ethyl acetate
afforded the product (43 mg, 75%), which crystallised from
petrol/DCM as colourless needles, mp 144-146 °C; R; 0.21;
(Found: C, 67.65; H, 5.20; N, 3.70. C53H,NO4S requires C,
67.80; H, 5.20; N, 3.45%); vpa/em ' (film) 1742 (C=0),
1447, 1341 (S=O0,,), 1201, 1164 (S=O,), 1095; iy
(250 MHz, CDCl3) 7.86-7.76 (SH, m, ArH), 7.62-7.41
(6H, m, ArH), 7.23 (1H, dd, /=7.0, 1.6 Hz, ArH), 5.78 (1H,
bdd, J=35.5, 2.3 Hz, =CH), 5.06 (1H, dd, /=6.3, 2.0 Hz,
NCH), 4.39 (1H, br d, J=16.5 Hz, NCHH), 4.08 (1H, dd,
J=16.5,2.2 Hz, NCHH), 3.56 (3H, s, CH3), 2.93-2.73 (2H,
br m, =CHCH,); éc (63 MHz, CDCl;), 171.4 (C=0),
139.2, 137.9, 134.8, 134.0, 133.1, 131.8, 129.3, 128.8,
128.5, 127.7, 126.7, 126.3, 125.6, 125.4, 122.8, 122.4, 52.7
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(NCH), 52.6, (OCH3), 46.4 (NCH,), 28.7 (=CHCH,); m/z
(%) (ED) 407 (44, M), 348 (25, M—CO,Me), 266 (100,
M —SO0,Ph), 206 (73), 179 (76), 165 (50), 141 (42), 77 (80).

2.3.15. Methyl 5-(1,3-dimethyl-2,4-dioxo-1,2,3,4-tetra-
hydro-5-pyrimidinyl)-1-(phenylsulfonyl)-1,2,3,6-tetra-
hydropyridine-2-carboxylate (30). Prepared by the
general ring closing metathesis procedure on a 0.12 mmol
scale and a reaction time of 3 h. Purification by flash column
chromatography eluting with 3:2 v/v petrol/ethyl acetate
afforded the product (48 mg, 84%), which crystallised from
DCM/petrol as colourless needles, mp 196198 °C; R; 0.1;
(Found: C, 54.40; H, 5.05; N, 9.85. C;9H,N304S requires
C, 54.40; H, 5.05; N, 10.0%); vma/em ' (film) 1742
MeOC=0), 1702 (NC=0), 1652 (N(N)C=O0), 1448,
1339 (S=0,,), 1164 (S=0y), 1095; éy (250 MHz, CDCl3)
7.88-7.83 (2H, m, SO,PhH), 7.62-7.47 (3H, m, SO,PhH),
7.06 (1H, s, ArH), 6.10-6.07 (1H, br m, =CHp), 4.88 (1H,
dd, J=5.6, 2.9 Hz, NCH), 443 (1H, d, J=16.3 Hz,
NCHH), 4.05 (1H, ddd, /J=16.3, 4.9, 3.2 Hz, NCHH),
3.51 (3H, s, CH3), 3.41 (3H, s, CH3), 3.34 (3H, s, CH3),
2.65-2.63 (2H, br m, =CHCH,); dc (63 MHz, CDCl;)
171.1 (C=0), 162.3 (C=0), 151.6 (C=0), 140.0, 139.6,
133.1, 129.4, 128.6, 127.6, 122.7, 112.8, 52.7 (NCH),
52.5 (OCH3), 43.7 (NCH,), 37.5 (CHj3), 28.5 (CHj),
28.1 (=CHCH,) m/z (%) (EI) 419 (9, M™"), 278 (68,
M —SO0O,Ph), 218 (100), 77 (25, Ph).

2.3.16. Methyl 1-(phenylsulfonyl)-5-(2-thienyl)-1,2,3,6-
tetrahydropyridine-2-carboxylate (31). Prepared by the
general ring closing metathesis procedure on a 0.13 mmol
scale and a reaction time of 3 h. Purification by flash column
chromatography eluting with DCM affords the product
(33 mg, 71%) as a viscous colourless oil; R; 0.15; (Found: C,
55.90; H, 4.90; N, 3.60; C;7H7NO4S, requires C, 56.20; H,
4.7; N, 3.85%); Var/em ™~ ' (film) 1743 (C=0), 1447, 1339
(§=0,,), 1202, 1164 (S=0;), 1098. iy (250 MHz, CDCly),
7.86-7.82 (2H, m, SO,PhH), 7.63-7.49 (3H, m, SO,PhH),
7.16 (1H, dd, J=5.0, 0.8 Hz, ArH), 7.05-6.93 (2H, m, ArH
and ArH), 6.09-6.06 (1H, br m, =CH), 4.25 (1H, t, J=
4.5 Hz, NCH), 4.71 (1H, dd, J=16.1, 1.9 Hz, NCHH), 4.17
(dd, 1H, J=16.1, 1.9 Hz, NCHH), 3.40 (3H, s, CH3), 2.71—
7.76 (2H, br m, =CHCH,). oc (63 MHz, CDCl;5) 171.0
(C=0), 142.1, 139.5, 133.2, 129.4, 128.5, 127.8, 127.5,
124.4, 122.6, 118.8, 52.8 (NCH), 52.7 (OCHj), 43.6
(NCH,), 28.2 (=CHCH,); m/z (%) (EI) 363 (6, M), 304
(18, M—CO,Me,), 222 (72, M—SO, Ph,), 162 (100), 77
(59, Ph).

2.3.17. Methyl 5-(4 methoxyphenyl)-1-(phenylsulfonyl)-
1,2,3,6-tetrahydropyridine-2-carboxylate (32). Prepared
by the general ring closing metathesis procedure on a
0.12 mmol scale and a reaction time of 2 h. Purification by
flash column chromatography eluting with 4:1 v/v ether/
petrol afforded the product (43 mg, 96%) as a viscous,
colourless oil; Ry 0.35; (Found: C, 61.85; H, 5.75, N, 3.55.
C,0H,NOsS requires C, 62.00; H, 5.46; N, 3.62%); viax/
em ' (film) 1744 (C=0), 1514, 1341 (S=0,,), 1248
(OCH3), 1163 (S=0), 1097, 1024; iy (250 MHz, CDCly),
7.86-7.82 (2H, m, SO,PhH), 7.58-7.51 (3H, m, SO,PhH),
7.23 (2H, d, J=8.9 Hz, ArH), 6.85 (2H, d, /=8.9 Hz, ArH),
5.96-5.93 (1H, br m, =CH), 4.92 (1H, t, J=4.2 Hz, NCH),
4.48 (1H, dd, /=16.3, 1.9 Hz, NCHH), 4.11 (1H, dd, J=

16.3, 1.9 Hz, NCHH), 3.80 (3H, s, CH3), 3.46 (3H, s, CH3),
2.74-2.71 (2H, br m, =CHCH,); 6 (63 MHz, CDCls)
171.2 (C=0), 159.8, 139.5, 133.4, 133.1, 131.1, 129.3,
127.6, 126.6, 118.1, 114.3, 55.7 (OCH3), 52.8 (NCH), 52.6
(OCH3), 44.0 (NCH,), 28.5 (=CHCH,); m/z (ES) 410
(M™" +Na).

2.3.18. Methyl 5-(1-methyl-1H-indole-5-yl)-1-(phenylsul-
fonyl)-1,2,3,6-tetrahydropyridine-2-carboxylate (33).
Prepared by the general ring closing metathesis procedure
on a 0.12 mmol scale and a reaction time of 5 h. Purification
by flash column chromatography eluting with 4:1 v/v ether/
petrol affords the product (41 mg, 85%) as a colourless oil,
which solidified on standing, mp 138-140 °C; R; 0.35;
(Found: C, 64.25; H, 5.55; N, 6.90; C,,H,,N,0,4S requires
C, 64.35; H, 5.40; N, 6.80%); vma/cm ' (film) 1743
(C=0), 1446, 1339 (S=0,,), 1201, 1161 (S=O0y), 1097;
oy (250 MHz, CDCl;3) 7.87-7.83 (2H, m, SO,PhH),
7.57-7.46 (4H, m, 3XSO,PhH and ArH), 7.26 (1H, d,
J=28.6 Hz, ArHg) 7.19 (1H, dd, J=8.6, 1.7 Hz, ArH), 7.05
(1H, d, J=3.1 Hz, ArH), 6.46 (1H, d, J=3.1 Hz, ArH),
6.00-5.97 (1H, m, =CH), 4.95 (1H, t, J/=4.2 Hz, NCH),
4.60 (1H, dd, /=16.3, 1.9 Hz, NCHH), 4.21 (1H, ddd, J=
16.3, 5.0, 2.8 Hz, NCHH), 4.17 (3H, s, CH3), 3.45 (3H, s,
CH;), 2.76-2.73 (2H, br m, =CHCH,); m/z (ES) 433
(M +Na).

2.3.19. Methyl 5-(2-methyl-4-nitrophenyl)-1-(phenylsul-
fonyl)-1,2,3,6-tetrahydropyridine-2-carboxylate (34).
Prepared by the general ring closing metathesis procedure
on a 0.12 mmol scale and a reaction time of 5 h. Purification
by flash chromatography eluting with 1:4 v/v ethyl acetate/
petrol afforded the product (35 mg, 74%), which crystallised
from petrol/DCM as colourless needles, mp 154-156 °C; R;
0.1; (Found: C, 57.90; H, 4.90; N, 6.50. CH4N>0¢S
requires C, 57.70; H, 4.85; N, 6.75%); I/ma,(/crn_l (film)
1743 (C=0), 1518 (NO,), 1447, 1344 (S=0,,), 1289,
1021, 1166 (S=0y), 1095; 6y (500 MHz, CDCl3) 8.04 (1H,
d, J=2.4Hz, ArH), 7.99 (1H, dd, J=8.4, 2.4 Hz, ArH),
7.81-7.79 (2H, m, SO,PhH), 7.60-7.58 (1H, m, SO,PhH)
7.53-7.50 (2H, m, SO,PhH), 7.17 (1H, d, J=8.4 Hz, ArH),
5.65-5.62 (1H, m, =CH), 4.97 (1H, dd, /=6.7, 1.8 Hz,
NCH), 4.22-4.18 (1H, m, NCHH), 3.96-3.92 (1H, m,
NCHH), 3.52 (3H, s, OCH3), 2.78-2.72 (2H, m, =CHCH,),
2.28 (3H, s, ArCHj3); oc (125 MHz, CDCl;) 170.6 (C=0),
147.4, 145.9, 138.7, 137.8, 134.1, 132.9, 129.8, 129.0,
127.2, 125.1, 122.5, 120.9, 52.3 (NCH), 52.0 (OCH3), 44.8
(NCH,), 28.0 (=CHCH,), 19.6 (ArCHs); m/z (%) (EI) 416
(2, M™), 357 (75, M—CO,Me), 275 (93, M—SO,Ph), 215
(61), 141 (53, SO,Ph), 77 (100, CcHs).

2.3.20. Methyl 5-(1-methyl-2,3,dioxo-2,3-dihydro-1H-
indol-5-yl)-1-(phenylsulfonyl)-1,2,3,6-tetrahydropyri-
dine-2-carboxylate (35). Prepared by the general ring
closing metathesis procedure on a 0.12 mmol scale and a
reaction time of 3 h. Purification by flash column
chromatography eluting with 3:2 v/v ethyl acetate/petrol
afforded the product (39 mg, 83%) as red needles, mp 175—
177 °C; Ry 0.2; (Found: C, 57.85; H, 5.05; N, 5.75.
CyoH,0N,OgS with 1 equiv of H,O requires C, 57.65; H,
4.85; N, 6.36%); vma/cm ' (film) 1739 (MeO-C=0),
1620, 1338 (S=0,,), 1164 (S=0y), 1098; oy (250 MHz,
CDCl;) 7.86-7.83 (2H, m, SO,PhH), 7.65-7.50 (§H, m, 3 X
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SO,PhH and ArH), 6.87 (1H, d, J=8.4 Hz, ArH), 6.09-6.01
(1H, br m, =CH), 4.94 (1H, t, J=4.2 Hz, NCH), 4.44 (1H,
dd,J=16.3, 1.9 Hz, NCHH), 4.11 (1H, dd, /=16.3, 1.9 Hz,
NCHH), 3.47 (3H, s, CH3), 3.26 (3H, s, CH3), 2.76 (2H, br s,
=CHCH,). oc (63 MHz, CDCl;3) 183.1 (C=0), 170.2
(C=0), 1579 (C=0), 150.5, 138.5, 134.6, 134.0, 132.6,
131.6,128.8,126.9, 121.6, 119.9, 117.2, 109.8, 52.0 (NCH),
52.8 (OCHy), 43.0 (NCH,), 27.5 (=CCH,), 26.1 (CHy); m/z
(ES) 463 (M*+Na); HRMS found 463.0940,
[C22H20N,06S + Na] requires 463.0961.

2.3.21. Methyl 2-{[(4-nitrophenyl)sulfonyl](2-phenyl-
prop-2-enyl)amino}pent-4-enoate (36). Prepared by the
general termolecular cascade procedure on a 1 mmol scale,
using 1.2 mmol of aryl iodide and a reaction time of 42 h.
Purification by flash chromatography eluting with 4:1 v/v
petrol/ether afforded the product (611 mg, 71%), which
crystallised from DCM/petrol as colourless needles, mp
81-83°C. Ry 0.2; (Found: C, 58.70; H, 5.15; N, 6.40;
C,1H,,N,O6S requires C, 58.60; H, 5.15; N, 6.50%); vimax/
em™ ! (film) 1742 (C=0), 1530 (NO,), 1350 (S=0,,),
1163 (S=0,,), 1090; dy (500 MHz, CDCl3) 8.27 (2H, d,
J=8.9 Hz, ArH), 7.97 (2H, d, /=8.9 Hz, ArHg), 7.30-7.26
(5H, m, ArH), 5.69-5.61 (1H, ddt, /=16.8, 9.8, 6.8 Hz,
CH=CHH), 5.44 (1H, s, =CHH), 5.34 (1H, s, =CHH),
5.07-5.03 2H, m, CH=CH_ H,1uns), 4.54 (1H, t, J=
7.4 Hz, NCH), 4.43 (1H, d, J=16.6 Hz, NCHH), 4.35 (1H,
d, J=16.6 Hz, NCHH), 3.50 (3H, s, CH3), 2.74-2.68 (1H,
m, =CH-CHH), 2.52-2.46 (1H, m,=CHH); 6c (125 MHz,
CDCl;) 170.1 (C=0), 150.0, 145.5, 143.1, 138.6, 133.0,
129.0, 128.5, 128.2, 126.4, 124.0, 118.7, 117.0, 60.1 (NCH),
52.1 (OCH3), 50.3 (N-CH,), 34.8 (=CHCH,); m/z (ES) 453
(M™" +Na).

2.3.22. Methyl 2-{[2-(1,3-dimethyl-2,4-diox0-1,2,3,4-
tetrahydropyrimidin-5-yl)prop-2-enyl][(4-nitrophenyl
sufonyl)]Jamino}pent-4-enoate (37). Prepared by the
general termolecular cascade procedure on a 2.9 mmol
scale, using 3.3 mmol of aryl iodide and a reaction time of
46 h. Purification by flash chromatography eluting with
1:1 v/v ethyl acetate/ether afforded the product (960 mg,
67%), which crystallised from DCM/petrol as colourless
needles, mp 140-142 °C. R;0.17; (Found: C, 51.25; H, 5.00;
N, 11.45. C,1H4N4OgS requires C, 51.20; H, 4.90; N,
11.40%); vpa/em ™' (film) 1742 (MeO-C=0), 1702
(N-C=0), 1653 (N(N)C=O0), 1531 (NO,), 1350
(§=0,), 1161 (S=0s); oy (CDCI; 250 MHz) 8.35 (2H,
d,J=9.0 Hz, ArH), 8.02 (2H, d, /=9.0 Hz, ArH), 7.27 (1H,
s, ArH), 5.71 (1H, ddt, /=16.9, 10.2, 6.6 Hz, CH=CHH),
5.43 (1H, d, J=1.0 Hz, =CHH), 5.38 (1H, d, /J=1.0 Hz,
=CHH), 5.11 (1H, ddd, J=16.9, 3.1, 1.5Hz,
CH=CHH,,,s), 5.05 (1H, ddd, J=10.2, 2.6, 1.7 Hz,
CH=CH,;) 4.58 (1H, dd, J=8.7, 6.4 Hz, NCH), 4.24
(2H, s, NCH,), 3.51 (3H, s, CH3), 3.43 (3H, s, CH3), 3.33
(3H, s, CH3), 2.81-2.69 (1H, m, =CHCHH); 2.64-2.52
(1H, m, =CHCHH); oc (63 MHz, CDCl;) 170.5 (C=0),
162.7 (C=0), 152.5 (C=0), 150.2, 145.1, 141.8, 138.7,
133.7, 129.5, 124.3, 119.8 (=CH,), 118.8 (=CH,), 112.7,
61.0 (NCH), 52.6 (OCHj), 50.4 (NCH,), 37.5 (NCHs;),
34.8 (=CHCH,), 28.4 NCHs; m/z (EI) 492 (4, M™),
433 (21, M—CO,Me), 387 (100), 369 (47), 306 (100,
M —SO,PhNO,).

2.3.23. Methyl 2-{[(4-nitrophenyl)sulfonyl][2-(1-methyl-
2,3,-dioxo0-2,3,-dihydro-1H-indol-5-yl)prop-2-enylJamino}-
pent-4-enoate (38). Prepared by the general termolecular
cascade procedure on a 2.0 mmol scale, using 2.0 mmol of aryl
iodide and a reaction time of 48 h. Pd,(dba); (0.05 mmol) was
used in place of Pd(OAc),. Purification by flash column
chromatography eluting with 7:3 v/v petrol/ethyl acetate
afforded the product (380 mg, 43%) as red needles, mp 141—
143 °C; R 0.21; (Found: C, 55.90; H, 4.45; N, 8.05.
Co4H3N304S requires C, 56.15; H, 4.50; N, 8.20%); Vmax/
em” ! (film) 1741 (MeO-C=0), 1620, 1529 (NO,), 1349
(S=0,), 1165 (S=0,) 1092; 6y; (250 MHz, CDCl5) 8.35 (2H,
d,/=8.9 Hz, ArH), 8.01 (2H, d,/=8.9 Hz, ArH), 7.68 (1H, dd,
J=28.2,19 Hz, ArH;), 7.58 (1H, d, J=1.9 Hz, ArH), 6.88 (1H,
d, J=82Hz, ArH), 5.63 (1H, ddt, J=16.7, 9.8, 6.9 Hz,
CH=CHH), 5.5 (1H, s, =CHH), 5.4 (1H, s, =CHH), 5.02—
5.09 2H, m, CH=CH_;;H,,4,5), 4.54 (1H, t, J=7.4 Hz, NCH),
444 (1H, d, J=16.8 Hz, NCHH), 4.26 (1H, d, J=16.8 Hz,
NCHH),3.49 (3H,s,CH3),3.28 (3H, s,CH3),2.61-2.73 (1H, m,
=CHCHH), 2.36-2.50 (1H, m, =CHCHH); 6c (75 MHz,
CDCl;) 183.6 (C=0), 170.3 (C=0), 158.6 (C=0), 1514,
150.6, 145.3, 141.8, 136.7, 134.8, 133.1, 129.3, 124.5, 1234,
1194, 117.8, 1104, 60.4 (NCH), 52.7 (OCH3;), 50.4 (NCH,),
35.3 (=CHCHy), 23.0 (NCH5); m/z (ES) 536 (M " +Na).

2.3.24. Methyl 1-[(4-nitrophenyl)sulfonyl]-S-phenyl-1,2,
3,6-tetrahydropyridine-2-yl(propan-1-one) (39). Pre-
pared by the general ring closing metathesis procedure on
a 0.05 mmol scale and a reaction time of 1 h. Purification by
flash column chromatography eluting with 3:2 v/v petrol/
ether afforded the product (206 mg, 98%) as colourless
needles, mp 112-114 °C. R;0.19; (Found: C, 56.65; H, 4.75;
N, 6.95. C;9HgN,O¢S requires C, 56.71; H, 4.50; N,
6.95%); Vmax/cm ' (film) 1743 (C=0), 1530 (NO,), 1349
(S=0,), 1167 (§=0,), 1097; 6y (250 MHz, CDCl3), 8.37
(2H, d, J=8.6 Hz, ArH), 8.03 (2H, d, /J=8.6 Hz, ArH),
7.38-7.26 (SH, m, ArH), 6.10-6.06 (1H, br m, =CH), 4.98
(1H, dd, J=5.5, 2.8 Hz, NCH), 4.57 (1H, dd, J=16.1,
1.7Hz, NCHH), 4.13 (1H, ddd, J=16.1, 5.3, 3.2 Hz,
NCHH) 3.54 (3H, s, CHj3), 2.81-2.77 (2H, br m,
=CHCH,); oc (63 MHz, CDCl3) 170.6 (C=0), 1504,
145.1, 138.2, 133.8, 129.1, 128.9, 128.6, 125.5, 124.6,
119.9, 53.1, 52.9, 44.0, 28.6; m/z (%) (EI) 402 (3, M), 343
(6, M—CO,Me), 216 (40), 156 (100, SO,PhNO,), 129 (32).

2.3.25. Methyl 5-(1,3-dimethyl-2,4-dioxo-1,2,3,4-tetra-
hydropyrimidin-5-yl)-1-[(4-nitorphenyl)sulfonyl]-1,2,3,
6-tetrahydropyridine-2-carboxylate (40). Prepared by the
general ring closing metathesis procedure on a 0.16 mmol
scale and a reaction time of 1h. Purification by flash
chromatography eluting with 3:2 v/v ethyl acetate/petrol
afforded the product (702 mg, 93%) as colourless needles,
mp 221-223 °C; Ry 0.14; (Found: C, 49.05; H, 4.40; N,
12.20. C;9HoN4OgS requires C, 49.15; H, 4.35; N,
12.05%); vmax/cm ™' (film) 1742 (MeO-C=0), 1702 (N—
C=0), 1653 (N(N)C=0), 1530 (NO,), 1350 (S=O0,),
1167 (S=O0y); oy (CDCl;, 250 MHz) 8.36 (2H, d, J=
8.9 Hz, ArH), 8.06 (2H, d, /=8.9 Hz, ArH), 7.08 (1H, s,
ArH), 5.98-5.94 (1H, br m, =CH), 4.91 (1H, dd, J=6.6,
1.65 Hz, NCH), 4.61 (1H, d, J=16.6 Hz, NCHH), 4.06—
3.99 (1H, m, NCHH), 3.58 (3H, s, CH3), 3.41 (3H, s, CH3),
3.34 (3H, s, CH3), 2.70-2.61 (2H, br m, =CHCH,); oc
(63 MHz, CDCl3) 170.6 (C=0), 162.4 (C=0), 151.6
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(C=0), 150.4, 145.4, 140.4, 128.9, 124.6, 122.6, 112.6,
53.0 (NCH), 52.9 (OMe), 43.8 (NCH,), 37.5 (NCH3), 28.5
(=CHCH,), 27.9 (NCH5); m/z (%) (FAB) 465 (100, M+
H*), 279 (31, M—SO,PhNO,), 218 (24).

2.3.26. Methyl 5-(1,3-dimethyl-2,4,-dioxo-1,2,3,4-tetra-
hydropyrimidin-5-yl)-1-[(4-nitrophenyl)sulfonyl]-1,2,3,
6-tetrahydropyridine-2-carboxylate (41). Prepared by the
general ring closing metathesis procedure on a 0.058 mmol
scale and a reaction time of 1 h. Purification by flash column
chromatography eluting with 1:1 v/v ethyl acetate/petrol
afforded the product (216 mg, 76%) as red needles, mp 224—
226 °C; Ry 0.16; (Found: C, 54.40; H, 3.90; N, 8.45.
C5,H9N;05S requires C, 54.45; H, 3.95; 8.65%); Vma/em !
(film) 1740 (MeO-C=0), 1621, 1530 (NO,), 1349
(=0, 1168 (S=O0,); oy (250 MHz, CDCl;), 8.39 (2H,
d, J=9.0 Hz, ArH), 8.03 (2H, d, /=9.0 Hz, ArH), 7.56 (2H,
dd, /=7.3, 1.8 Hz, ArH), 7.54 (1H, s, ArH), 6.88 (1H, dd,
J=73, 1.8 Hz, ArH), 6.11-6.09 (1H, br m, =CH), 4.98
(1H, t, J=4.2 Hz, NCH), 4.48 (1H, dd, /J=16.2, 1.9 Hz,
NCHH), 4.08 (m, 1H, NCHH), 3.54 (3H, s, CHj3), 3.27
(3H, s, CH3), 2.83 (2H, br s, =CHCH,); m/z (ES) 508
(M + Na).

2.3.27. Methyl 5-phenyl-1,2,3,6-tetrahydropyridine-2-
carboxylate (42). A solution of 39 (215 mg, 0.5 mmol)
and benzene thiol (62 ul, 0.6 mmol) in DMF (4 ml) was
added to a suspension of K,CO, (0.208 g, 1.5 mmol) in
DMF (3 ml) and the mixture stirred for 3h at room
temperature, quenched with 10% NaHCOs solution (6 ml)
and extracted with ether (3 X5 ml). The combined organic
extracts were washed with water (5 ml), dried (MgSQOy),
filtered and the filtrate concentrated in vacuo. Purification of
the residue by flash chromatography eluting with ether
afforded the product (88 mg, 83%) as pale yellow needles,
mp 46-48 °C; R; 0.1; (Found: C, 71.60; H, 7.20; N, 6.35.
C3HsNO, requires C, 71.85; H, 6.95; N, 6.45%); vnax/
cm™ ! (film) 3342 (NH), 1738 (C=0), 1435, 1202, 1174; 6y
(300 MHz, CDCl3) 7.33-7.23 (5H, m, ArH), 6.16-6.13 (1H,
br m, =CH), 3.90-3.80 (2H, m, NCH,), 3.77 (3H, s, CH3),
3.65 (1H, dd, J=9.1, 5.0 Hz, NCH), 2.55-2.45 (2H, m,
=CHCH,); 6c (75 MHz, CDCl3) 174.2 (C=0), 139.9,
136.8, 128.8, 127.7, 125.3, 121.5, 55.0 (OCH3), 52.6
(NCH), 46.5 (NCH,), 29.0 (=CHCH,); m/z (EI) 217 (21,
M™), 158 (100, M—CO,Me), 91 (38).

2.3.28. Methyl 5-(1,3,-dimethyl-2,4-dioxo-1,2,3,4-tetra-
hydropyrimidin-5-yl)-1,2,3,6-tetrahydropyridine-2-car-
boxylate (43). Prepared by the above method, on a
1.4 mmol scale and a reaction time of 18 h. Purification
by flash chromatography eluting with 9:1 v/v DCM/MeOH
afforded the product (266 mg, 70%) as a pale yellow solid,
mp 76-78 °C; R; 0.28; (Found: C, 55.75; H, 5.80; N, 15.20.
C3H5sNO, requires C, 55.25; H, 6.10; N, 15.05%); vmax/
em ™! (film) 1701 (C=0), 1653, 1437, 1293; 6y (250 MHz,
CDCl3), 7.08 (1H, s, ArH), 6.15-6.14 (1H, br m, =CH),
3.76 (3H, s, CHj3), 3.69 (2H, br s, NCH,), 3.64 (1H, dd, /=
9.2, 5.2 Hz, NCH), 3.42 (3H, s, CH3), 3.35 (3H, s, CHjy),
2.50-2.32 (2H, m, =CHCH,); m/z (%) (FAB) 280 (100,
M™), 220 (10, M—CO,Me,), 193 (6).

2.4. Intermolecular cycloaddition

Benzaldehyde (22 pl, 0.2 mmol), and N-methyl maleimide
(25 mg, 0.23 mmol) were added to a stirred solution of 42
(45 mg, 0.2 mmol) in toluene (6 ml). The reaction mixture
was immersed in a pre-heated oil bath at 110 °C and stirred
under a nitrogen atmosphere for 54 h. Concentration in
vacuo gave the crude product, which comprised 3.5:1
mixture of 44 and 45. Preparative HPLC (Luna C18/7:3 v/v
MeCN/H,O0, 0.6 ml/min, detection at 254 nm) afforded pure
44 and 45 in 80% combined yield.

2.4.1. endo-Methyl 2-methyl-1,3-dioxo-4,7-diphenyl 1,2,
3,3a,4,6,9,9b-octahydro-9aH-pyrrolo[3,4-alindolizine-
9a-carboxylate (44). Crystallisation from DCM/petrol
afforded colourless needles, mp 105-107 °C; R; 0.17;
(Found: C, 72.15; H, 5.65; N, 6.50. C,5sH,4N,O4 requires
C, 72.10; H, 5.80; N, 6.75%); vpa/cm ' (film) 1750
MeOC=0), 1702 (N-C=0), 1435, 1286; oy (500 MHz,
CeDg), 7.16-7.03 (7H, m, ArH), 6.97-6.96 (3H, m, ArH),
6.02 (1H, m, =CH), 4.80 (1H, d, J=9.7 Hz, NCH¢), 3.82-
3.80 (1H, m, NCHH]), 3.79-3.77 (1H, m, NCHH) 3.38 (1H,
ddd, J=17.5, 6.5, 2.9 Hz, =CHCHH), 3.25 (3H, s, Me),
3.22 (1H, ddd, J=17.5, 6.4, 1.7 Hz, =CHCHH), 3.07 (1H,
dd, J=9.7, 7.9 Hz, PhCHCHp), 2.84 (1H, d, J=7.9 Hz,
NCCH,), 2.56 (3H, s, Me); oc (63 MHz, CDCl3) 175.5
(C=0), 1754 (C=0), 173.7 (C=0), 139.2, 137.4, 135.1,
131.0, 129.0, 128.7, 128.3, 127.8, 125.3, 120.6, 68.5, 68.3,
52.6, 51.1, 49.7, 48.7 (NCH,), 31.8 (=CHCH,), 25.3; m/z
(%) (EI) 416 (1, M ™), 357 (100, M—CO,Me);

NOE data:
Signal irradiated Enhancement (%)
HA HB HC HD
Ha 8.5
Hg 12.1 9.5
Hce 17.7 5.6

2.4.2. exo-Methyl 2-methyl-1,3-dioxo-4,7-diphenyl 1,2,3,
3a,4,6,9,9b-octahydro-9aH-pyrrolo[3,4-alindolizine-9a-
carboxylate (45). Crystallisation from CH3;CN/H,0
afforded colourless needles, mp 212-214°C, R; 0.27;
(Found: C, 71.90; H, 5.55; N, 6.50. C,5sH,4N,O,4 requires
C, 72.10; H, 5.80; N, 6.75%); vmxlcm_1 (film) 1769
(MeOC=0), 1693 (N-C=0), 1496, 1443, 1380, 1076; oy
(500 MHz, CgDg), 7.58-7.57 (2H, m, ArH), 7.23-7.20 (2H,
m, ArH), 7.14-7.12 (1H, m, ArH), 7.03-6.97 (SH, m, ArH),
6.10-6.09 (1H, m, =CH), 4.88 (1H, d, /J=5.2 Hz, NCHg),
3.63-3.60 (1H, m, NCHHp), 3.43-3.34 (2H, m, NCH,H5y
and =CHCHHp), 3.20 (3H, s, CO,Me), 2.80 (1H, d, /=
9.8 Hz, CHg), 2.77 (1H, dd, /=9.8, 5.2 Hz, CHE), 2.73 (3H,
s, NMe), 2.45-2.40 (1H, m, CHCHcHp); 6c (75 MHz,
CDCly) 175 (C=0), 174.4 (C=0), 171.3 (C=0), 139.7,
137.7, 133.4, 128.0, 127.3, 127.1, 126.4, 126.3, 123.8,
120.5, 68.4 (CCO,Me), 66.5 (NCH), 53.2, 52.4, 50.9, 46.1
(NCH,), 35.2 (=CHCH,), 23.9 (NCHs); m/z (ES) 416 (M);
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NOE data:
Signal irradiated Enhancement (%)

Ha Hg He Hp Hg Hg

Ha 25.0 6.9
He 317 152

Hg 33

Hg 57

2.5. Intramolecular cycloaddition

2.5.1. Methyl-10-phenyl-6a,8,11,12a,tetrahydro-6H-
chromeno[3,4-BJlindolizine-7a(7H)-carboxylate (47).
Salicylic aldehyde 46 (92 mg, 0.57 mmol) in toluene
(2 ml) was added to a solution of 42 (112 mg, 0.52 mmol)
in toluene (8 ml). The reaction mixture was immersed in a
pre-heated oil bath at 110 °C and stirred under a nitrogen
atmosphere for 26 h. Concentration in vacuo afforded a
yellow gum, which was purified by flash column chroma-
tography eluting with DCM to afford 47 (101 mg, 56%),
which crystallised from DCM/petrol as colourless plates,
mp 157-159 °C; R 0.34; vpa/em ™' (film) 1727 (C=0),
1488, 1224, 1192, 1172; 6y (500 MHz, C¢Dg), 7.31-7.29
(2H, m, ArH), 7.26 (1H, dd, /=7.5, 1.6 Hz, ArH), 7.18-
7.04 (m, 5H, ArH), 6.81 (1H, td, J=7.5, 1.5 Hz, ArH), 5.98
(1H, ddd, J=6.4, 4.0, 1.8 Hz =CH), 445 (1H, d, J=
6.7 Hz, NCH), 4.28 (1H, br d, J=15.7 Hz, NCHH), 4.06
(1H, br d, J=15.7 Hz, NCHH), 3.77 (1H, dd, J=10.7,
8.5Hz, OCHH) 3.67 (1H, dd, J=10.7, 4.4 Hz, OCHH),
3.33 (3H, s, CH3), 2.98 (1H, ddd, /=164, 6.4, 1.8 Hz,
=CCHH), 2.28-2.23 (1H, m, CH,CH), 2.14-2.07 (2H, m,
=CCHH and CHCHH), 1.43 (1H, dd, J=13.3, 5.0 Hz,
CHCHH); 6c (75 MHz, CDCl3) 176.0 (C=0), 156.3, 140.1,
136.8, 131.6, 129.0, 128.7, 127.6, 125.6, 123.1, 121.7,
120.9, 117.8, 68.6 (OCH,), 65.3 (NC), 58.3 (NCH), 51.9,
47.8 (CHy), 38.3 (CH,), 37.2 (CHb), 34.9; m/z (%) (EI) 361
(1, M™), 302 (100, M—CO,Me). HRMS found 362.1747.
C,3H,4NO; requires 362.1756.

2.5.2. Methyl 10-(1,3-dimethyl-2,4-dioxo-1,2,3,4-tetra-
hydropyrimidin-5-yl)-6a,8,11,12a-tetrahydro-6H-chro-
meno[3,4-Blindolizine-7a  (7H)-carboxylate (48).
Salicylic aldehyde 46 (70 mg, 0.43 mmol) in toluene
(2 ml) was added to a solution of 43 (100 mg, 0.36 mmol)
in toluene (8 ml). The reaction mixture was immersed in a
pre-heated oil bath at 110 °C and stirred under a nitrogen
atmosphere for 34 h. Work up (as above) followed by flash
column chromatography eluting with 3:2 v/v ethyl acetate/
petrol afforded 48 (82 mg, 54%), which crystallised from
DCM/petrol as colourless plates, mp 238-240 °C; R; 0.25;
(Found: C, 65.40; H, 6.00; N, 9.70. C,3H,5N305 requires C,
65.25; H, 5.95; N, 9.90%) vya/cm ™' (film) 1725 (MeO—
C=0), 1701 (N-C=0), 1652 (N(N)C=0), 1488, 1453,
1224, 1174, 1196; 6y (500 MHz, CDCl3) 7.22 (1H, dd, J=
7.5, 1.7Hz, ArHg) 7.18 (1H, td, J=7.5, 1.7 Hz, ArHg),
6.98 (1H, s, ArHg), 6.94-6.90 (2H, m, ArHy and ArHy),

6.12-6.11 (1H, m, =CH), 4.25 (1H, d, J=7.1 Hz, NCH),
3.96 (1H, dd, J=10.6, 4.7 Hz, OCHH), 3.93 (1H, d, J=
15.4 Hz, NCHH), 3.90 (1H, dd, J=10.6, 8.1 Hz, OCHH),
3.74 (3H, s, CH3), 3.57 (d, 1H, J=15.4 Hz, NCHH) 3.38
(3H, s, CH3y), 3.33 (3H, s, CHy), 2.97 (1H, ddd, /= 16.6, 6.3,
2.0 Hz, =CHCHH), 2.60-2.56 (1H, m, OCH,CH), 2.41
(1H, dd, J=13.3, 8.5Hz, NCCHH), 2.21 (1H, d, J=
16.6 Hz, =CHCHH), 1.71 (1H, dd, J=13.3, 5.3 Hz,
NCCHH); m/z (%) (FAB) 424 (49, M* +H), 464 (55,
M—-CO,Me);

NOE data:
Signal irradiated Enhancement (%)
Ha Hg Hc
Ha 9.6
Hg 6.8 34

2.5.3. 2-Allylphenyl-2-(thienyl)prop-2-en-1yl ether (53).
Prepared by the general termolecular cascade procedure
employing 2-allyphenol as the nucleophile on a 2 mmol
scale, using 2.5 mmol of aryl iodide and a reaction time of
16 h. Purification by flash chromatograpy eluting with 19:1
v/v petrol/ether afforded the product (398 mg, 78%) as a
colourless liquid; Ry 0.05; (Found: C, 74.90; H, 6.15;
Ci6H160S. requires C, 74.95; H, 6.30%); Vmax/cmf1 (film)
1638, 1600, 1586, 1488, 1231, 1090; oy (250 MHz, CDCl;)
7.25 (1H, d, J=4.0 Hz, ArH), 7.18 (2H, d, J=7.7 Hz, ArH
and ArH), 7.13 (1H, d, J=3.7 Hz, ArH) 7.02 (1H, dd, J=
4.0, 3.7 Hz, ArH) 6.93 (2H, t, J=7.7 Hz, ArH and ArH),
5.98 (1H, ddt, /=16.9, 10.2, 6.7 Hz, CH=CHH), 5.62 (1H,
s, =CHH), 5.38 (1H, s, =CHH), 5.03 (1H, d, /=16.9 Hz,
CH=CHH,,,,), 5.02 (1H, d, J=10.2 Hz, CH=CH_;H),
4.87 (2H, s, OCH,), 3.42 (2H, d, J=6.7 Hz, CH,); oc
(63 MHz, CDCl3) 156.5, 142.4, 137.5, 137.4, 130.4, 129.5,
127.8, 127.7, 125.0, 124.3, 121.4, 115.9, 113.3, 112.1, 70.0
(OCH,), 34.8 (CH,); m/z (%) (EI) 256 (14, M™), 215 (39),
123 (100), 79 (50).

2.5.4. 2-Allylphenyl-2-(4-nitrophenyl)prop-2-en-1-yl
ether (54). Prepared by the general termolecular cascade
procedure employing 2-allyphenol as the nucleophile on a
2 mmol scale, using 2.5 mmol of aryl iodide and a reaction
time of 21 h. Purification by flash chromatography eluting
with 9:1 v/v petrol/ether afforded the product (460 mg,
78%), which crystallised from DCM/petrol as colourless
needles, mp 51-53 °C; R; 0.16; (Found: C, 73.05; H, 6.00;
N, 4.50. C,gH7NOj requires C, 73.20; H, 5.80; N, 4.75%);
Vmadem " (film) 1597, 1505 (NO,), 1492, 1343 (NO,),
1243; 6y (250 MHz, CDCl3) 8.20 (2H, d, /=28.9 Hz, ArH),
8.14 (2H, d, J=8.9 Hz, ArH), 7.22 (1H, d, /=8.0 Hz, ArH),
7.16 (1H, d, J=28.0 Hz, ArH), 6.94 (2H, t, J/=8.0 Hz, ArH),
5.87 (1H, ddt, J=17.2,10.7, 6.6 Hz, CH=CHH), 5.76 (1H,
s, =CHH), 5.68 (1H, s, =CHH), 4.95 (1H, d, /=10.7 Hz,
CH=CH_H), 494 (1H, d, /J=17.2 Hz, CH=CHH,,,,,s)
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4.92 (2H, s, OCHs), 3.29 (2H, d, J=6.6 Hz, CH,); dc
(63 MHz, CDCl;) 156.2, 147.8, 145.3, 142.3, 137.1, 130.6,
129.4, 127.8, 127.4, 124.1, 121.7, 118.9, 115.9, 111.9, 69.9
(OCHS,), 34.7 (CHa); m/z (%) (EI) 295 (18, M), 131 (42),
115 (100), 77 (35).

2.5.5. 1-Allyl-2{[2-(4-methoxyphenyl)prop-2-en-1-yl]
oxy}benzene (55). Prepared by the general termolecular
cascade procedure employing 2-allyphenol as the nucleo-
phile on a 3 mmol scale, using 3.5 mmol of aryl iodide and a
reaction time of 30 h. Purification by flash chromatograpy
eluting with 19:1 v/v petrol/ether afforded the product
(680 mg, 80%) as a colourless liquid; Ry 0.4; (Found: C,
81.10; H, 7.10; C;9H,¢0, requires C, 81.40; H, 7.19%);
Vmadem ' (film) 1635, 1607, 1513, 1491, 1243, 1031; oy
(250 MHz, CDCl3) 7.42 (2H, d, J=8.7 Hz, ArH), 7.23-7.14
(2H, m, ArH), 6.95-6.83 (2H, m, ArH), 6.86 (2H, d, /=
8.7Hz, ArH), 598 (1H, ddt, /=17.0, 10.3, 6.7 Hz,
CH=CHH), 5.51 (1H, s, =CHH), 5.39 (1H, s, =CHH),
5.04-4.97 (2H, m, Cx=H_ H,runs), 4.87 (2H, s, OCH,),
3.36 (2H, d, /=6.7 Hz, CH,); 6c (63 MHz, CDCl3) 159.8,
156.6, 143.0, 137.4, 131.4, 130.3, 129.5, 127.7, 127.6,
121.2, 115.8, 114.2, 113.2, 112.1, 70.3 (OCH,), 55.7
(OCH3), 34.8 (CH,); m/z (ES) 281 (M ™ +H).

2.6. Modified ring closing metathesis procedure

2.6.1. 3-(2-Thienyl)-2,5-dihydro-1-benzoxepine (56).
Catalyst 1 (22 mg, 2.5 pm) was added to a magnetically
stirred solution of 53 (130 mg, 0.5 mmol), in anhydrous
toluene (120 ml). The mixture then stirred under an argon
atmosphere at 80 °C for 16h. Concentration in vacuo
afforded a brown oil, which was purified by flash
chromatography eluting with 7:3 v/v petrol/DCM to afford
the product (68 mg, 59%), which crystallised from DCM/
hexane as colourless needles, mp 84-86 °C; R; 0.35;
(Found: C, 73.35; H, 5.40. C4H,0S requires C, 73.65;
H, 5.30%); vmax/em " (film) 1614, 1440, 1254, 1234; oy
(250 MHz, CDCl;) 7.26-7.02 (5H, m, ArH), 6.94 (1H, dd,
J=5.1, 3.5 Hz, ArH), 6.84 (1H, d, /=3.5 Hz, ArH), 6.34
(1H, br t, J=5.7Hz, =CH), 493 (2H, d, /J=1.8 Hz,
OCH,), 3.62 (2H, d, J=5.7 Hz, CH,); 6c (63 MHz, CDCls)
129.1, 128.5, 127.7, 124.7, 124.0, 123.9, 122.2, 121.5, 72.6
(OCHy), 31.6 (CH,); m/z (%) (EI) 228 (100, M™), 165 (27),
131 (47), 97 (44).

2.6.2. 3-(4-Nitrophenyl)-2,5-dihydro-1-benzoxepine (57).
Prepared by the modified general RCM procedure on a
0.46 mmol scale and a reaction time of 23 h. Purification by
flash chromatography eluting with 1:1 v/v. DCM/petrol
afforded the product (76 mg, 62%), which crystallized from
petrol/DCM as pale yellow needles, mp 94-96 °C; R; 0.3;
(Found: C, 71.65; H, 5.05. N, 5.10; C16H13N03 requires C,
71.90; H, 4.90; N, 5.25%); vma/cm ™ (film) 1652, 1516
(NO,), 1343 (NO,), 1229; 6y (250 MHz, CDCl3) 8.17 (2H,
d, J=8.8 Hz, ArH), 7.37 (2H, d, /J=8.8 Hz, ArH), 7.27-
7.05 (4H, m, ArH), 6.31 (1H, br t, J=5.7 Hz, =CH), 4.95
(2H, d, J=1.7 Hz, OCH,), 3.70 (2H, d, J=5.7 Hz, CH,), 0¢
(63 MHz, CDCl3) 158.8, 147.3, 147.0, 137.3, 134.2, 129.4,
128.9, 128.8, 127.0, 124.7, 124.2, 121.5, 72.3 (OCH,), 32.1
(CH,); m/z (%) (EI) 267 (100, M™), 252 (47), 220 (36), 131
(71), 91 (49).

2.6.3. 3-(4-Methoxyphenyl)-2,5-dihydro-1-benzoxepine
(58). Prepared by the modified general RCM procedure on
a 0.46 mmol scale and a reaction time of 22 h. Purification
by flash chromatography eluting with 1:1 v/v DCM/petrol
afforded the product (68 mg, 56%), which crystallised from
hexane as colourless needles, mp 72-74 °C; R; 0.35; Vmax/

' (film) 1603, 1491, 1254, 1229, 1030; 6y (300 MHz,
CDCl5) 7.24-7.02 (4H, m, ArH), 7.18 (2H, d, J=8.7 Hz,
ArH), 6.83 (2H, d, /=8.7 Hz, ArH), 6.05 (1H, br t, J=
5.5 Hz, =CH), 4.90 (2H, d, /=2.1 Hz, OCH,), 3.62 (2H, d,
J=5.5 Hz, CH,); 6c (75 MHz, CDCl3) 159.5, 158.9, 138.3,
1354, 133.1, 129.2, 128.4, 127.6, 124.4, 123.8, 121.5,
114.2, 73.2 (OCH,), 55.7 (OCH3), 31.9 (CH,); m/z (%) (EI)
252 (100, M), 237 (82, M—CHj) 131 (45); HRMS found
252.1143, C17H;40, requires 252.1145.

2.7. Single-crystal X-ray analysis for 44

Crystallographic data for 44 was measured on a Nonius
Kappa CCD area-detector diffractometer using ¢ and
w-scans and graphite monochromated Mo Ke radiation
(A=0.71073 A) The structure was solved by direct methods
using SHELXS- 8632 and were refined by full matrix least-
squares (based on F? ) usi 2g SHELXL-97.* The welghtm%
scheme used was w=|[c (F§)+(0.1235P) +0.0127P]

where P=(F2+2F2/3. All non-hydrogen atoms were
refined with anisotropic displacement parameters whilst
hydrogen atoms were constrained to predicted positions
using a riding model. The residuals wR, and R;, given
below are defined as sz—(E[w(Fg F2) ]/E[WFZ] )2 and

=Z|IFo| = FlI/ZIF,|.

Crystal data for 44. C,5sH4N>0y4, 0.33X0.20X0.10 mm,
M=416.46, monoclinic, space group P2,/n, a= 64754(1)
b=12.1259(2), c=30. 0988(6) A, = 93 3630(10)°,
2359.29(7) A3, Z=2, D.=1.172Mgm >, u= 008mm 1,
F(000)=2880, T=150(2) K.

Data collection. 1.36 <6<26° 4602 independent
reflections were collected [R;,;=0.082]; 3209 reflections
with I>2a(1).

Structure refinement. Number of parameters =283, good-
ness of fit, s=1.084; wR,=0.1980, R, =0.0611.

Full supplementary crystallographic data, which include
hydrogen co-ordinates, thermal parameters and complete
bond lengths and angles, have been deposited at the

Cambridge Crystallographic Data Centre (CCDC 275316)
and are available on request.
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Abstract—Metallo-azomethine ylides, generated from iminophosphonates in combination with LiBr or AgOAc and bases Et;N, DBU,
t-butyl tetramethylguanidine(BTMG) undergo cycloaddition to give dialkyl pyrrolidine-2-phosphonates along with the corresponding
Michael adduct in some cases. Cycloadditions with the chiral dipolarophile 5R-(1'R,2’S,5' R-menthyloxy)-2-(5H)-furanone (MOF) afforded

enantiopure cycloadducts.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

a-Amino phosphonates are an important class of com-
pounds in that they serve as bioisoesters of a-amino acids.”
Moreover when they are incorporated into peptides they
mimick the tetrahedral transition state of peptide hydrolysis
and can thus, be designed to be transition state inhibitors of
specific peptidases or esterases.’

The metal ion catalysed cycloaddition of ester (lactone,
lactam) stabilised azomethine ylides with appropriate
dipolarophiles has been widely developed to access groline
analogues, o-amino acids® and peptidomimetics.” This
reaction has been utilised as the key step in the synthesis
of many complex heterocycles.®™ The metallo-azomethine
ylide cycloaddition has also been exploited in conjunction
with other high yielding core reactions in sequential and
cascade Iprocesses, thus, producing more complex hetero-
cycles” " with maximum synthetic efficiency. Chiral
versions of these processes have been developed, which
employ chiral dipolarophiles,'® chiral azomethine ylides'’
or chiral catalysts.'®'® These processes are dependent on the
presence of an electron withdrawing carbanion stabilising

Keywords: Cycloaddition; Iminophosphonate metallo-dipole; Azomethine

ylide.

* Corresponding author. Tel.: +44 113 343 6501; fax: +44 113 343 6530;
e-mail: r.grigg @chemistry.leeds.ac.uk

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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group, which becomes conjugated to the putative azo-
methine ylide in the reaction.”” We have shown that a wide
range of such groups are effective in both the 1,2-prototropy
and the metal catalysed protocols for in situ generation of
azomethine ylides.”’ A wide range of metal and bases have
been employed to promote the metal catalysed cyclo-
addition, including [Ag), Li(I), Zn(Il), Mg(Il), Mn(II),
Co(I), Sn(AV)],%' Ti(IV),? Ni(I),' Cu(I),'! Cu(I)* and
samarium>> and a range of rare earth® triflates. However,
LiBr and AgOAc are the most commonly used metal salts,
while DBU and Et;N are the most frequently used bases.'**

In this paper, we report the metal catalysed cycloaddition
reactions of a-imino phosphonates with various dipolaro-
philes including chiral menthyloxy furanone with (AgOAc
or LiBr) and a suitable bases [DBU, Et;N, BTMG (z-butyl
tetramethylguanidine)] as outlined in Scheme 1. Scheme 1
affords access to a wide variety of proline analogues and
conformationally constrained o-amino phosphonates.
Moreover, this application of our metal catalysed imine —
metalloazomethine ylide — cycloaddition cascade appeared
ideally suited to the phosphonate, which is a relatively weak
EWG.?® The rate of reaction can be further increased by
employing a stronger base, such as 2-t-butyl 1,1,3,3-
tetramethyl guanidine (BTMG). There is also scope for
the introduction of chirality in the dipole, since phosphorus
can be easily asymmetrically substituted.
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2. Synthesis of o-amino phosphonates

The synthesis of a-amino phosphonates can be achieved in
several ways, for example, addition of phosphites, phos-
phonites and hypophosphorus acids to imines,>*® reaction
of appropriate phosphorus compounds with N,0-acetals?’
and alkyl bromides,?® or by alkylation of amino methane-
phosphonate derivatives.’® Such analogues of all the natural
amino acids are known. The simplest a-amino phosphonate,
the glycine analogue, can be obtained in almost quantitative
yield from N-phthalimidomethyl bromide via an Arbuzov
reaction with an appropriate phosphite.”” N-Deprotection
via hydrazinolysis® gives the o-aminophosphonate in
moderate to excellent yield depending on the phosphite.

One of the most efficient syntheses of a-amino phospho-
nates is due to Corcoran and Green.*' The primary
advantage of this method is the use of readily available
natural amino acids as precursors. The four-step procedure
is relatively simple with the final step involving hydro-
genolysis of 1 to 2. The products are obtained in good yield

Table 1. Synthesis of a-aminophosphonates 2a-h

Entry R! R? Product Yield®
1 H Me 2a® Quant
2 H Ethyl 2b° Quant
3 Me Me 2¢ Quant
4 Ph Me 2d Quant
5 PhCH, Me 2e Quant
6 —° Me 2f Quant
7 CH,OH Me 2g Quant
8 CH,0si(Me),—t-Bu Me 2h Quant

 Isolated yield.
bCompound 2a and 2b were synthesised according to literature
procedures.**’

N
H.N
¢ Product 2f is 2 Q

W “PO(OMe),
O R’
)K )TPO(ORz)z
PhCH,0 H /H

Scheme 2.

H,/Pd/C, H*, MeOH
—_— 3

(Table 1). The first step involves N-protection of the amino
acids with the N-benzyloxycarbonyl group (Cbz) under
standard Shotten—Baumann conditions. The N-Cbz amino
acids then undergo oxidative decarboxylation upon treat-
ment with lead tetraacetate. The serine analogue was
O-protected prior to this stage with a TBDMS group.

Quantitative yields for the hydrogenolysis (Scheme 2) were
obtained in methanol, using 5% Pd on charcoal as the
catalyst. At least 1equiv of glacial acetic acid, which
remains as an impurity in the amine, is required for this
procedure. The literature method (treatment with NaHCO;
in dry DCM) does not remove the acid completely.

A technical improvement in the N-deprotection (Scheme 2)
was achieved by using p-toluenesulfonic acid as the proton
source. The sodium sulfonate salt can be easily removed
by filtration, after stirring with moist NaHCO5; in DCM,
leaving the pure amine. This method was found to be
unsuitable for the serine derivative 2h, since O-desilylation
occurs during this procedure. Compounds 2a and 2b were
prepared according to the literature procedures.>*

3. Synthesis of a-iminophosphonates

Imines 3a-t were synthesised in excellent yield in most
cases by reacting a range of aldehydes with a-aminophos-
phonates 2a-h (Scheme 3). Prior treatment of the
a-aminophosphonate salts with 1 equiv of triethylamine
generated the free amines. Unfortunately, the isolated yield

i) Et,N, R3CHO,

(CHC, )\
? )\ P(OR2

Scheme 3.

H,N

16h, 25°C s PO(OR?),

+
" Py
\Y N
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Scheme 4.

of pure crystalline arylidene imines was adversely affected
by the presence of the triethylammonium acetate contami-
nant. This became more of a problem with the aliphatic
imines 3i—k, since these products were thick oils and
adequate microanalyses could not be obtained. The aliphatic
imines were also less stable than their arylidene analogues,
and gradually decomposed at rt.

3.1. Cycloadditions with methyl acrylate

Cycloadditions were carried out with a range of imines 3
using methyl acrylate as the dipolarophile (Scheme 4). The
conditions employed, time and yield for the reactions are
collected in Table 3. The reaction times are very much
longer than those required for cycloadditions of the imines
of a-amino esters. This is ascribed to the relatively high pK,
of the a-CH proton in the imino phosphonates.*”

To increase the rate of the reaction, 2-t-butyl 1,1,3,3-
tetramethylguanidine (BTMG), a stronger base, was used in
the cycloaddition of the alanine analogue 3c. Contrary to
expectations, a longer reaction time was required and a
lower overall yield was obtained (Table 2). The possible
reaction of the phosphonate and the base was ruled out by
monitoring a mixture of the two compounds over 16 h by 'H
NMR. The most likely explanation is that the imine’s bulky
dimethylphosphonate group impedes efficient deprotonation
by the similarly sterically hindered base. We have recently

Table 2. Synthesis of iminophosphonates 3a—s"

CO,Me

R3 N

P (OR?),
ol

published a related similar case of kinetic acidity impacting
an azomethine ylide cycloadditions.*?

The mechanism for the cycloaddition reaction (Scheme 5) is
directly analogous to that proposed by us for imines of
a-amino esters.>> The stereo-specific formation of the syn or
E,E-metallo-dipole (A and/or B), via deprotonation of the
complexed imine, precedes regio- and endo-specific
cycloaddition giving cycloadduct 4.

Reaction of phosphonate imine 3a with methyl acrylate in
acetonitrile with AgOAc/DBU afforded cycloadduct 4a
in 61% yield together with a trace Michael adduct 5a
(Scheme 4) (Table 3, entry 1). In contrast, the diethyl
phosphonate 3b with LiBr or AgOAc gave cycloadduct 4b
together with lactam 6. Lactam 6 arises from S5b via
cycloaddition to methyl acrylate to afford 7 followed by
cyclisation to the lactam 6.

The ratio of the bicyclic lactam 6 to the cycloadduct 4b was
found to be 1:1 and 1:2.5 in the lithium and silver salt
catalysed reactions, respectively. These results indicate that
the Michael addition and cycloaddition have comparable
rates in this case. Lactam 6 was isolated and fully
characterised (see Section 6). The tendency of LiBr to
favour Michael addition is well known but it is rare for
silver salts to exhibit this trait.>' In this case it is clearly
related to the comparatively high pK, of the crucial
hydrogen o to the phosphonate (Scheme 6).

Entry R' R? R® Product Yield"
1 H Me 2-Naphthyl 3a Quant
2 H Ethyl 2-Naphthyl 3b 95

3 Me Me 2-Naphthyl 3c 57

4 Ph Me 2-Naphthyl 3d 59

5 CH,Ph Me 2-Naphthyl 3e 44

6 2f 2-Thienyl 3f —°

7 CH,OH Me 2-Naphthyl 3g 74

8 CH,0Si(CHj3),1-Bu Me 2-Naphthyl 3h 80

9 Me Me Cyclohexyl 3i 94

10 Ph Me Cyclohexyl 3j 75

11 CH,Ph Me Cyclohexyl 3k 86

12 Me Me 4-Nitrophenyl 31 94

13 Me Me 2-lodophenyl 3m 90

14 Me Me 2-Pyridyl 3n 88

15 Ph Me 2-Pyridyl 30 91

16 CH,Ph Me 2-Pyridyl 3p Quant
17 Me Me 2-Thienyl 3q 79

18 Ph Me 2-Thienyl 3r Quant
19 CH,Ph Me 2-Thienyl 3s Quant

# Reaction employed amine (1 mmol), aldehyde (1 mmol) and NEt; (2 mmol) in dichloromethane at rt for 16 h.

" Isolated yield.
¢ Iminium ion generated in situ.
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Table 3. Cycloaddition reactions of imines 3 with methyl acrylate (MA) to give 4°

Entry Imine Metal salt Solvent Time (days)® Product Yield (%)
1 3a AgOAc MeCN 4 4a 61°
2 3b AgOAc MeCN 2 4b 47¢
3 3b LiBr THF 3 4b 44°
4 3c AgOAc MeCN 3 4c 73
5 3c AgOAc? MeCN 6 4c 304
6 3d AgOAc MeCN 7 4d 22°
7 3d LiBr THF 4 4d 73
8 3e AgOAc MeCN 4 4e 20
9 3e LiBr THF 3 4e 69
10 3g AgOAc MeCN 4 4g 8
11 3h AgOAc MeCN 5.8 4h 12
12 3h LiBr THF 6.8 4h 47
13 3l AgOAc MeCN 5.0 4 37"
14 3m AgOAc MeCN 2.8 4m 80°
15 3n AgOAc MeCN 5.0 4n 90
16 3o LiBr THF 1.8 40 32
17 3p LiBr THF 1.8 4p 75
18 3r AgOAc MeCN 5.0 4r 98
19 3s LiBr THF 0.9 4s 64°
20 3t LiBr THF 1.8 4t 79¢

# The metal salt (1.5 mol equiv), DBU(1.0 mol equiv), imine (1 mol equiv) and methyl acrylate (1 mol equiv) were reacted at rt using a foil protected flask in
the case of AgOAc.

® The reaction times relate to the disappearance of starting material, which was monitored by TLC.

¢ Small amount of Michael adduct (<10%) also formed.

d 2-t-Butyl 1,1,3,3-tetramethyl guanidine was used as the base.

¢ Obtained as a mixture of the imine and cycloadduct (% yield calculated by NMR).

f Michael adduct 51 (29%) also formed.

Scheme 6.
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The cycloadditions of methyl acrylate with the N-(2-
naphthylidene) dimethyl phosphonate imines 3c—e were
relatively straightforward, and gave only the expected
cycloadducts 4c—e whose stereochemistry was established
by 2-D COSY and NOE data (see Section 6).

The efficiencies of the two metal salts (AgOAc and LiBr) in
the cycloaddition of phosphonate imines follows the same
trend as that observed for imines of a-amino esters. Thus,
imines of phenylglycine have been shown to work better
with Li(I) rather than Ag(I) salts. We have argued that
this preference is a result of steric compression between
the phenyl substituent and the ester moiety caused by the
increase in the angles a and b (Scheme 7) necessary for
chelation of the larger silver ion (the respective ionic radii of
Ag(l) and Li(I) are 1.26 and 0.68 A) This compression is
relieved by the phenyl ring twisting out of plane, which
disrupts resonance stabilisation (higher pK, for the crucial
proton a to the ester) and hinders the cycloaddition.

*\/ f

|v|<—0

~OMe

J\\/
C||‘onv|e

M -—0
Scheme 7.

In the case of the phosphonate imines the effect extends to
the phenylalanine analogues (Table 3, entries 8, 9, 17 and
20) and the TBDMS protected serine imine (Table 3, entries
11 and 12).

The geometries of the phosphonate and carboxylate
metallo-dipoles (Scheme 7) are slightly different. In the
tetrahedral phosphonate the angle b will be closer to 109°
rather than the 120° angle of the carboxylate dipole. The
tightening of the angles will be compensated for, to some
extent, by the increase in bond lengths to phosphorus,
(which are ~20% longer than the corresponding bond
lengths to carbon). However, the results clearly suggest that
the steric compression necessary to accommodate the larger
silver ion and to achieve more appropriate bond angles, is

H R1 (\-B
J\ k ~OMe MX

3
R N | |‘OMe
-
H R
J\ Ji ‘\‘\OMe
R N P~oMe
. ||

l o]
Michael adduct 5

Scheme 8.

more pronounced in the phosphonate case compared to the
carboxylate. A further feature of Table 3 is the large amount
of Michael adduct formed from imine 31 (entry 13) but not
from imines 3h, 3o and 3p (Table 3, entries 15-17).

The effect of increasing the electron-withdrawing properties
of the substituents at R' and R® (Scheme 8) would be two
fold. Firstly, the basicity of the imine N-atom would
decrease, which would lower the stability of the metal
complexes A and C. Thus, the proportion of species 3 and B
would increase relative to A and C. Secondly, the pK, of the
a-CH proton would decrease; resulting in the species B and
C being favoured relative to 3 and A. Assuming the anion B
reacts to give the Michael adduct, and that the metallo-
dipole C reacts to give cycloadduct only, combining the two
factors could result in an increase in the proportion of
Michael adduct. However, this would be moderated by the
increased stability of the anion. Thus, in considering the
relative rates of the two processes, our results indicate
Michael addition becomes somewhat more competative
and in the case of 31 the rates are approximately the same.
If this were true, it would require only a slight disturbance of
the equilibrium for Michael addition to become the more
prevalent reaction pathway.

Generally, the use of electron-withdrawing substituents to
activate the imino phosphonates is very effective in
improving the efficiency of the cycloaddition reaction.
Only when the structure is intrinsically activated are
additional electron-withdrawing substituents either
unnecessary or even detrimental. The trends observed in
this series of reactions should prove useful in the fine tuning
of future cycloadditions.

3.2. Cycloadditions with (R)-5(1R)-menthyloxy-2-(5H)-
furanone 8

A second series of cycloadducts was prepared from imines
3b,c and the chiral dipolarophile 8 (Scheme 9). Reaction of
3a,b with 8 occurred over 10-18 h at rt in acetonitrile using
silver acetate-DBU as the catalyst. Enantiopure cyclo-
adducts 9a,b were obtained as single stereoisomers in good
yield (Table 4). The stereochemistry of 9a,b is based on
NOE data (see Section 6) and an X-ray crystal structure’
from our previous related work. Once again the process

T ‘OMe
x—|v|<—0
A
o
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Cycloadduct 4
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proceeds via an endo transition state and as expected the
silver azomethine ylide adds to the face of the dipolarophile
8 trans to the O-menthyl group.” Hence the newly created
stereocentres are 1S, 2R, 45 and 5R (Scheme 9).

4. Variation of the dipolarophile
4.1. N-Methyl maleimide

The AgOAc catalysed reactions of imine 3¢ with N-methyl-
maleimide (NMM) in MeCN (BTMG as base) or DMSO
(Et;N as base) gave cycloadduct 10 (Scheme 10). Low
yields resulted in both cases (Table 4, entries 3 and 4). The
low yield when BTMG was used is due to Michael addition

10

Scheme 10.

a

Table 4. Cycloaddition of Imines 3b,c¢ with various dipolarophiles

H. A. Dondas et al. / Tetrahedron 61 (2005) 10667-10682

9a R®=2-naphthyl R'=H RZ=Et 42%
b. R3=2-naphthyl, R"=Me,R2=Me 58%

of the base to NMM and polymerisation of the resultant
zwitterion. This unwanted side reaction is accompanied by
the appearance of a characteristic deep red colour.>* Use of
DBU in MeCN results in a similar outcome.

The reaction of 3¢ and NMM, using triethylamine as base
in MeCN or DMSO were also very disapponting. No
cycloadduct was isolated from the reaction carried out in
MeCN after stirring for two weeks, whilst a low yield of 10
was obtained in DMSO after 9 days. This suggest that in
DMSO the Michael addition of the weaker nucleophile
(Et3N) to NMM is accelerated and competes and effectively
suppresses cycloaddition.

4.2. Methyl vinyl ketone (MVK)

The reaction of 3¢ with (MVK) gave 11 (Scheme 11,
Table 4, entry 5) in poor yield. The mechanism of formation
11 involves stereospecific formation of the syn or E,E-
metallo-dipole followed by regio- and endo- specific
cycloaddition to the dipolarophile. Michael addition of
the cycloadduct to a second molecule of dipolarophile
(Scheme 11) gives 11.

4.3. Thermal iminium ion cycloaddition

The dimethyl phosphonate analogue of proline 2f was

Entry Imine Dipolarophile Time (h) Product Yield (%)
1 3b 8 18 9a 42
2 3c 8 10 9b 58
3° 3c NMM 9 10 21
4¢ 3¢ NMM 3 10 15
5 3c MVK*? 240 11 25

# Reaction conditions: MeCN, AgOAc (1.5 equiv), DBU (1.0 equiv), 25 °C.
® NEt; and DMSO used.

¢ 2-t-Butyl 1,1,3,3-tetramethyl guanidine used as base.

4 Methylvinyl ketone.
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Scheme 11.

reacted in boiling acetonitrile with thiophene-2-carboxalde-
hyde and NMM. Deprotonation of the intermediate iminium
ion 12 afforded the azomethine ylide (Scheme 12), which
furnished a single cycloadduct 13. The stereochemistry of
13 was assigned on the basis of "H NMR and NOE data (see
Section 6). The magnitude of the Jcy_cp coupling constant
(16 Hz) is characteristic of a cis-relationship between 7-H
and phosphorus. The 15% enhancement of the signal for
3-H (observed on irradiating the signal for 2-H) is consistent
with a cis relationship between these two protons.

The cycloaddition is endo-specific and proceeds via the
stereoselective formation of the syn-dipole, where syn and
anti refer to the relative configurations of the 1,3-H/
PO(OMe), dipole substituents.

By analogy with the cycloaddition of iminium ion derived
from secondary o-amino esters.”> The observed stereo-
selective dipole formation is due to the interaction between
the 1- and 3-substituents of the two dipoles (Scheme 13).35
There is significant out of plane twisting of the thienyl
group, as a consequence of the unfavourable steric
interaction, which disrupts conjugation. This effect is
far greater in Y, due to the size of the dimethyl phospho-
nate ester group, and this dipole is effectively totally
suppressed. It is likely that the endo-transition state of the
cycloaddition to X would also experience the least steric
hindrance.

An alternative azaallyl anion cycloaddition approach has
been reported,’® which leads to mixtures of phosphonate

(MeOb% H

MeCN/Na,SO,, r.t.
2f

Scheme 12.

Scheme 13.

J%OMeb
12 0 NMM,
e e
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analogues of proline and 1-pyrrolidines. The latter are
formed by elimination of the phosphonate moiety.

5. Summary

The metallo-azomethine ylide cycloaddition route has been
implemented for a-iminophophonates following a previous
single thermal example, which gave a 1:1 mixture of endo
and exo-isomers. The rt metallo-azomethine ylide process is
catalysed by AgOAc/DBU or LiBr/DBU. When methyl
acrylate is employed as dipolarophile the cycloaddition
is slow 0.9-6.8 days and yields range from 8-98%.
The cycloadducts are derived from the corresponding
E,E-metallo-azomethine ylides via endo transition states.
The steric compression necessary to accommodate the
larger Ag(I) ion, and achieve appropriate bond angles, is
more pronounced in the case of the sterically more
demanding phosphonate imines compared to the imines of
o-amino esters. As a result of these factors, in the former
cases, Michael addition competes with cycloaddition in
some cases. The significantly slower rate of cycloaddition,
compared to that of imines of a-amino esters, reflects the
higher pK, of a-proton(s) in the iminophosphonates.
Cycloadditions with R-5(1R)-menthyloxy-2-(5H)-furanone,
NMM and MVK were likewise slow (10 h—10 days) and
yields, in these cases, ranged from 15-58%. The
cycloadducts from the chiral dipolarophile were
enantiopure.

6. Experimental

Melting points were determined on a Koffler hot-stage
apparatus and are uncorrected. Mass spectral data were
obtained from VG 7070 and Autospec instruments operating
at 70 eV. Nuclear magnetic resonance spectra were
recorded on Bruker WM250, QE300 and Bruker AM400
instruments operating at 250, 300 and 400 MHz, respect-
ively. Unless otherwise specified deuteriochloroform was
used as solvent. The following abbreviations are used; s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br,
broad; br s, broad singlet; and app, apparent. Microanalyses
were obtained using a Carlo Erba MOD 11016 instrument.
Preparative TLC plates were prepared using silica gel 60 PF
(Merck 7748). Column chromatography was performed
with silica gel 60 (Merck 9385). Chiral HPLC. was
performed on a Chiralcel OD or OG columns (Daicel)
using specified eluants. Petroleum ether refers to the
fraction with bp 40-60 °C. (R)-5(1R)-menthyloxy-2-(5H)-
furanone was purchased from Aldrich and used as
received. Dimethyl N-(phthalimido)methylphosphonate,
diethyl N-(phthalimido)-methylphosphonate, dimethyl
aminomethylphosphonate 2a and diethyl aminomethyl-
phosphonate 2b were synthesised according to literature
procedures. >’

6.1. General procedure for the preparation of o-amino
phosphonates (2c-h)

N-Deprotection of the N-Cbz a-amino phosphonates 1c—h
was achieved by catalytic hydrogenation, using a modifi-
cation of the method of Campbell et al.>’

Compound 2c¢. Dimethyl N-(benzyloxycarbonyl)-1-amido
ethylphosphonate 1c¢ (1 g, 3.49 mmol) and glacial acetic
acid (0.43 g, 7.16 mmol) were dissolved in methanol
(89 mL) in a 250 mL flask. After the addition of 5%
palladium on charcoal (0.95 g), the flask was evacuated and
the air replaced with hydrogen. The contents of the flask
were then vigorously stirred 16h at rt. The resulting
suspension was filtered and evaporated under reduced
pressure (<25 °C), to give the crude acetate salt of the
amine 2¢ in quantitative yield.

An alternatively procedure was used, in which glacial acetic
acid was replaced by p-toluenesulfonic acid (0.7 g,
3.7 mmol), to give the p-toluenesulfonate salt of the amine
2c. Stirring this salt for 30 min, with damp NaHCO; (1.2 g)
in dichloromethane (100 mL), resulted in the formation of
crystalline sodium p-toluenesulfonate. The sodium salt was
removed easily by filtration through Celite and the filtrate
was evaporated to give the pure amine 2¢ (410 mg, 77%).
This method also provided the serine phosphonate analogue
2g via the quantitative removal of both N- and O-protecting
groups of compound 1h.

6.2. General procedure for the preparation of imines
3a-t

The crude acetate salts of a-amino phosphonates 2a-h
(I equiv) in dry dichloromethane were stirred with triethyl-
amine (2 equiv) and anhydrous Na,SO, (excess) for 1h,
prior to the addition of the aldehyde (0.9 equiv). After
stirring 16 h, the suspension was filtered and the filtrate was
evaporated under reduced pressure (<25 °C). In the case
of the aryl aldimines, the resulting gum was suspended
in diethyl ether—from which the imine crystallised on
prolonged storage at 0-4 °C. The aliphatic aldimines
were obtained, after heating (~50°C) under vacuum
(1-5 mmHg) for ~5h, as thick oils contaminated with
trace amounts of acetic acid.

Where the free base was available the aldehyde (0.95 equiv)
was used in the absence of triethylamine, and the imines
were obtained relatively pure after evaporation of the
solvent.

6.2.1. Dimethyl N-(2-naphthylidene)iminomethyl-phos-
phonate 3a. Dimethyl aminomethylphosphonate 2a*?°
(300 mg, 2.17 mmol) and 2-naphthaldehyde (32 mg,
2.06 mmol) were reacted for 16 h to yield the crude imine
3a (600 mg, quant) as a pale yellow solid, mp 85-86 °C; m/z
(%) 277 M™, 3), 168 (17), 167 (17), 141 (52), 124 (100)
and 94 (59); o0 8.45 (d, 1H, J=4.7 Hz, CH=N), 8.15-7.25
(m, 7H, naphthyl-H), 4.19 (d, 2H, Jp_cy=17.6 Hz,CH,P),
and 3.84 (d, 6H, Jp_ocy=10.9 Hz, 2XMeOP).

6.2.2. Diethyl N-(2-naphthylidene) imino methylphos-
phonate 3b. Diethyl aminomethyl phosphonate 2b*2°
(1.68 g, 10 mmol) and 2-naphthaldehyde (1.32¢g,
8.5 mmol) were reacted for 16 h to yield the product 3b
(95%) as a thick yellow oil, which was purified by
distillation using a mole still, 100-200 °C/1-3 mmHg
(found: C, 59.6; H, 6.95; N, 4.08. C,;,H,,NO3;P-H,O
requires: C, 59.50; H, 6.85; N, 4.35%); m/z (%) 306
(MH™, 6), 168 (56), 152 (100), 141 (88) and 125 (97); 6
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8.46 (d, 1H, J=4.8 Hz, CH=N), 8.05-8.00 (m, 2H,
naphthyl-H), 7.94-7.84 (m, 3H, naphthyl-H), 7.56-7.50
(m, 2H, naphthyl-H), 4.27-4.12 (m, 6H, 2X CH,OP and
CH,P) and 1.35 (t, 6H, J=7.1 Hz, MeCH,OP).

6.2.3. Dimethyl N-(2-naphthylidene)imino ethylphospho-
nate 3c. The crude amine salt 2¢ (0.88 g, 3.5 mmol),
triethylamine (1.ImL, 7.89 mmol) and 2-naphthaldehyde
(496 mg, 3.18 mmol) were reacted for 16 h to give the product
3c (580 mg, 57%), which crystallised from diethyl ether/
petroleum ether as colourless needles, mp 124-125 °C (found:
C,61.55;H,6.10; N, 4.65. C,5sH;sNO3P requires: C, 61.79; H,
6.31;N,4.80%); m/z (%) 291 (M™,2), 182 (66), 155 (31), 138
(100) and 110 (42); 6 8.49 (d, 1H, J=4.7 Hz, CH=N), 8.00-
7.49 (m, 7H, naphthyl-H), 3.99 (d of quart, 1H, /J=6.8,
13.5 Hz, CHP), 3.83 (d, 6H, Jp_ocy = 10.5 Hz, 2 X MeOP) and
1.61 (dd, 3H, J=7.0 Hz, Jp_c_cy=18.2 Hz, Me).

6.2.4. Dimethyl N-(2-naphthylidene)-1-imino-1-phenyl
methylphosphonate 3d. The crude amine salt 2d
(963 mg, 2.9 mmol), triethylamine (640 mg, 6.32 mmol)
and 2-naphthaldehyde (399 mg, 2.55 mmol) were reacted
for 16 h to give the product 3d (530 mg, 59%), which was
crystallised from diethyl ether/petroleum ether as colourless
needles, mp 113-116 °C (found: C, 67.70; H, 5.55; N, 3.85.
C,oH,0NO3P requires: C, 67.98; H, 5.70; N, 3.96%); ml/z
(%) 353 (M ™, 0.2), 244 (100) and 200 (41); 6 8.56 (d, 1H,
J=4.6 Hz, CH=N), 8.16-7.27 (m, 12H, naphthyl and
Ar-H), 5.05 (d, 1H, Jp_cy=18.4 Hz, CHP), 3.74 (d, 3H,
JP—OCH:9-8 Hz, MCOP) and 3.71 (d, 3H, JP—OCH: 10.0 Hz,
MeOP).

6.2.5. Dimethyl N-(2-naphthylidene)-1-imino-2-phenyl-
ethylphosphonate 3e. The crude amine salt 2e (800 mg,
2.76 mmol), triethylamine (680 mg, 2.77 mmol) and
2-naphthaldehyde (431 mg, 2.76 mmol) were reacted for
16 h to give the product 3e (440 mg, 44%), which was
crystallised from diethyl ether/petroleum ether as colourless
needles, mp 72-75 °C (found: C, 65.65; H, 5.65; N, 3.45.
C,1H,NO3P-H,O0 requires: C, 65.45; H, 5.75; N, 3.65%);
mlz (%) 367 (M™, 9), 276 (64), 258 (72), 214 (98) and 167
(100); 0 8.05-7.09 (m, 12H, naphthyl and Ar-H), 7.94 (d,
1H, J=4.6 Hz, CH=N), 3.95 (dt, 1H, J=2.2 Hz, Jp_cy=
11.3 Hz, CHP), 3.96 (d, 3H, Jp_ocy = 10.5 Hz, MeOP), 3.85
(d, 3H, Jp_ocu=10.1 Hz, MeOP), 3.42-3.38 (m, 1H,
CH,Ph) and 3.32-3.24 (m, 1H, CH,Ph).

6.2.6. Dimethyl N-(2-naphthylidene)-1-imino-2-hydroxy-
ethylphosphonate 3g. The crude amine 2g (260 mg,
1.54 mmol) and 2-naphthaldehyde (228 mg, 1.46 mmol)
were reacted for 16 h to give the product 3g (330 mg, 74%),
which was crystallised from diethyl ether/petroleum ether as
colourless prisms, mp 113-114 °C (found: C, 58.60; H,
6.10; N, 4.45. C;5HgNO,4P requires: C, 58.65; H, 5.90; N,
4.60%); miz (%) 307 (M, 32), 305 (82), 289 (51), 276 (60),
196 (76), 180 (97) and 154 (100); 6 8.47 (d, 1H, J=4.6 Hz,
CH=N), 8.05-7.50 (m, 7H, naphthyl-H), 4.20-4.13 (m, 2H,
CH,0), 4.05 (dt, 1H, J=8.1Hz, Jp_cy=12.7 Hz, CHP),
3.82 (d, 3H, Jp_ocy=10.9 Hz, MeOP) and 3.81 (d, 3H,
JP—OCH: 104 HZ, MCOP)

6.2.7. Dimethyl N-(cyclohexylidene)imino ethylphospho-
nate 3h. The crude amine 2¢ (410 mg, 2.68 mmol) and

cyclohexane carboxaldehyde (284 mg, 2.53 mmol) were
reacted for 16 h to give the product 3h (668 mg, 94%) as a
pale yellow oil. m/z (%) 245 M ™ —2, 17), 138 (100), 110
(43) and 95 (24); 6 7.59 (t, 1H, J=4.9 Hz, CH=N), 3.80 (d,
3H, JP—OCH: 10.3 Hz, MeOP), 3.77 (d, 3H, JP—OCH:
10.4 Hz, MeOP), 3.63 (dt, 1H, J=6.3 Hz, Jp_cy=
12.7 Hz, CHP), 2.25 (br m, 1H, CHC=N), 1.82-1.60 (m,
5H, cyclohexyl-H), 1.45 (dd, 3H, J=69 Hz, Jp_c_cu=
8.3 Hz, Me) and 1.38-1.13 (m, SH, cyclohexyl-H).

6.2.8. Dimethyl N-(cyclohexylidene)-1-imino-1-phenyl
methylphosphonate 3i. The crude amine salt 2d (960 mg,
2.87 mmol), triethylamine (609 mg, 6.0 mmol) and cyclo-
hexane carboxaldehyde (290 mg, 2.58 mmol) were reacted
for 16 h to give the product 3i (75%) a thick brown oil
purified by heating under vacuum (60 °C/1-5 mmHg). m/z
(%) 310 (MH™, 7), 241 (14), 200 (100) and 106 (37); 6 7.68
(t, 1H, J=2.4 Hz, CH=N), 7.57-7.26 (m, 5H, Ar-H), 4.69
(d, 1H, Jp_cy=18.0 Hz, CHP), 3.69 (d, 3H, Jp_ocu=
15.8 Hz, MeOP), 3.66 (d, 3H, Jp_ocy=15.9 Hz, MeOP),
2.36-2.30 (br m, 1H, CHC=N), 1.94-1.62 (m, 5H,
cyclohexyl-H) and 1.45-1.18 (m, 5H, cyclohexyl-H).

6.2.9. Dimethyl N-(cyclohexylidene)-1-imino-2-phenyl
ethylphosphonate 3j. The crude amine salt 2e (900 mg,
2.76 mmol), triethylamine (447 mg, 4.4 mmol) and cyclo-
hexane carboxaldehyde (279 mg, 2.49 mmol) were reacted
for 16 h to give the product 3j (86%) as a thick brown oil
purified by heating under vacuum (60 °C/1-5 mmHg). m/z
(%) 323 (MH™, 3), 255 (34), 232 (31), 214 (100) and 110
(44); 6 7.33-7.07 (m, 5H, Ar-H), 7.00 (t, 1H, J=4.7 Hz,
CH=N), 3.84 (d, 3H, Jp_ocu=12.7 Hz, MeOP), 3.80
(d, 3H, Jp_ocu=12.6 Hz, MeOP), 3.58 (dt, 1H, J=
2.2 Hz, Jp_cu=11.1 Hz, CHP), 3.32-3.24 (m, 1H, CHPh),
3.11-3.00 (m, 1H, CHPh), 2.41-2.03 (br m, 1H, CHC=N),
1.66-1.52 (m, 5H, cyclohexyl-H) and 1.31-0.97 (m, 5H,
cyclohexyl-H).

6.2.10. Dimethyl N-(2'-naphthylidene)-1-imino-2-{[(¢-
butyl)dimethylsilyl]Joxy} ethylphosphonate 3k. The
crude acetate salt of the a-aminophosphonate 2h (720 mg,
2.1 mmol), triethylamine (246 mg, 2.4 mmol) and
2-naphthaldehyde (311 mg, 2.0 mmol) were reacted for
16 h. The reaction mixture was filtered, washed with brine
and evaporated under reduced pressure (<25 °C). The
resulting gum was crystallised from petroleum ether to give
the product 3k (737 mg, 80%) as colourless needles, mp 88—
90 °C (found: C, 59.85; H, 7.60; N, 3.30. C,;H3,NO4PSi
requires: C, 59.85; H, 7.65; N, 3.30%); m/z (%) 406 (M —
Me, 4), 391 (M—Me,, 1), 364 (100), 276 (9), 254 (35) and
167 (57); 6 8.41 (d, 1H, J=3.7 Hz, CH=N), 8.07-8.04 (m,
2H, naphthyl-H), 7.95-7.84 (m, 3H, naphthyl-H), 7.54-7.52
(m, 2H, naphthyl-H), 4.23-4.20 (m, 1H, CHOSI), 4.06 (dt,
1H, J=4.2 Hz, Jcy_p=10.1 Hz, CHP), 4.03-3.93 (m, 1H,
CHOSi), 3.84 (d, 3H, Jcy_op=10.3 Hz, MeOP), 3.83 (d,
3H, Jcu_op=10.4 Hz, MeOP), 0.81 (s, 9H, #-Bu), 0.04 (s,
3H, SiMe) and —0.06 (s, 3H, SiMe).

6.2.11. Dimethyl N-(4'-nitrobenzylidene)-1-imino ethyl-
phosphonate 3l. The amine 2¢ (577 mg, 3.77 mmol) and
p-nitrobenzaldehyde (5.22 mg, 3.65 mmol) were reacted for
16 h to give the product 31 as a thick dark brown oil (1.04 g,
94% yield) purified by distillation using a mole still, 220 °C/
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0.9 mmHg (found: C, 46.85; H, 5.45; N, 9.60. C{{H;5sN,OsP
requires: C, 46.15; H, 5.30; N, 9.80%); m/z (%) 287 (MH*,
4), 177 (96), 138 (100), 131 (67) and 110 (80); ¢ 8.46 (d, 1H,
J=4.8 Hz, CH=N), 8.28 (d, 2H, J=8.4 Hz, p-nitrophenyl
3,5-H), 7.96 (d, 2H, J=8.4 Hz, p-nitrophenyl 2,6-H), 4.03
(d quart, 1H, J=6.8 Hz, Jcy_p=13.8 Hz, CHP), 3.83 (d,
6H, Jcy_op=10.3 Hz, 2XMeOP) and 1.61 (dd, 3H, J=
6.9 HZ, JCH—CP: 18.1 HZ, MECHP)

6.2.12. Dimethyl N-(2'-iodobenzylidene)-1-imino ethyl-
phosphonate 3m. The amine 2¢ (1.15 g, 7.5 mmol) and
o-iodobenzaldeyde (1.6 g, 6.9 mmol) were reacted for 16 h
to yield a thick colourless oil 3m (1.14 g, 90%), (found: C,
35.95; H, 4.05; N, 4.0. C;;H;5INO3P requires: C, 36.0; H,
4.10; N, 3.80%); mlz (%) 368 (MH ™, 4), 258 (66), 232 (29),
203 (7), 138 (100), 130 (65) and 110 (77); 6 8.51 (d, I1H, J=
4.8 Hz, CH=N), 8.01 (d, 1H, J=7.6 Hz, o-iodophenyl
3-H), 7.86 (d, 1H, J=7.8 Hz, o-iodophenyl 6-H), 7.37 (t,
1H, J=7.4 Hz, o-iodophenyl 4-H), 7.13 (t, 1H, J=7.5 Hz,
o-iodophenyl 5-H), 4.03 (d quart, 1H, J=6.8 Hz, Jcg_p=
13.5 Hz, CHP), 3.83 (d, 3H, Jcu_op= 10.3 Hz, MeOP), 3.82
(d, 3H, Jcp_op=10.4 Hz, MeOP) and 1.60 (dd, 3H, J=
6.8 Hz, Jcy_cp=18.1 Hz, MeCHP).

6.2.13. Dimethyl N-(2'-pyridylidene)-1-imino ethylphos-
phonate 3n. The amine 2c¢ (577 mg, 3.77 mmol) and
pyridine-2-carboxaldehyde (399 mg, 3.73 mmol) were
reacted for 16 h to give the product 3n as a thick dark
brown oil (830 mg, 88%), (found: C, 49.45; H, 6.10; N,
11.45. CoH;sN,O3P requires: C, 49.60; H, 6.25; N,
11.55%); mlz (%) 243 (MH™, 2), 227 (3), 195 (4), 139
(7), 133 (100), 110 (57) and 92 (89); ¢ 8.67 (d, 1H, J=
4.3 Hz, CH=N), 8.45 (d, 1H, J=4.7 Hz, pyridyl 3-H), 8.08
(d, 1H, J=7.7 Hz, pyridyl 6-H), 7.77 (t, 1H, J=17.5 Hz,
pyridyl 4-H), 7.36 (+-1H, J=6.0 Hz, pyridyl 5-H), 4.05 (d
quart, 1H, J=6.8 Hz, Jcy_p=13.5 Hz, CHP), 3.83 (d, 6H,
Jen-op=10.5 Hz, 2XMeOP) and 1.61 (dd, 3H, /J=6.9 Hz,
Jen-cp=18.1 Hz, MeCHP).

6.2.14. Dimethyl N-(2’-pyridylidene)-1-imino-1-phenyl
methylphosphonate 3o0. The amine 2d (634 mg,
2.95 mmol) and pyridine-2-carboxaldehyde (577 mg,
5.39 mmol) were reacted for 16 h to yield (1.15 g, 91%)
the product 30, which was crystallised from dichloro-
methane/diethylether as colourless prisms, mp 106-108 °C
(found: C, 59.20; H, 5.35; N, 9.15. CsH;7N,03P requires:
C, 59.20; H, 5.65; N, 9.20%); m/z (%) 305 (MH™, 1), 227
(2), 200 (45), 195 (100), 167 (13), 105 (8) and 92 (50); 6
8.56 (d, 1H, J=4.5 Hz, CH=N), 8.41 (d, 1H, J=4.8 Hz,
pyridyl 3-H), 8.13 (d, 1H, J=7.9 Hz, pyridyl 6-H), 7.69 (t,
1H, J=7.2 Hz, pyridyl 4-H), 7.56 (d, 2H, J=7.4 Hz, Ar
2,6-H), 7.33-7.21 (m, 4H, Ar-H and pyridyl 5-H), 4.97 (d,
1H, JCH—P: 18.6 HZ, CHP), 3.62 (d, 3H, JCH—OP: 10.7 HZ,
MeOP) and 3.60 (d, 3H, Jcy_op=10.6 Hz, MeOP).

6.2.15. Dimethyl N-(2'-pyridylidene)-1-imino-2-phenyl
ethylphosphonate 3p. The amine 2e (654 mg, 2.85 mmol)
and pyridine-2-carboxaldehyde (554 mg, 5.17 mmol) were
reacted for 16 h to yield the product 3p in quantitative yield,
which was crystallised from diethyl ether/ethyl acetate as
colourless prisms, mp 78-81 °C (found: C, 60.25; H, 5.70;
N, 8.65. C;¢H19N,O3P requires: C, 60.35; H, 6.0; N,
8.80%); mlz (%) 318 (M™, 1), 287 (1), 240 (1), 227 (100),

214 (51), 209 (95), 195 (40), 182 (31), 118 (33), 110 (37)
and 91 (72); 6 8.50 (d, 1H, J=4.6 Hz, CH=N), 7.99 (d, 1H,
J=7.8 Hz, pyridyl 3-H), 7.88 (d, 1H, J=4.7 Hz, pyridyl
6-H), 7.66 (td, 1H, J=1.4, 7.8 Hz, pyridyl 4-H), 7.23
(apparent t, 1H, J=6.9 Hz, pyridyl 5-H), 7.15-7.03 (m, 5H,
Ar-H), 3.91 (dt, 1H, J=2.5, 11.3 Hz, CHP), 3.75 (d, 6H,
Jen-op=10.3 Hz, 2XMeOP), 3.34 (ABXY, 1H, J=2.8,
8.2, 13.8 Hz, CHCP).

6.2.16. Dimethyl N-(2'-thienylidene)-1-imino ethylphos-
phonate 3r. The amine 2¢ (577 mg, 3.77 mmol) and
thiophene-2-carboxaldehyde (429 mg, 3.83 mmol) were
reacted for 16 h to give the product 3r (780 mg, 79%
yield) as a yellow oil by distillation using a mole still (60—
100 °C/0.3-0.4 mmHg) (found: C, 43.55; H, 5.75; N, 5.60.
CoH4NO3PS requires: C, 43.75; H, 5.70; N, 5.65%); m/z
(%) 248 (MH ™, 1), 138 (100), 111 (87), 110 (62), 109 (22)
and 96 (19); 6 8.42 (d, 1H, J=4.3 Hz, CH=N), 7.41 (d, 1H,
J=5.0 Hz, thienyl 5-H), 7.34 (d, 1H, J=3.4 Hz, thienyl
3-H), 7.06 (apparent t, 1H, J=4.3 Hz, thienyl 4-H), 3.90 (d
quart, 1H, J=7.0 Hz, Jcy_p=14.1 Hz, CHP), 3.79 (d, 6H,
Jen_op=10.3 Hz, 2XMeOP) and 1.53 (dd, 3H, J=7.0 Hz,
JCH7CP= 18.0 HZ, MECHP)

6.2.17. Dimethyl N-(2'-thienylidene)-1-imino-1-phenyl
methylphosphonate 3s. The amine 2d (664 mg,
3.09 mmol) and thiophene-2-carboxaldehyde (604 mg,
5.39 mmol) were reacted for 16 h to yield the product 3s
in quantitative yield by distillation using a Kugelrohr
apparatus (40-84 °C/0.3 mmHg) (found: C, 50.95; H, 5.10;
N, 4.25. C;5HgsNO3PS-H,O requires: C, 51.35; H, 5.55; N,
4.30%); mlz (%) 310 (MH™, 1), 231 (1), 218 (3), 200 (100),
173 (9), 153 (16), 148 (18) and 111 (18); 6 8.39 (d, 1H, J=
4.6 Hz, CH=N), 7.50 (d, 2H, J=7.4 Hz, Ar 2,6-H), 7.36—
7.18 (m, 5H, Ar-H and thienyl 3,5-H), 6.99 (t, 1H, J=
4.3 Hz, thienyl 4-H), 4.87 (d, 1H, Jcy_p=18.9 Hz, CHP),
3.66 (d, 3H, Jcy_op=10.4 Hz, MeOP) and 3.60 (d, 3H,
JCH—OP= 10.6 HZ, MCOP)

6.2.18. Dimethyl N-(2'thienylidene)-1-imino-2-phenyl
ethylphosphonate 3t. The amine 2e (705 mg, 3.08 mmol)
and thiophene-2-carboxaldehyde (580 mg, 5.17 mmol)
were reacted for 16 h to yield the product 3t in quantitative
yield by distillation using a Kugelrohr apparatus (20-70 °C/
0.09 mmHg) followed by crystallisation from diethyl ether
to afford colourless prisms, mp 68-70 °C, (found: C, 55.95;
H, 5.45; N, 4.45. C,5sH;3sNO5PS requires: C, 55.71; H, 5.61;
N, 4.35%); m/z (%) 323 (M ™, 5), 232 (56), 214 (100), 200
(20), 123 (20), 110 (47) and 93 (32); 6 7.90 (d, 1H, J=
4.5 Hz, CH=N), 7.39 (d, 1H, J=5.1 Hz, thienyl 5-H),
7.24-7.12 (m, 6H, Ar-H and thienyl 3-H), 7.0 (dd, 1H, J=
3.8, 4.9 Hz, thienyl 4-H), 3.84 (d, 4H, Jcy_op=10.4 Hz,
MeOP and CHP), 3.81 (d, 3H, Jcy_op=10.6 Hz, MeOP),
3.34 (ABXY, 1H, J=2.6, 7.9, 13.6 Hz, CHCP) and 3.19
(ABXY, 1H, J=17.5, 10.8, 13.6 Hz, CHCP).

6.3. General procedure for the metal catalysed cyclo-
addition reactions

A mixture of the imine 3 (I mol equiv), base (DBU or
BTMG) (I mol equiv), dipolarophile (I mol equiv) and
metal salt (AgOAc or LiBr) (1.5 mol equiv) in an
appropriate solvent (MeCN, THF or toluene) was stirred
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for the time shown in Tables 2 and 3. To compensate for loss
by evaporation, 2-3 equiv of the lower boiling dipolar-
ophiles (e.g., methyl-acrylate, -propiolate and -vinyl ketone)
were used. The reaction mixture was filtered, and quenched
by the addition of saturated ammonium chloride. The
organic layer was separated and the aqueous layer extracted
twice with diethyl ether. The combined organic layers were
then washed with brine, dried (anhyd. Na,SO,4) and the
solvent removed under reduced pressure. The residue was
purified by flash column chromatography. Yields are
collected in Tables 2 and 3.

6.3.1. Dimethyl c-4-methoxycarbonyl-c-5-(2’-naphthyl)
pyrrolidine-r-phosphonate 4a. Work-up followed by flash
chromatography eluting with 10:1 v/v ethyl acetate/ethanol
afforded the product 4a as a pale brown gum (contaminated
with a trace amount of Michael adduct 5a); 6 7.92-7.68 (m,
4H, naphthyl-H), 7.49-7.39 (m, 3H, naphthyl-H), 4.63 (d, 1H,
J=10.2 Hz, 5-H), 3.96 (d, 3H, Jp_ocu=17.1 Hz, MeOP),
3.92 (d, 3H, Jp_ocu=17.0 Hz, MeOP), 3.66 (br s, 1H, NH),
3.56 (m, 1H, 2-H), 3.39 (q, 1H, /=9.2 Hz, 4-H), 3.00 (s, 3H,
MeOC), 2.63 (m, 1H, 3-Hy) and 2.31 (m, 1H, 3-H,).

6.3.2. Diethyl c-4-methoxycarbonyl-c-5-(2’-naphthyl)
pyrrolidine-r-phosphonate 4b. Work-up followed by
flash chromatography eluting with 10:1 v/v ethyl acetate/
ethanol afforded several fractions containing different
amounts of cycloadduct 4b and Michael adduct Sb (Scheme
4). The best sample of cycloadduct (contaminated with only
a small amount of Michael adduct 5b) was analllsed by 'H
NMR and mass spectroscopy; m/z (%) 390 M ™, 36), 330
(28), 254 (100), 194 (67), 167 (78) and 127 (62); 6 7.87-
7.75 (m, 4H, naphthyl-H), 7.52-7.41 (m, 3H, naphthyl-H),
4.68 (d, 1H, /=9.1 Hz, 5-H), 4.42-4.23 (m, 4H, CH,OP),
3.55(ABX, 1H,J=4.8,6.7,11.1 Hz, 2-H), 3.43 (q, 1H, J=
8.5 Hz, 4-H), 3.05 (s, 3H, MeOC), 2.70-2.63 (m, 4H, CH,
and NH,) and 1.5-1.28 (m, 6H, MeCH,OP). The lithium
bromide-catalysed reaction afforded fractions containing
different amounts of lactam 6 and cycloadduct 4b. A sample
consisting of a 2:1 mixture of lactam 6 and cycloadduct 4b
was analysed by "H NMR and mass spectroscopy; m/z 445
(M™, 33), 389 (34), 308 (100) and 254 (45); 6 5.25 (d,1H,
J=10.0 Hz, 2-H).

6.3.3. Diethyl 1-aza-c-2-(2'-naphthyl)-c-3-methoxy-
carbonyl-8-oxobicyclo[3.3.0]octane-r-5-phosphonate 6.
Work-up followed by flash chromatography eluting with
10:1 v/v ethyl acetate/methanol afforded three fractions
containing different mixtures of the lactam 6 and the
cycloadduct 4b. The fraction containing the most lactam
(3.5:1 by '"H NMR) was subjected to a further column
chromatography purification step. Elution with 5:1 v/v ethyl
acetate/methanol afforded a thick yellow oil (4:1 by 'H
NMR), which crystallised from diethyl ether as colourless
prisms, mp 103-104 °C; m/z (%) 445 M, 7),384 (42), 308
(100), 276 (35), 248 (64), 206 (31), 180 (32), 116 (18), 55
(45); HRMS of (M—PO(OEt),): found 308.128, calcd
308.129; 6 7.82-7.70 (m, 4H, naphthyl-H), 7.47-7.41 (m,
3H, naphthyl-H), 5.41 (d, 1H, J=8.6 Hz, 2-H), 4.14-3.95
(m, 5H, 2XCH,OP and 3-H), 3.74 (s, 3H, MeOC), 3.08
(ABXY, 1H, J=8.8, 12.7, 16.8 Hz, 7-Hy,), 2.85 (ABXY,1H,
J=175,10.2, 13.2 Hz, 4-Hy,), 2.79 (dt, 1H, J=8.7, 12.7 Hz,
6-Hy), 2.52 (dd, 1H, J=9.2, 16.7 Hz, 7-H,), 2.20 (dt, J=

8.9, 12.9 Hz, 4-H,), 2.10 (dt, 1H, J=4.5, 12.5 Hz, 6-H,) and
1.19-1.13 (m, 6H, 2 X MeCH,OP).

6.3.4. Dimethyl c-4-methoxycarbonyl-2-methyl-c-5-(2'-
naphthyl)pyrrolidine-r-2-phosphonate 4c. Work-up
followed by flash chromatography eluting with a diethyl
ether/ethyl acetate afforded the product 4c, which was
crystallised from ether/hexane as colourless prisms, mp
113-114 °C (found: C, 60.30; H, 6.65; N, 3.75.
C19H4NOsP requires: C, 60.47; H, 6.40; N, 3.71%); m/z
(%) 377 M, 2), 291 (39), 267 (46), 208 (100), 181 (90)
and 140 (63); 6 7.83-7.74 (m, 4H, naphthyl-H), 7.51-7.40
(m, 3H, naphthyl-H), 4.97 (d, 1H, J=9.4 Hz, 5-H), 3.99 (d,
3H, JP—OCH: 10.1 HZ, MeOP), 3.88 (d, 3H, JP—OCH:
10.4 Hz, MeOP), 3.59 (apparent dt, 1H, J=8.7, 9.4 Hz,
4-H), 3.02 (s, 3H, MeOC), 2.92 (ABXY and brs, 2H, /=9.3,
13.0, 15.6 Hz, 3-H, and NH), 1.92 (ABXY, 1H, /=20, 8.1,
13.0 Hz, 3-H,) and 1.51 (d, 3H, Jp_c_cu=15.7 Hz, 2-Me).

NOE data:
Signal irradiated Enhancement (%)

3-Ha 3-Hb 4-H 5-H
3-Ha — 25 8 —
3-Hb 19 — — 4
4-H 4 — — 9
5-H — — 11 —

6.3.5. Dimethyl c-4-methoxycarbonyl-2-phenyl-c-5-(2’-
naphthyl)pyrrolidine-r-2-phosphonate 4d. Work-up
followed by flash chromatography eluting with 10:1 v/v
ethyl acetate/ethanol afforded the product 4d, which was
crystallised from diethyl ether/petroleum ether as colourless
plates, mp 120-121 °C (found: C, 65.60; H, 5.70; N, 3.10.
C,4H6NOsP requires: C, 65.59; H, 5.96; N, 3.18%); m/z
(%) 439 (M ™, 0.1), 408 (0.5), 330 (57), 270 (100) and 243
(85); 6 7.84-7.32 (m, 12H, naphthyl and Ar-H), 4.68 (t, 1H,
J=81Hz, 5-H), 3.79 (d, 3H, Jp_ocy=10.5 Hz, MeOP),
3.72 (d, 3H, Jp_ocu=10.4 Hz, MeOP), 3.27 (m, 3H, 3-H,,
4-H and NH), 3.02 (s, 3H, MeOC) and 2.76 (ABXY, 1H,
J=13, 7.3, 12.7 Hz, 3-H,).

NOE data:
Signal irradiated Enhancement (%)

3-Ha 3-Hb 4-H 5-H
3-Ha — 26 8 —
3-Hb 16 — —
4-H 4 — — 9
5-H — — 10 —
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6.3.6. Dimethyl c-4-methoxycarbonyl-2-benzyl-c-5-(2'-
naphthyl)pyrrolidine-r-2-phosphonate 4e. Work-up
followed by flash chromatography eluting with 10:1 v/v
ethyl acetate/ethanol afforded the product 4e, which
crystallised from hexane as colourless prisms, mp 122—
123 °C (found: C, 66.40; H, 6.05; N, 3.15. C,5H,gNOsP
requires: C, 66.20; H, 6.20; N, 3.10%); m/z (%) 453 (M+,
0.2),422 (0.8),362 (51), 343 (61), 284 (86), 257 (49) and 91
(100); 6 7.77-7.70 (m, 4H, naphthyl), 7.46-7.28 (m, 8H,
naphthyl and Ar-H), 4.64 (d, 1H, J=9.2 Hz, 5-H), 3.87
(d, 3H, JP—OCHZIO'Z HZ, MCOP), 3.86 (d, 3H, JP—OCH:
10.3 Hz, MeOP), 3.22 (ABX, 1H, J=10.1, 13.7 Hz, CHPh),
3.13-2.91 (m, 3H, CHPh, 4-H and 3-H,), 3.26-2.97 (m, 4H,
CH,Ph, 4-H and 3-Hy), 2.94 (s, 3H, MeOC), 2.34 (br s, 1H,
NH) and 2.23-2.12 (m, 1H, 3-H,).

6.3.7. Dimethyl 2-hydroxymethyl-c-4-methoxycarbonyl-
¢-5-(2'-naphthyl)pyrrolidine-r-2-phosphonate 4g. Work-
up followed by flash chromatography eluting with 5:1
v/v ethyl acetate/ethanol afforded the product 4g as a
colourless oil. m/z (%) 362 (MH+, 47), 310 (43), 265
(27), 167 (38) and 83 (100); 6 7.97-7.68 (m, 4H,
naphthyl), 7.58-7.37 (m, 3H, naphthyl and Ar-H), 4.62
(d, 1H, J=10.2Hz, 5-H), 4.05 (d, 3H, Jp_ocu=
10.2 Hz, MeOP), 3.86 (d, 4H, Jp_ocu=10.2 Hz, MeOP
and CHOH), 3.71-3.66 (m, 1H, CHOH), 3.59-3.42 (m,
1H, 4-H) 3.05 (s, 3H, MeOC), 2.97-2.76 (m, 1H, 3-Hy)
and 2.00-1.85 (m, 1H, 3-H,).

6.3.8. Dimethyl 2-{[(#-buty1l)dimethylsilyl]Joxy} methyl-c-
4-methoxycarbonyl-c-5-(2'-naphthyl)pyrrolidine-r-2
phosphonate 4h. Work-up followed by flash chromato-
graphy (the column was pre-washed with chloroform/
triethylamine to prevent cleavage of the OTBDMS group)
eluting with diethyl ether afforded the product 4h as a
brown gum (found: C, 57.65; H, 7.20; N, 2.85.
C,5H3sNOgPSi requires: C, 59.15; H, 7.20; N, 2.75%);
HRMS found 507.223, calcd 507.221; m/z (%) 507
M™, 2), 476 (5), 448 (20), 389 (35), 362 (95), 340
(95), 216 (13), 170 (100), 156 (94) and 127 (5); 6 7.84
(s, 1H, naphthyl-H), 7.80-7.77 (m, 2H, naphthyl-H),
7.75 (d, 1H, J=38.7 Hz, naphthyl-H), 7.52 (dd, 1H, J=
1.7, 8.5 Hz, naphthyl-H), 7.45-7.40 (m, 2H, naphthyl
H), 5.06 (d, 1H, J=9.8 Hz, 5-H), 3.94 (d, 3H, Jcy_op=
10.3 Hz, MeOP), 3.90 (ABX, 1H, J=10.4 Hz, Jcy_cp=
21.5Hz, CHOSi), 3.89 (d, 3H, Jcm op=10.4 Hz,
MeOP), 3.80 (ABX, 1H, Jcy_cp=9.2, 10.5Hz,
CHOSi), 3.63 (dt, 1H, J=8.8, 9.5 Hz, 4-H), 2.99 (s,
3H, MeOC), 2.94 (ABXY, 1H, J=8.9, 13.4 Hz, Jcy op=
17.2 Hz, 3-Hb), 2.08 (ABXY, 1H, Jcy_op=2.8 Hz, J=8.6,
13.3 Hz, 3-H,), 0.94 (s, 9H, #-BuSi) and 0.12 (s, 6H, 2X
MeSi).

R = - CH,OSi(CH,),C(CH,),

NOE data:
Signal irradiated Enhancement (%)

2-Hownfiely ~ 3-Ha 3-H, 4-H 5.H

2‘H(upﬁe]d) 16 — — — 1
3-H, 11 - 2 9 —
3-H, — 11 — — —
4-H — 3 — — 10
5-H — - — 10

6.3.9. Dimethyl 2-methyl-c-4-methoxycarbonyl-c-4'-
nitrophenyl) pyrrolidine-r-2-phosphonate 41. Work-up
followed by flash chromatography, eluting with a gradient
from diethyl ether to 1:1 v/v ethyl acetate/methanol,
afforded four fractions containing different mixtures of the
cycloadduct 41 and the Michael adduct 51. The two fractions
containing the most cycloadduct were subjected to a further
column chromatography purification step. Elution with 10:1
v/v ethyl acetate/methanol afforded the pure cycloadduct,
which was crystallised from ethyl acetate/diethyl ether as
yellow prisms, mp 156158 °C (found: C, 48.30; H, 5.65; N,
7.45. C15sH,N,O4P requires: C, 48.40; H, 5.70; N, 7.55%);
mlz (%) 357 M —Me, 2), 341 (2), 286 (1), 263 (100), 203
(38) and 176 (33); 6 8.14 (d, 2H, J=8.7 Hz, p-nitrophenyl
3’, 5'-H), 7.59 (d, 2H, J=8.7 Hz, p-nitrophenyl 2/, 6'-H),
4.93 (d, 1H,J=9.7 Hz, 5-H), 3.92 (d, 3H, Jcy_op=10.3 Hz,
MeOP), 3.85 (d, 3H, Jcy_op=10.5 Hz, MeOP), 3.60 (dt,
1H, J=8.2,9.7 Hz, 4-H), 3.19 (s, 3H, MeOC), 2.83 (ABXY,
1H, J=10.2, 13.1 Hz, Jcy_op=15.4 Hz, 3-H,,), 2.09 (br s,
1H, NH), 1.95 (ABXY, 1H, Jcy.op=1.6 Hz, J=17.9,
13.0 Hz, 3-H,) and 1.48 (d, 3H, Jcy_op=15.5 Hz, 2-Me).

6.3.10. Dimethyl N-(4'-nitrobenzylidene)-1-imino-1-
methyl-3methoxycarbonylpropylphosphonate 51. The
two fractions, which contained the most Michael adduct
(described in Section 6) were combined and subjected to a
further column chromatography purification step. Elution
with an ethyl acetate/methanol gradient afforded the product
51 as a thick brown oil, (found: C, 46.10; H, 5.45; N, 7.10.
C,sH,1N,O,P-H,O0 requires: C, 46.15; H, 5.95; N, 7.20%);
mlz (%) 373 M ™, 2), 359 (2), 341 (10), 263 (100), 224 (27),
203 (54), 176 (18) and 151 (82); 6 8.46 (d, 1H, J=5.2 Hz,
CH=N), 8.28 (d, 2H, J=8.7 Hz, p-nitrophenyl 3’, 5'-H),
7.95 (d, 2H, J=8.6 Hz, p-nitrophenyl 2', 6’-H), 3.79 (d, 3H,
Jen-op=10.4 Hz, MeOP), 3.78 (d, 3H, Jcu_op=10.4 Hz,
MeOP), 3.64 (s, 3H, MeOC), 2.58-2.16 (m, 4H, 2XCH,
and 1.56 (d, 3H, JCH—OP: 15.5 Hz, MCCP)

6.3.11. Dimethyl 2-methyl-c-4-methoxycarbonyl-c-5-(2'-
iodophenyl)pyrrolidine-r-2-phosphonate 4m. Work up
followed by flash chromatography eluting with 5:1 v/v ethyl
acetate/methanol afforded the product 4m, which crystal-
lised from dichloromethane as colourless prisms, mp 121-
123 °C (found: C, 39.55; H, 4.40; N, 3.0. C;sH,;INOsP
requires: C, 39.75; H, 4.65; N, 3.10%); m/z (%) 452 M — 1,
0.2), 344 (100), 284 (27), 257 (40) and 216 (53); 6 7.78 (d,
1H, J=17.8 Hz, 0-iodophenyl 3’-H), 7.58 (d, 1H, /=7.8 Hz,
o-iodophenyl 6'-H), 7.30 (t, 1H, J=6.4 Hz, o-iodophenyl
4'-H), 6.94 (t, 1H, J=7.6 Hz, o-iodophenyl 5'-H), 4.98
(d, 1H, J=9.2 Hz, 5-H), 4.00 (d, 3H, Jcg_op=10.0 Hz,
MeOP), 3.86 (d, 3H, Jcy_op=10.4 Hz, MeOP), 3.68 (dt,
1H, J=8.1, 8.5 Hz, 4-H), 3.10 (s, 3H, MeOC), 2.86 (ABXY,
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1H,J=7.5,13.2 Hz, Joy_op= 16.1 Hz, 3-Hy), 2.01-1.93 (br
s, 1H, NH), 1.94 (ABXY, 1H, J=3.1, 8.8, 13.3 Hz, 3-H,)
and 1.52 (d, 3H, Jep_op=15.6 Hz, 2-Me).

6.3.12. Dimethyl N-(2'-iodobenzylidene)-1-imino-1-
methyl-3-methoxycarbonyl propylphosphonate Sm. The
Michael adduct Sm was observed in the crude reaction
mixture and as a minor component (~8% by '"H NMR) in
fractions of the cycloadduct 4m; 6 8.52 (d, 1H, /J=4.6 Hz,
CH=N), 7.95 (d, 1H, J=8.1Hz, o-iodophenyl 3’-H),
7.85 (d, 1H, J=8.6 Hz, o-iodophenyl 6'-H), 7.36 (t, 1H,
J=8.1Hz, o-iodophenyl 4'-H), 7.11 (t, 1H, J=8.6 Hz,
o-iodophenyl 5’-H), 3.81 (d, 3H, Jcy_op = 10.2 Hz, MeOP),
3.79 (d, 3H, Jcy_op=10.1 Hz, MeOP), 3.63 (s, 3H, MeOC),
2.61-2.12 (m, 4H, 2XCH,) and 1.57 (d, 3H, Jcy_op=
14.7 Hz, MeCP).

6.3.13. Dimethyl 2-methy1-c-4-methoxycarbonyl-c-5-(2'-
pyridyl)pyrrolidine-r-2-phosphonate 4n. Work-up fol-
lowed by flash chromatography eluting with a gradient
from ethyl acetate to 3:2 v/v ethyl acetate/methanol
afforded the product 4n as a dark brown gum; HRMS of
M —PO(OMe),; found 219.113, calcd 219.113; m/z (%) 326
M—2,10), 311 (3), 297 (2), 283 (3), 267 (5), 253 (2), 233
(53), 219 (100), 187 (32), 159 (43), 132 (53) and 79 (42); 6
8.49 (d, 1H, J=5.1 Hz, pyridyl 6'-H), 7.66 (dt, 1H, J=1.7,
7.6 Hz, pyridyl 4'-H), 7.57 (d, 1H, J="7.6 Hz, pyridyl 3’-H),
7.15 (ABX, 1H, J=1.2, 5.5, 7.1 Hz, pyridyl 5'-H), 4.91 (d,
1H, J=9.4Hz, 5-H), 3.88 (d, 3H, Jcu_op=10.3 Hz,
MeOP), 3.87 (d, 3H, Jcy_op=10.4 Hz, MeOP), 3.61 (dt,
1H, J=8.4,9.1 Hz, 4-H), 3.25 (s, 3H, MeOC), 2.79 (ABXY,
1H, J=9.3, 13.0 Hz, Jcy_op=15.5 Hz, 3-H,), 2.58 (br s,
1H, NH), 2.01 (ABXY, 1H, Jcy_op=2.3 Hz, J=8.0,
12.9 Hz, 3-H,) and 1.48 (d, 3H, Jcy_op=15.7 Hz, 2-Me).

6.3.14. Dimethyl 2-phenyl-c-4-methoxycarbonyl-c-5-(2'-
pyridyl)pyrrolidine-r-2-phosphonate 40. Work-up fol-
lowed by flash chromatography (the column was pre-
washed with with 2% v/v concd ammonia in ether (4 mL of
33% w/w aqueous ammonia in 250 mL of ether) to aid the
separation) eluting with a gradient from 1:1 v/v ether/ethyl
acetate to 5:1 v/v ethyl acetate/methanol afforded a dark
brown gum. Crystallisation from diethyl ether/ethyl acetate
gave 40 as colourless prisms, mp 129-130 °C, (found: C,
58.20; H, 5.90; N, 7.0. C,19H,3N,O5P requires: C, 58.45; H,
5.95; N, 7.20%); m/z (%) 391 (MH™, 1), 359 (1), 329 (1),
313 (2), 281 (100), 249 (16), 221 (37) and 195 (28); 6 8.55
(d, 1H, J=4.6 Hz, pyridyl 6’-H), 7.74 (dd, 2H, J=1.8,
7.4 Hz, phenyl 2', 6'-H), 7.65 (dt, 1H, J=1.6, 7.7 Hz,
pyridyl 4-H), 7.42-7.29 (m, 4H, phenyl-H and pyridyl
3'-H), 7.17 (dd, 1H, J=5.3, 7.1 Hz, pyridyl 5'-H), 4.58
(d, 1H, J=9.7 Hz, 5-H), 3.82 (d, 3H, Jcy_op=10.3 Hz,
MeOP), 3.55 (d, 3H, Jcy_op= 10.0 Hz, MeOP), 3.18 (s, 3H,
MeOC), 3.16 (dt, 1H, J=7.3,9.7 Hz, 4-H), 2.97 (dt, 1H, J=
9.8, 13.0 Hz, Jcy_op=12.9 Hz, 3-H,) and 2.76 (ABXY, 1H,
J=1.1,74, 12.5 Hz, 3-H,).

6.3.15. Dimethyl 2-benzyl-c-4-methoxycarbonyl-c-5-(2'-
pyridyl)pyrrolidine-r-2-phosphonate 4p. Work-up fol-
lowed by flash chromatography (the column was pre-
washed with with 2% v/v concd ammonia in ether (4 mL of
33% w/w aqueous ammonia in 250 mL of ether) to aid the
separation) eluting with a gradient from ethyl acetate to 1:1

v/v ethyl acetate/methanol afforded the product 4p as a pale
brown gum; HRMS of M—PO(OMe),, found, 313.095,
caled 313.095; m/z (%) 402 M —2, 2), 373 (2), 343 (2), 313
(100), 295 (27), 281 (22), 263 (14), 235 (48), 227 (4 1), 208
(66) and 91 (60); 6 8.41 (d, 1H, J=5.2 Hz, pyridyl 6'-H),
7.66-7.58 (m, 2H, pyridyl 3/, 4’-H), 7.36-7.28 (m, 5H,
phenyl-H), 7.12-7.07 (m, 1H, pyridyl 5'-H), 4.64 (d, 1H,
J=9.1Hz, 5-H), 3.81 (d, 3H, Jcy_op=10.0 Hz, MeOP),
3.76 (d, 3H, Jcy_op=10.6 Hz, MeOP), 3.18 (5, 3H, MeOC),
3.17 (ABX, 1H, J=9.8, 13.7 Hz, CHPh), 3.07-2.88 (m, 3H,
CHPh, 3-Hy, and 4-H), 2.58 (br s, 1H, NH) and 2.76 (m, 1H,
3-H,).

6.3.16. Dimethyl 2-methyl-c-4-methoxycarbonyl-c-5-(2'-
thienyl)pyrrolidine-r-2-phosphonate 4r. Work-up fol-
lowed by flash chromatography eluting with 10:1 v/v ethyl
acetate/methanol afforded the product 4r, which crystallised
from ethyl acetate—ether as colourless prisms, mp 86-88 °C
(found: C, 46.70; H, 5.85; N, 3.90. C,3H,(,NOsP requires: C,
46.85; H, 6.05; N, 4.20%); m/z (%) 331 M —2, 3), 302 (7),
286 (4), 272 (2), 224 (100), 192 (34), 164 (44), 137 (44)
and 96 (38); 6 7.17 (dd, 1H, J=1.0, 5.0 Hz, thienyl 5'-H),
6.95-6.92 (m, 2H, thienyl 3/, 4’-H), 5.13 (d, 1H, J=9.6 Hz,
5-H), 3.99 (d, 3H, Jcy_op=10.1 Hz, MeOP), 3.84 (d, 3H,
Jen_op=10.4 Hz, MeOP), 3.51 (dt, 1H, J=8.2, 9.5 Hz,
4-H), 3.33 (s, 3H, MeOC), 2.85 (ABXY, 1H, /=10.0,
13.1 Hz, Jcy_op=15.6 Hz, 3-H,), 2.31, (br s, 1H, NH), 1.92
(ABXY, 1H, J=1.2, 7.8, 12.8 Hz, 3-H,) and 1.46 (d, 3H,
JCH—OPZ 15.6 HZ, 2-Me).

6.3.17. Dimethyl 2-phenyl-c-4-methoxycarbonyl-c-5-(2'-
thienyl)pyrrolidine-r-2-phosphonate 4s. Work-up fol-
lowed by flash chromatography eluting with diethyl ether/
ethyl acetate afforded the product 4s, which crystallised
from dichloromethane/diethyl ether as colourless prisms,
mp 114-115°C (found: C, 54.55; H, 5.55; N, 3.30.
C,gH2oNOsPS requires: C, 54.65; H, 5.60; N, 3.55%); m/z
(%) 395 M™, 0.1), 364 (2), 309 (3), 286 (100), 254 (13),
226 (34), 199 (30), 96 (44) and 77 (59); 6 7.62 (dd, 2H, J=
1.9, 7.5 Hz, phenyl 2/, 6'-H), 7.40 (t, 2H, J="7.6 Hz, phenyl
3’,5'-H), 7.31 (t, 1H, J=6.9 Hz, phenyl 4'-H), 7.20 (dd, 1H,
J=1.9, 4.4 Hz, thienyl 5’-H), 6.96-6.93 (m, 2H, thienyl 3’,
4'-H), 4.82 (d, 1H, J=9.0 Hz, 5-H), 3.74 (d, 3H, Jeg_op=
10.4 Hz, MeOP), 3.74 (d, 3H, Jcu_op=10.3 Hz, MeOP),
3.30 (s, 3H, MeOC), 3.15-2.98 (m, 3H, NH, 3-H,, and 4-H)
and 2.72-2.62 (m, 1H, 3-H,).

6.3.18. Dimethyl N-(2'-thienylidene)-1-imino-1-phenyl-
3-methoxycarbonyl propylphosphonate 5s. The Michael
adduct 5s was observed in the crude reaction mixture and as
a minor component (a 3:1:1 ratio of cycloadduct 4s, imine
and 5s by 'H NMR, respectively), in a fraction obtained via
chromatography. Due to the very small proportions
involved, a pure sample of the Michael adduct could not
be obtained, but a couple of the characteristic '"H NMR
resonances could be assigned as follows: 8.70 (d, 1H,
J=4.1 Hz, CHN), 3.60 (s, 3H, MeOC).

6.3.19. Dimethyl 2-benzyl-c-4-methoxycarbonyl-c-5-(2'-
thienyl)pyrrolidine-r-2-phosphonate 4t. Work-up fol-
lowed by flash chromatography eluting with a diethyl
ether/ethyl acetate afforded the product 4t, which crystal-
lised from dichloromethane/diethyl ether as colourless
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prisms, mp 105-107 °C (found: C, 55.80; H, 5.75; N, 3.20.
C19H24NOsPS requires: C, 55.75; H, 5.90; N, 3.40%); m/z
(%) 407 M —2,0.3),378 (3), 318 (100), 299 (49), 286 (49),
286 (59), 258 (17), 240 (38), 213 (34) and 91 (87); 6 7.34—
7.25 (m, 5H, phenyl-H), 7.11 (d, 1H, J=4.8 Hz, thienyl 5'-
H), 6.88-6.83 (m, 2H, thienyl 3’, 4-H), 4.72 (d, 1H, J=
9.1Hz, 5-H), 3.85 (d, 3H, Jcy_op=10.4 Hz, MeOP), 3.81
(d, 3H, Jcg_op=10.9 Hz, MeOP), 3.24 (s, 3H, MeOC), 3.18
(ABX, 1H, J=10.3, 13.8 Hz, CHPh), 3.02-2.89 (m, 3H,
CHPh, 3-Hy, and 4-H), 2.52-2.49 (br s, 1H, NH) and 2.16-
2.06 (m, 1H, 3-H,).

6.3.20. Dimethyl N-(2'-thienylidene)-1-imino-1-benzyl-3-
methoxycarbonyl propylphosphonate 5t. The Michael
adduct 5t was observed in the crude reaction mixture and as
a major component (a 1.2:1 ratio of Michael adduct to
cycloadduct by 'H NMR, respectively), in a fraction
obtained via chromatography. Due to the very small
proportions involved, a pure sample of the Michael adduct
could not be obtained, but a couple of the characteristic
'"H NMR resonances could be assigned as follows; 6 8.25
(d, 1H, J=4.6 Hz, CH=N), 3.64 (s, 3H, MeOC).

6.3.21. Diethyl 1S5,25,4S,5R,8R-4-(2'naphthyl)-3-aza-6-
0xo0-7-0xa-8-(1'R,2'S,5'R-menthyloxy)-bicyclo[3.3.0]-
octane-2-phosphonate 9a. Work-up followed by flash
chromatography eluting with a gradient from ethyl acetate
to 5:1 v/v ethyl acetate/methanol afforded the product,
which crystallised from diethyl ether as colourless needles,
mp 206-207 °C (found: C, 66.10; H, 7.60; N, 2.60.
C30H4oNOgP requires: C, 66.30; H, 7.80; N, 2.60%); m/z
(%) 543 (M, 6), 405 (25), 305 (16), 238 (10), 221 (15), 194
(100), 167 (42) and 139 (16); 6 7.82-7.79 (m, 4H, naphthyl-
H)., 7.45-7.43 (m, 3H, naphthyl-H), 6.24 (d, 1H, J=1.5 Hz,
8-H), 4.56 (d, 1H, J=8.1 Hz, 4-H), 4.34 (m, 2H, CH,0P),
4.26 (quin., 2H, J=7.1 Hz, CH,0P), 3.60 (dd, 1H, J=74,
9.7 Hz, 2_H), 3.53 (dt, 1H, J=4.1, 10.6 Hz, menthyl-OCH),
3.48 (t, 1H, J=8.3 Hz, 5-H), 3.13 (m, 1H, 1-H), 2.39 (br s,
1H, NH), 2.29 (d, 1H, J=12.4 Hz, menthyl 6’-H), 2.05 (d
quart, 1H, J=2.3, 6.8 Hz, menthyl 2’-H), 1.68-1.60 (m, 2H,
menthyl 2/-H), 1.44 (t, 3H, J=7.1 Hz, MeCH,OP), 1.40 (t,
5H, J=7.1 Hz, MeCH,OP and menthyl 2'-H), 1.19 (m, 1H,
menthyl-H), 0.96 (d, 5H, J=6.5 Hz, menthyl-Me and 2 X
menthyl-H), 0.84 (d, 3H, /J=7.1 Hz, menthyl-Me) and 0.70
(d, 3H, J=6.9 Hz, menthyl-Me).

NOE data:

Signal irradiated Enhancement (%)

I'H 2H 4H 5H 8H  Menthoen
1-H — 10 — 9 4 _
2-H 11 — 6 — — —
4H — s T
5-H 7 — 8 S
8-H 3 - - = = 6
6.3.22. Dimethyl 1S,2S,4S,5R,8R-2-methyl-4-(2'-

naphthyl)-3-aza-6-o0xo0-7-oxa-8-(1'R,2'S,5'R-menthyl-
oxy)-bicyclo[3.3.0]Joctane-2-phosphonate 9b. Work-up
followed by flash chromatography eluting with a diethyl
ether/ethylacetate gradient afforded the product (97% de)
(diastereomeric excess was determined by chiral HPLC
using a Chiralcel OG column (Daicel) eluting with 9.5:0.5
v/v hexane/isopropanol, detecting at a wavelength of
254 nm. The retention times of the two diasteroisomers
were 11.55 (1.48%) and 15.29 (98.52%) min), which
crystallised from diethyl ether/petroleum ether as colourless
needles, mp 154-157 °C (found: C, 65.95; H, 7.9; N, 2.45.
C9H49NOgP requires C, 65.75; H, 7.6; N, 2.65%); m/z (%)
529 (M, 0.6), 419 (100), 252 (24), 207 (39) and 181 (33); 6
7.86-7.79 (m, 4H, naphthyl-H), 7.46-7.42 (m, 3H,
naphthyl-H), 6.21 (s, 1H, 8-H), 4.96 (d, 1H, J=8.0 Hz,
4-H), 4.02 (d, 3H, Jp_ocy=10.2 Hz, MeOP), 3.89 (d, 3H,
Jp_ocu=10.6 Hz, MeOP), 3.57 (t, 1H, J=8.2 Hz, 5-H),
3.53 (dt, 1H, J=4.1, 10.6 Hz, menthyl-OCH), 2.89-2.86
(m, 1H, 1-H), 2.23 (br d, 1H, J=12.5 Hz, menthyl-H), 2.13
(br s, 1H, NH), 2.02 (m, 1H, menthyl-H), 1.69-1.63 (m, 3H,
menthyl-H), 1.58 (d, 3H, Jp_c_cu=14.7 Hz, 2-Me), 1.52—
1.39 (m, 2H, menthyl-H), 1.26-1.16 (m, 2H, menthyl-H),
1.00-0.86 (m, 1H, menthyl-H), 0.96 (d, 3H, /= 6.4 Hz, Me),
0.83 and 0.69 (2Xd, 2X3H, J=6.9 Hz, CHMe,).

NOE data:
Signal irradiated Enhancement (%)

1-H 5-H 4-H 8-H

|Ul
R
R

6.3.23. Dimethyl c-4-(2'naphthyl)-¢-2,7-dimethyl-c-6,8-
dioxo-3,7-diazabicyclo[3.3.0]octane-r-2-phosphonate 10.
Work-up followed by flash chromatography eluting with
10:1 v/v ethyl acetate/methanol afforded the product 13,
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which crystallised from ethyl acetate as colourless prisms,
mp 179-180°C (found: C, 57.55; H, 5.45; N, 6.7.
C,0H23N,05P-H,0 requires C, 57.15; H, 6.0; N, 6.7%);
mlz (%) 402 (M ™, 2), 387 (2), 293 (8), 234 (8), 207 (20), 181
(66), 165 (25) and 140 (45); 7.84-7.74 (m, 4H, naphthyl-H),
7.49-7.45 (m, 3H, naphthyl-H), 4.96 (d, 1H, J=7.5 Hz,
4-H), 3.97 (d, 3H, Jcy_op=10.3 Hz, MeOP), 3.89 (d, 3H,
Jeu-op=10.9 Hz, MeOP), 3.59 (t, 1H, J=7.7 Hz, 5-H),
3.20 (dd, 1H, Jcy_cp=4.0, 7.8 Hz, 1-H), 2.91 (s, 3H,
N-Me), 2.25-2.10 (br s, 1H, NH) and 1.69 (d, 3H, Jcy_op=
14.7 Hz, 2-Me).

6.3.24. Dimethyl N-(4'-but-2-onyl)-2-methyl-c-4-acetyl-
¢-5-(2'-napthyl)pyrrolidine-r-2-phosphonate 11. Work-
up followed by flash chromatography eluting with a diethyl
ether/ethyl acetate afforded the product 11 as a thick brown
oil; m/z (%) 389 (M —MeC=0, 2), 375 (14), 347 (1), 331
(86), 299 (18), 284 (22), 223 (43), 208 (26), 194 (19), 172
(97), 155 (100) and 127 (94); 7.86-7.69 (m, SH, naphthyl-H),
7.46-7.38 (m, 2H, naphthyl-H), 4.58 (d, 1H, /=9.7 Hz, 5-H),
3.86 (d, 6H, Jcy_op=10.3 Hz, 2XMeOP), 3.51 (dt, 1H, J=
7.7,9.2 Hz, 4-H), 2.68-2.56 (m, 1H, 3-Hy,), 2.2-1.66 (m, 5H,
2XCH, and 3-H,), 1.83 (s, 3H, MeC=0), 1.81 (s, 3H,
MeC=0) and 1.50 (d, 3H, Jcy_op=15.3 Hz, 2-Me).

6.3.25. Dimethyl ¢-1,5-diaza-t-4,6-dioxo-5-methyl-z-2(2'-
thienyl)-tricyclo[3.3.3.0.0Jundecane-r-8-phosphonate 13.
The amine 2f (172 mg, 0.96 mmol), thiophene-2-carbox-
aldehyde (102 mg, 0.91 mmol) and anhydrous sodium
sulphate (excess) were stirred 16 h in acetonitrile at rt.
The dipolarophile, N-methyl maleimide (101 mg,
0.91 mmol), was added to the mixture and the flask was
then flushed with nitrogen and left to reflux 16 h. The
reaction mixture was filtered, washed with dichloromethane
and evaporated under reduced pressure. Flash chromatog-
raphy eluting with from ethyl acetate to 5:1 v/v ethyl
acetate/methanol afforded the product 13, which crystallised
from ethyl acetate/diethyl ether as yellow prisms, mp 176—
178 °C (found: C, 50.25; H, 5.5; N, 7.2. C;,H,;N,OsPS
requires C, 50.0; H, 5.5; N, 7.3%); m/z (%) 384 M ", 1), 275
(100), 216 (6), 190 (21), 162 (12), 109 (12) and 79 (15); 6
7.39-7.38 (m, 1H, thienyl 5'-H), 7.28-7.27 (m, 1H, thienyl
3'-H), 7.00-6.98 (m, 1H, thienyl 4’-H), 5.37 (d, 1H, J=
7.6 Hz, 2-H), 3.92 (d, 3H, Jcy_op=10.0 Hz, MeOP), 3.83
(d, 4H, Jcy_op=10.5 Hz, MeOP and 3-H), 3.64 (dt, 1H, J=
8.0 Hz, Jcy_cp=16.0 Hz, 7-H), 3.05 (ABXY, 1H, J=4.6,
8.0,9.7 Hz, 11-Hy), 2.92 (s, 3H, NMe), 2.58 (dt, 1H, J="7.7,
9.8 Hz, 11-H,) 2.39 (t, 1H, J=7.3 Hz, 9-H,), 2.34 (t, IHJ=
7.3 Hz, 9-H,), 1.95-1.88 (m, 1H, 10-Hy) and 1.70-1.66 (m,
1H, 10-H,).

NOE data:
Signal Enhancement (%)
irradiated
2-H 3-H 7-H 10-H, 10-H, 11-H, 11-H, Thienyl-
3'-H
2-H - - - — — — — —
7-H 2 1 — — — — —
9-H S — — — — —
10-H, - - - — 21 5 — —
10-H, — 20 — — 5 —
11-H, - — — 3 — — 22 2
11-H, 1 - - — 4 22 —
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Abstract—The high-yielding six-step synthesis of 7-hydroxy-2,6-dimethylchromeno[3,4-d]oxazol-4-one 17 from commercially available
2,4-dihydroxy-3-methylacetophenone is described. Coumarin 17 constitutes a useful synthon for coumarin antibiotic synthesis. A new
methodology for oxazole formation applicable to 3-aminocoumarins has been developed, and a mechanistic rationalization is proposed.

© 2005 Published by Elsevier Ltd.

1. Introduction

Novenamine 1 is the glycosylated 3-aminocoumarinyl sub-
unit of novobiocin 2, a naturally occurring antimicrobial
agent that was first isolated in 1956 from several
Streptonllyces species including S. spheroides and S. niveus
(Fig. 1).

Novobiocin, together with the structurally related coumarin
antibiotics, clorobiocin 3, and coumermycin A; 4, show
potent activity against Gram-positive bacteria, including
methicillin-resistant strains of staphylococcus species

(Fig. 1).2
OH
\«NH
o
eObO/Q\/O\/\[O
5 OH

b Q\/OIOYC(M

N /\
H O Me

H o

The coumarin-containing antibiotics are powerful inhibitors
of DNA-gyrase, which is a type II topoisomerase and an
essential prokaryotic enzyme.” Since DNA-gyrase has no
counterpart in eukaryotes, it is a very attractive drug-target
for antibiotics. Recently, novobiocin has also been
identified as an antitumour agent in that it is an inhibitor
of the 90 kDa heat shock protein, Hsp90.*>

There are only two published total syntheses of the
coumarin moiety of novenamine, neither of which were

used in the coupling to noviose.®’

The first of these (Scheme 1), published in 1958, started

OH
OH H
S N _—
o
o)
eobo oo
HZN\”/O: OH

o

O

Figure 1. Structure of novenamine 1, novobiocin 2, clorobiocin 3 and coumermycin A, 4.

Keywords: Novobiocin; Coumarin antibiotics; Oxazoles; Robinson—Gabriel mechanism; POCls/pyridine.
* Corresponding author. Tel.: +27 21 650 2544; fax: +27 21 689 7499; e-mail: roger@science.uct.ac.za

0040-4020/$ - see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.tet.2005.08.083



10684 D. W. Gammon et al. / Tetrahedron 61 (2005) 10683—-10688

OH OH R
NO NH,CI
N i A 3
—_—
HO O o HO fo} fo)
Me Me
5 6

HO o (0]

Novobiocinic acid 7

Scheme 1. Reagents and conditions: (i) 10% Pd/C, 2.5 N HCI, H,, ethanol,
no yield given.

from 2-methylresorcinol and concerned the synthesis of
novobiocinic acid 7, with the aim of elucidating the
structure of the coumarin moiety.® The synthesis was very
low-yielding (<7%), with the 3-amino functionality being
introduced via reduction of the unstable nitroso intermediate
5 to form the ammonium salt 6.

The second report, published in 1984, described a synthesis
from 2,4-dihydroxy-3-methylacetophenone, of two 3-acyl-
amino-4,7-dihydroxy-8-methylcoumarin derivatives
(Scheme 2) and their subsequent biological testing.” In
this instance, the introduction of the 3-amido functionality
involved preparation and reduction of the 3-phenylazo
derivative 8, followed by N-acylation of the resulting
ammonium salt 9.

OH OH
N=NCgH; . NH;0Ac
L
BnO (o] (o] BnO fo o
Me Me
8 9
OH
NHCOR
HO (o o]
Me

Scheme 2. Reagents and conditions: (i) Sodium dithionite, sodium acetate,
ethanol, water, reflux, 90%.

Traditionally, the total syntheses of novenamine and its
derivatives have involved coupling the sugar moiety to 4-O-
protected-4,7-dihydroxy-8-methylcoumarin prior to the
introduction of the C-3 amino functionality thereby
necessitating further post-glycosylation steps.®® In con-
templating a synthetic strategy towards novenamine, which
would minimize such post-glycosylation steps, it was noted
that a derivative of novenamine with the vicinal hydroxy-
amine protected as an oxazole 10 was formed and isolated
by Hinman et al. via cleavage of the amide bond in novo-
biocin 2 with acetic anhydride and pyridine (Scheme 3).'°

o
(N
o
Meob—o 0" o
HZN\[rd ‘OAc

o
10

Scheme 3. Reagents and conditions: (i) Acetic anhydride, pyridine, 110 °C,
24 h, 65%.

Furthermore, Ueda et al. reported successful cleavage of the
oxazole of 10 using mildly acidic conditions, without
destruction of the glycosidic bond."' This therefore
prompted us to develop a novel synthesis of 3-amino-4,7-
dihydroxy-8-methyl coumarin with the 3-amino and
4-hydroxyl groups protected as an oxazole as in 17 (Fig. 2).

HO (o o}
Me

17

Figure 2. Structure of target molecule, 2,6-dimethyl-7-hydroxychro-
meno[3,4-d]oxazol-4-one 17.

It was considered that this derivative would be a promising
coupling partner to the carbohydrate unit of novenamine,
noviose, which has been synthesized in our laboratories
recently.'?

2. Results and discussion

A retrosynthetic analysis of 17 revealed commercially
available 2,4-dihydroxy-3-methylacetophenone 11 to be an
appropriate starting material. The envisaged strategy
involved formation of the 4-hydroxycoumarin unit, intro-
duction of the 3-amino functionality via reduction of a nitro
group regioselectively installed at C-3, and finally oxazole
formation.

To this end, chemoselective benzylation of 2,4-dihydroxy-
3-methylacetophenone gave the 4-benzyloxy derivative 12
in 88% yield,"® presumably as a result of the 4-hydroxyl
group being less sterically hindered than the 2-hydroxyl
group, as well as not being involved in hydrogen-bonding to
the acetyl oxygen (Scheme 4). The o-hydroxyacetophenone
derivative 12 was then converted directly into the
4-hydroxycoumarin 13 in 76% yield using diethyl carbonate
and sodium hydride, methodology first described by Barker
et al.'* Nitration at the C-3 position with fuming nitric acid
in chloroform at room temperature,'® furnished 14 in nearly
quantitative yield. The insolubility of 14 in a range of
standard solvents contributed to numerous failed attempts
to reduce the nitro functionality via the following reagents:
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Scheme 4. Reagents and conditions: (i) BnCl, K,COs, KI, acetone, 56 °C, 88%; (ii) NaH, CO(OEt),, toluene, 110 °C, 76%; (iii) HNO3, HSO,4, CHCl;, room
temperature, 93%; (iv) Zn, AcOH, 110 °C, 86%; (v) POCIs, pyridine, THF, 66 °C, 87%; (vi) 10% Pd/C, H,, THF/CH,Cl,, room temperature, 74%.

(i) sodium dithionite in pyridine;’ (ii) Pd/C, Ha; (iii) Fe, 1 M
HCIl, MeOH; (iv) Fe, 1 M HCI, THF; (v) Zn dust, 1 M
NaOH, EtOH. Ultimately, however, conversion of the nitro
group to acetamide 15 could be achieved in a gratifyingly
high yield (86%) using zinc in refluxing acetic acid,
involving a slight modification of the method developed
by Okumura to reduce 4,7-dihydroxy-3-phenylazocoumarin
to the corresponding 3-acetamido-4,7-dihydroxy-
coumarin.'® The work-up and product isolation of the
nitration and reduction steps simply involved filtration of
the solid from the cooled reaction medium and recrystalliza-
tion, making this strategy an attractive choice for the
introduction of an amino group at C-3.

Numerous methods are available for conversion of 3-amino-
4-hydroxycoumarin derivatives into the corresponding
oxazole including (i) heating 3-amino-4-hydroxycoumarin
as its hydrochloride with the appropriate carboxylic acid
in polyphosphoric acid for 3.5h at 160-200 °C;'’
(i1) condensing 3-amino-4-hydroxycoumarin derivatives
with aromatic aldehydes to yield the corresponding Schiff
bases which, by heating in nitrobenzene, undergo cycliza-
tion and H; elimination to afford the corresponding oxazole
derivatives'® and (iii) heating 3-amino-4-hydroxycoumarin
derivatives with the appropriate anhydride in pyridine.'® An
examination of these methods revealed that they invariably
require high temperatures, long reaction times and often
give unsatisfactory yields.

An alternative method was therefore investigated using
phosphorus oxychloride (POCI;) and pyridine in refluxing
tetrahydrofuran, which pleasingly converted acetamide 15
into its corresponding oxazole 16 in a Robinson—Gabriel-
type cyclodehydration reaction.”’ The reaction times were
typically between 5 and 10 min, with yields of greater than
85% following recrystallization. Evidence for the formation
of the oxazole was provided by the "H NMR spectrum of 16,
which revealed a downfield shift in one of the methyl
singlets from o0y 2.11 in 15 to 2.56 as well as the
disappearance of the amide proton. In the '*C NMR of 16,
the oxazole carbon C-2 resonated at 6c 162.6 whereas the
carbonyl carbon of the acetamide 15 resonated at 6c 171.2,
revealing an upfield shift for this carbon in the oxazole
structure. The IR spectrum of 16 revealed the absence of a
signal in the NH region as well as the amide carbonyl bands,
a further indication that oxazole formation had taken place.

In a recent and independent study, Nicolaou et al. found that
pyridine-buffered POCIl; was effective in converting
hindered ketoamides into oxazoles,”' although their study
did not extend to the coumarin series or related structures.
The mechanism for the PCls-promoted Robinson—Gabriel
cyclodehydration of ketoamides was determined by
Wassermann and Vinick in 1973 with the use of oxygen-
18 labelling. Their experiments established that the amide
oxygen is the one incorporated into the oxazole ring and that
the ketone carbonyl oxygen is expelled.”” In keeping with
the Robinson—Gabriel mechanism, and in view of the
3-amido-4-hydroxycoumarin structure of 15 having its
‘ketone’ carbonyl already fixed as an enol in conjugation
with the coumarin carbonyl group, it seemed reasonable to
postulate a nucleophilic substitution mechanism via a
Michael addition/elimination sequence to account for
cyclization. It was also considered reasonable to postulate
prior activation of the enolic hydroxyl group as a superior
chlorophosphate leaving group, since this was in keeping
with the rapid reaction observed (5—10 min).

This activation step has been postulated by Meyers et al. in
the condensation of carboxylic acids with amino alcohols to
form oxazolines using Ph;P-CCl4—Et;N, whereby the
intermediate hydroxy amide reacts with PhsPCI*CCl5 at

O
[ :
4 1 g Cl\g o
OH cl , \O
N Cl
N7H -HCl N
o Q H
BnO (o) o
BnO (o) (o]
Me GS
Me
15 l
[e]
CHj3 Cp
/N
(o] { Cl @ O—
N . N
X -H < H
< | ”'a
BnO (0} o BnO (0} (o)
Me Me

Scheme 5. Proposed mechanism for oxazole formation via nucleophilic
substitution.
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the hydroxyl group, with subsequent displacement by the
amide carbonyl oxygen.”> Our postulated mechanism is
depicted in Scheme 5.

Mechanistic studies were carried out by investigating the
cyclization of two model compounds 18 and 19 (Scheme 6).

OH
CH;0
NHCOCH,

o
18

o
l\’\ ~_OCH,
/ ™OCH
o 3

OH ,
X — (X
NHCOCH; NHCOCH,

19 20

Scheme 6. Reagents and conditions: (i) (a) POCls, pyridine, THF, reflux;
(b) MeOH, reflux, 18% over two steps.

The two substrates were chosen as having varying degrees
of electron-deficiency in their aromatic rings, so as to probe
the importance of this parameter, and the cyclization
conditions were kept the same as for 15. Neither structure
afforded an oxazole, highlighting the importance of a
strongly electron-withdrawing group to promote the
Michael-addition step. However, 19 did furnish a phosphate
derivative 20, derived by substitution of the dichlorophos-
phate intermediate with methanol. Dimethoxyphosphate
ester 19 could be isolated and characterized by H, 13C and
3P NMR spectroscopy, lending support for formation of
a similar transient chlorophosphate in the mechanism
postulated in Scheme 5 for cyclization of 15.

Apart from Nicolaou’s work, only one other literature
analogy for the use of this reagent was found. This involved
conversion of methyl 2-benzoylamino-3-arylaminopro-
penoate 21 with phosphorus oxychloride and pyridine into
4-arylaminomethylene-2-phenyl-2-oxazolin-5-one 22
(Scheme 7).>* The relatively few number of literature
analogies was confirmed by a recent review detailing the
synthesis of oxazole-containing natural products by Yeh in
2004.%*

NHAr

|
Nj{
Ph)‘\o o

21 22

o

o H
/
>—N NHAr

Ph — i
o —x

OMe

Scheme 7. Reagents and conditions: (i) POCl;, pyridine, 70 °C, 83%.

In the final step, debenzylation of oxazole 16 furnished the
desired 7-hydroxycoumarin 17 in 74% yield (Scheme 4).
Compound 17 has been prepared previously by refluxing
3-acetamido-7-acetoxy-4-hydroxy-8-methylcoumarin, iso-
lated from novobiocin, in acetic anhydride followed by
acetate saponification but no NMR data was reported.”
Accordingly, a full characterization of 17 was carried out,

which gave the anticipated NMR spectroscopic and
microanalytical information as reported in Section 4.

3. Conclusion

A protected coumarin fragment of novenamine has been
synthesized in only six steps from commercially available 2,
4-dihydroxy-3-methylacetophenone 11 and in 40% overall
yield. Only one of the six steps required an aqueous work-
up, and the purification of each product was achieved in
high yield by recrystallization, with no chromatography
being necessary. New methodology has been developed for
oxazole formation applicable to 3-aminocoumarins, provid-
ing a useful alternative protecting-group strategy in the
synthesis of coumarin antibiotics. Work is currently
underway to couple 17 to 3-O-carbamoyl-C-4-epi-noviose,
the C-4-epimer of 3-O-carbamoyl noviose.

4. Experimental
4.1. General

All moisture-sensitive reactions were performed in flame-
dried glassware equipped with a rubber septun under a
positive pressure of nitrogen. THF was distilled from
sodium benzophenone under nitrogen and CH,Cl, over
P,0:s. Silica-gel 60 and DC-Alufolien 60 F,s4 were used for
column chromatography and analytical TLC, respectively.
Melting points were determined on a Reichert Jung hot-
stage microscope and are uncorrected. Microanalyses were
performed with a Fisons EA 110 CHN analyzer and high-
resolution mass spectrometry were obtained using a VG70-
SEQ micromass spectrometer. NMR were recorded on
either a Varian VXR-300 or Varian Unity 400 spectrometer.
Chemical shifts (0) are reported in ppm and J values
are given in hertz. The IR spectra were recorded on a
Perkin-Elmer Paragon 1000 FT-IR spectrometer and the
frequencies are given in cm ™.

4.1.1. 7-Benzyloxy-4-hydroxy-8-methylchromen-2-one
(13). Acetophenone 12" (0.50 g, 1.9 mmol) was dissolved
in toluene (10 ml) and added to sodium hydride (60% in oil,
0.17 g, 4.3 mmol) suspended in toluene (10 ml). Diethyl
carbonate (0.31 ml, 2.5 mmol) was added and the mixture
refluxed for 2 h before being cooled to 0 °C, quenched with
water and extracted with ethyl acetate (X 1). The aqueous
phase was acidified with 1 M HCI and extracted with ethyl
acetate (X3). The combined organic extracts from the
acidic extractions were dried over anhydrous magnesium
sulphate, filtered and evaporated under reduced pressure.
The residue was crystallized from methanol to give 13
(0.42 g, 76%) as colourless crystals: mp 233-234 °C (lit.”
mp 233-236°C); IR vy (CH,Cl)/em™" 1514, 1587
(aromatic C=C), 1723, 1667 (C=0 stretch); '"H NMR
(300 MHz, DMSO-de) 0 2.19 (s, 3H, ArCH3;), 5.22 (s, 2H,
—CH,C¢Hs), 5.44 (s, 1H, H-3), 7.07 (d, 1H, H-6, J=8.7 Hz),
7.31-7.47 (m, 5H, -CH,C¢Hs), 7.62 (d, 1H, H-5, J=
8.7Hz), 12.20 (br, 1H, —OH); '*C NMR (75.5 MHz,
DMSO-dg) 6 8.2 (ArCH3), 69.9 (-CH,CgHs), 88.5 (C-3),
108.3 (C-6), 109.3 (C-4a), 112.6 (C-8), 121.3 (C-5), 127.3,
127.8, 128.4, 136.7 (-CH,CgHs), 152.5 (C-8a), 159.3 (C-4),
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1622 (C-7), 166.1 (C-2); HRMS m/z 282.0883 (M™),
C7H1404 requires 282.0892. Anal. Calcd for C7H404: C,
72.33%; H, 5.00%. Found: C, 72.16%; H, 4.82%.

4.1.2. 7-Benzyloxy-4-hydroxy-8-methyl-3-nitrochromen-
2-one (14). Concentrated sulphuric acid (1.61 ml,
22.1 mmol) and concentrated nitric acid (1.00 ml,
18.4 mmol) were mixed slowly at 0°C and then added,
over a period of 15 min, to 13 (2.08 g, 7.4 mmol) suspended
in CHCl;. After an additional 1h, the solvent was
evaporated under reduced pressure and 1 M HCIl (30 ml)
was added. The yellow solid was filtered, rinsed well
with methanol, and crystallized from glacial acetic acid
to give 14 (2.23 g, 93%) as yellow plates: mp 205-208 °C;
IR v.(KBr pellet)/cm_l 1325 and 1530 (NO stretch),
1754 (C=O0 stretch), 3540 (OH stretch); 'H NMR
(300 MHz, DMSO-dg) 6 2.18 (s, 3H, ArCH3), 5.07 (br,
1H, —-OH), 5.22 (s, 2H, -CH,C¢Hs), 7.06 (d, 1H, H-6, J=
9.0 Hz), 7.30-7.48 (m, SH, -CH,C¢Hs), 7.77 (d, 1H, H-5,
J=9.0Hz); >*C NMR (75.5 MHz, DMSO-dg¢) 6 8.2
(ArCH3), 69.9 (-CH,C¢Hs), 108.1 (C-6), 112.2 (C-3),
1139 (C-4a), 119.5 (C-8), 123.9 (C-5), 127.3, 127.8,
128.5, 136.8 (-CH,CgHs), 151.3 (C-8a), 157.0 (C-4),
159.7 (C-7), 166.4 (C-2). Anal. Calcd for C{7H3NOg¢: C,
62.39%; H, 4.00%; N, 4.28%. Found: C, 62.14%; H, 3.88%;
N, 4.31%.

4.1.3. N-(7-Benzyloxy-4-hydroxy-8-methyl-2-oxo-(2H)-
chromen-3-yl)-acetamide (15). Compound 14 (1.00 g,
3.1 mmol) and Zn (1.00 g, 15.5 mmol) were refluxed in
acetic acid (10 ml) for 1 h, in which time the solution turned
deep purple and then colourless. The Zn salts were filtered
and rinsed well with hot acetic acid. The filtrate was cooled
to room temperature, allowing the amide to precipitate. The
product was filtered and crystallized with ethyl acetate to
yield 15 (0.87 g, 86%) as colourless crystals: mp 240-
243 °C; IR Vm.dx(CHQCIQ)/cmf1 1500 (aromatic C=C),
1572 (amide 1), 1598 (aromatic C=C), 1632 (amide II),
1686 (C=O0 stretch), 3288 (NH stretch), 3500 (OH stretch);
'"H NMR (300 MHz, CDCls) 6 2.11 (s, 3H, -NHCOCH3),
2.23 (s, 3H, ArCH3), 5.24 (s, 2H, -CH,C¢Hs), 7.16 (d, 1H,
H-6, /J=9.0Hz), 7.38-7.48 (m, 5H, —CH,C¢Hs), 7.68
(d, 1H, H-5, J=9.0 Hz), 9.42 (s, 1H, -NH), 12.2 (br, 1H,
—OH); '°C NMR (75.5 MHz, CDCls) 6 8.1 (ArCH3), 22.6
(-NHCOCH3;), 69.9 (-CH,CgHs), 101.4 (C-3), 108.9 (C-6),
109.7 (C-4a), 112.5 (C-8), 121.7 (C-5), 127.3, 127.9, 128.4,
136.7 (-CH,CgHs), 150.1 (C-8a), 157.4 (C-4), 158.9 (C-7),
160.3 (C-2), 171.2 (~COCH3;). Anal. Calcd for C;oH7NOs:
C, 67.25%; H, 5.05%; N, 4.13%. Found: C, 67.27%; H,
4.94%; N, 4.07%.

4.1.4. 7-Benzyloxy-2,6-dimethylchromeno[3,4-d]oxazol-
4-one (16). Amide 15 (2.06 g, 6.1 mmol), pyridine
(1.72 ml, 18.3 mmol) and POCIl; (2.96 ml, 30.4 mmol)
were suspended in tetrahydrofuran (50 ml) and refluxed
for 10 min. After cooling to room temperature, the mixture
was filtered, the excess solvent evaporated under vacuum
and the remaining slurry azeotroped with toluene (X3) to
remove traces of pyridine. The product was crystallized
with ethyl acetate to yield 16 (1.70 g, 87%) as colourless
crystals: mp 206-207 °C; IR J/ma,((CHZCIQ)/cmf1 1503,
1605 (aromatic C=C), 1647 (coumarin C=C), 1748 (C=0
stretch); '"HNMR (400 MHz, CDCl5) 6 2.33 (s, 3H, ArCHj;),

2.56 (s, 3H, —CH3), 5.10 (s, 2H, —-CH,C¢Hs), 6.88 (d, 1H,
H-8, J=8.8 Hz), 7.29-7.34 (m, 5H, —-CH,C¢Hs), 7.48 (d,
1H, H-9, J=8.8 Hz); '*C NMR (100 MHz, CDCl;) ¢ 8.8
(ArCH;), 14.1 (-CH3), 70.79 (~CH,Cg¢Hs), 105.1 (C-9a),
108.9 (C-8), 115.8 (C-6), 118.9 (C-9), 122.4 (C-3a), 127.1,
128.2, 128.7, 136.3 (=CH,CeHs), 152.1 (C-5a), 156.2
(C-1a), 156.3 (C-7), 159.3 (C-4), 162.6 (C-2). Anal. Calcd
for C1oH5NOy,: C, 71.02%; H, 4.71%; N, 4.36%. Found: C,
70.96%; H, 4.56%; N, 4.34%.

4.1.5. 2,6-Dimethyl-7-hydroxychromeno|3,4-d]Joxazol-4-
one (17). 10% Pd/C (0.50 g, 0.05 mmol) was added to
compound 16 (0.15 g, 0.5 mmol) in a mixture of THF
(10 ml) and CH,Cl, (5 ml) and the solution stirred for 3 h at
room temperature in an atmosphere of H, using a balloon.
The excess solvent was evaporated after removing the Pd/C
by filtration (rinsing with hot methanol). The product was
recrystallized with methanol to yield 17 (0.08 g, 74%) as
colourless crystals: mp 330-332 °C (decomp.) (lit.>> mp
295-303 °C (decomp.) from water/dimethylformamide); IR
vmax(CHQClz)/cmf1 1503, 1584, 1604 (aromatic C=C),
1647 (coumarin C=C), 1749 (C=0 stretch), 3150 (OH
stretch); "H NMR (400 MHz, CDCl;) 6 2.17 (s, 3H, ArCHj3),
2.59 (s, 3H, -CH3), 6.91 (d, 1H, H-8, /=8.4 Hz), 7.48
(d, 1H, H-9, J=8.4 Hz), 10.55 (s, 1H, -OH); '*C NMR
(100 MHz, CDCl3) 6 9.0 (ArCHj), 14.4 (CHj3), 103.5
(C-9a), 112.5 (C-6), 113.3 (C-8), 119.8 (C-9), 120.8 (C-3a),
152.8 (C-5a), 156.2 (C-1a), 157.0 (C-7), 159.5 (C-4), 163.0
(C-2). Anal. Calcd for C;,HgNOy: C, 62.34%; H, 3.92%; N,
6.06%. Found: C, 62.13%; H, 3.99%; N, 5.98%.

4.1.6. Dimethyl (2-acetamido)phenyl phosphate (20).
2-Acetamidophenol (0.20 g, 1.32 mmol) was suspended in
THF (10 ml). Pyridine (0.43 ml, 5.29 mmol) and POCI;
(0.25 ml, 2.65 mmol) were added and the mixture refluxed
for 1 h. Methanol was added and the reaction mixture was
refluxed for a further 20 min before being diluted with water
and the aqueous phase extracted with ethyl acetate (X 1).
The combined organic extracts were dried over anhydrous
magnesium sulphate, filtered and evaporated under reduced
pressure. The crude product (0.44 g) was purified by column
chromatography (10 g silica, 50% ethyl acetate/hexane) to
afford 20 (0.06 g, 18%) as colourless crystals: mp 65-67 °C;
IR 70 (CH>Cly)/em ™! 1637 (C=0); 'H NMR (400 MHz;
DMSO-dg) 6 2.05 (3H, s, -NHCOCH;), 3.79 (6H, d,
Jup=11.2 Hz, -OCH3;), 7.16 (2H, m, Ar-H), 7.27 (1H, m,
Ar-H), 7.69 (1H, d, J=6.4 Hz, Ar-H), 9.40 (1H, s,
—-NHCOCHj;); *C NMR (100 MHz, DMSO-d¢) 6 24.1
(-NHCOCH3;), 55.7 (d, Jcp=6 Hz, 2X-OCH3;), 120.6,
125.7, 126.0, 126.2 (aromatics), 130.1 (C-2), 143.1 (C-1),
169.1 (C=0); *'P NMR (300 MHz, DMSO-dg) 6 0.87
(PO(OCHj3),0R).
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Abstract—The synthesis of five steroid-oligo(ethyleneglycol) conjugates (1-5) has been accomplished starting from commercially available
epi-androsterone (8) and known 3f-[(tert-butyldiphenylsilyl)oxy]-5a-23,24-bisnorchol-16-en-6a.,73,22-triol (27). The synthetic strategy
was based on a convergent approach including stereoselective C-17 side chains construction and standard coupling reactions. The activities
of the head-to-tail amphiphiles, once incorporated in 95:5 egg PC/PG vesicular membranes, have been assessed by direct determination of
transported species by NMR techniques (**Na ™) and fluorescence spectroscopy (H™). The sodium and proton transmembrane transport was
compared to those evaluated for the polyene macrolide antibiotic amphotericin B and those shown by the known related C,-symmetric sterol-
polyether conjugates 6 and 7.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction :
H
Howof”ﬁ
A large number of organisms control microbial growth 1 O 6

through the biosynthesis of membrane-lytic compounds.
Steroidal alkaloids, such as squalamine,1 polyketides, such
as amphotericin B, and helical peptides, such as grami-

cidin,’ are examples of secondary metabolites whose 0 </\/O>‘
bactericidal and fungicidal activity is based on their HO \ﬂ/\o i H
2 ¢)

transmembrane ion channel/pore formation.

Despite intense multidisciplinary efforts, the structural

requirements for membrane permeabilization are still !

uncertain.* Evidence in the literature shows that the O\n/\of\/o}H

separation between the polar and non-polar domains along 0 4
3

the major axis of the molecule (facially amphiphilic
morphology)” is crucial for ion transport.

In this paper, we wish to report the design, synthesis and the i
iono- and protonophoric properties of the structurally o\n/\ot\/oj H
simple head-to-tail steroid-oligo(ethyleneglycol) conjugate HO OH A 0 4

amphiphiles 1-5 and the comparison of their activities with HO
those exerted by the antibiotic amphotericin B and the
related, known, C,-symmetric 6 and 7.4

Hf"“zoﬁgow

Keywords: Tonophore; Protonophore; Amphiphile; Steroids. 5
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Figure 1. On the left, 2, in the ‘folded’ conformation, constitutes a barrel-rosette® self-assembly and two half-channels aggregate in order to produce a
contiguous pore across the bilayer.” On the right, a structurally simpler supramolecular alternate barrel-stave® assembly architecture is formed when 2 is in the

‘extended’ conformation.'’
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Conjugates 1-5 were designed considering that special
cases of head-to-tail amphiphilicity’ could induce the
formation of membrane-active clusters similar to those
shown bg facially amphiphilic molecules, as shown in
Figure 1.
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2. Results and discussion

2.1. Synthesis and Na " -transporting activities of 1 and 2

The synthesis of 1, 2, and that of the penta- and
hexa(ethyleneglycol) side chains, is depicted in
Schemes 1-3 and, in part, follows the procedure previously
communicated for the construction of the C,-symmetric
sterol-polyether conjugates 6 and 7.>

Amphiphile 1 was assembled using, as a key intermediate,
the 3-o0x0-5a-23,24-bisnorcholanic acid (13). This was
obtained, in five steps and 43% overall yield, from
commercially available epi-androsterone (8) and coupled
with the mono-protected hexa(ethyleneglycol) 21 (see
Scheme 3), in order to yield adduct 14. Stereoselective
BH;3-SMe,-mediated C-3 carbonyl reduction and final
deprotection with HF/pyridine, afforded target 1 in 7%
overall yield (eight steps) from 8.

The construction of the C-22 alcohol conjugate 2, prototype
of the latter reported amphiphiles 3-5, proceeded through a
shorter and higher yielding synthetic route.

Scheme 2 reports its elaboration, starting from 5a-23,24-

MW
ww
MW

13ROH

14 R= Of/\ TTPS

: o /
(6] =
HOM trol; o

Scheme 1. Reagents and conditions: (a) CH;CH,PPh;Br, tBuOK, THF,
reflux, 78%; (b) PDC, CH,Cl,, 86%; (c) paraformaldehyde, BF;-OEt,,
0 °C, 98%; (d) H,, PtO,, EtOH, AcOEt; (e) Jones reagent, acetone/CH,Cl,,
65% for two steps; (f) 21, EDC, DMAP, CH,Cl,, 35%; (g) BH;-SMe,,
THF, 0 °C, 65%; (h) HF, Py, 0 °C, 73%.

8 :

R4

O\g/\o'(\/oiws

16, Ry, R,=0
b
Re ’—_> 17, R1=OH, Ry=H

. O~ 0,6\,0) o
> HO (0] 4
18, R=TPS
d ’
’—_> 2, R=H
Scheme 2. Reagents and conditions: (a) 23, EDC, DMAP, CH,Cl,, 58%;

(b) BH;-SMe,, THF, 0 °C, 97%; (c) H,, Pt/C, EtOH; (d) HF, Py, 0 °C, 62%
for two steps.
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bisnorchol-16-en-22-ol-3-one (11), including the coupling
with the acid 23 (see Scheme 3) and the final HF-induced
desilylation. The desired amphiphile 2 was thus synthesized
in 23% overall yield (seven steps), starting from epi-
androsterone (8).

HO'(\/O}*/\OH - TPsof\/OVOH —

19,n=5;20,n=4 21,n=5;22,n=4

o)
TPSOf\/Oﬁ)J\OH B,n=4

Scheme 3. Reagents and conditions: (a) TPSCI, DBU, CH,Cl,, 37% (for
n=>5), 39% (for n=4); (b) Jones reagent, acetone, 43%.

The synthesis of the two polar oligo(ethyleneglycol) heads,
the previously cited 21 and 23, started from hexa- and
penta(ethyleneglycols) (19 and 20, respectively) and
proceeded according to Scheme 3.

The ionophoric properties of 1 and 2 were investigated
using a “Na® NMR based assay.'' The experimental
kinetic profiles, compared with those previously reported
for 6, are shown in Figure 2.

100

80 - o&w 000°°°
- Y

60 O oooo

40 - ©

20 ©
a2
04...“”_&.%_%_

Na+ entry (%)

time, h

Figure 2. Kinetic profiles for the entry of Na™ into 95:5 egg PC/PG
vesicles contaning 1 (1.0%, @), 2 (1.0%, O), 6 (1.0%, <), and without
additives () at 25 °C. The concentration of steroid derivative is given in
percent with respect to the total concentration of lipid. The total
concentration of lipids was 10 mM.

Inspection of Figure 2 shows that compounds 1 and 2
behave as powerful ionophores. Surprisingly, they have a
very similar activity to that found for the related, C,-
symmetric 6. Fitting of the data to a first order rate equation
gives the apparent rate constants (Kopsq, h ™ ! for the Na™
entry process, which are 0.099 and 0.073 h™" for 1 and 2,
and 0.096 h~! for 6, respectively. This means that, the
preorganization in a dimeric structure (via covalent bond, as
in 6) seems unnecessary for the Na* -transporting activity.
In any case, the activities of the steroid derivatives compare
well with that of the naturall;/ occurring ionophore
amphotericin B (kgpsa=0.16 h™1y® underling the efficacy
of these artificial ionophores.

2.2. Synthesis of 3-5 and H ™ -transporting activities of
1-5

In recent years there has been 1ntense research aimed at
discovering new proton conductors.'> The conversion of

acquired energy (due to electron transfer or light harvesting)
into a proton gradient, provides the energy for ATP
synthesis and it is of fundamental importance for organisms
from bacteria to man.'? Most of the proton channels conduct
H™ ions by a hydrogen-bonded chain mechanism in which
the proton hops from one molecule of water to the next
(Grotthuss’ mechanism or ‘prototropic’ transfer).'* The
whole process explains why proton permeability is much
higher than that of other cations'® and provides a tool to
better understand the structural features of the membrane
pores.

On the basis of these considerations, we decided to study the
proton conductivities of 1 and 2 and compare them with

those from 6 and 7 as shown in Figure 3.'°

0.06
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-1

0.03

kobs s

0.02

0.01

0.00 + T T T T T T T T T T T
00 05 10 15 20 25 3.0 00 01 02 03 04 05 06

mol % ionophore mol % ionophore

Figure 3. Plot of kpsq as a function of mol% of 1 (M), 2 (¢),6 (V) and 7
(@) for the H™ -transport. The two panels are the same graph with different
X-axis.

This time the variation of the H™ -transport, in relation to the
structure of the conjugate, is striking. Amphiphiles 1 and 2
show a similar activity, comparable with that of ampho-
tericin B.!” On the other hand, the C,-symmetric sterol-
polyether conjugates 6 and 7 show much higher activities.
Interestingly, the shape of the kinetic profiles is different,
being linear in the case of dimeric compounds 6 and 7 and
showing an upward curvature in the case of the shorter
analogs 1 and 2, suggesting a different mechanism of action.
Taking into account the length of the two molecular systems
it seems likely that 6 and 7 act as a single molecule in
stabilizing the continuous transmembrane row of molecules
of water thus limiting its fluctuation and favoring the H™ -
transport. On the contrary, in the case of 1 and 2 it seems
that a less stable supramolecular assembly is formed, having
a negative impact on the proton transport. These types of
non-linear kinetic profiles are usually fitted with the Hill
equation in order to determine the Hill coefficient n,
indicative for the number of monomers needed to form an
active supramolecular pore.'® In the case of 1 and 2 we
obtained n values close to 2, indicating that two monomers
assemble in the membrane to form the active trans-
membrane species probably following a barrel-rosette or a
barrel-stave model® (Fig. 4A and B). In any case, it is
evident that this supramolecular pore is less stable with
respect to the unimolecular one formed by the dimeric
steroid derivatives and, as a consequence, the activity is
remarkably lower.
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Figure 4. Proposed structure for the proton conducting pore formed by the different steroid derivatives.

In this context, we decided to vary the structure of our head-
to-tail amphiphiles in order to stabilize the pore aggregate
and, consequently, we designed the new derivatives 3-5. In
particular, compounds 3 and 4, showing a different number
of the hydroxyl groups on the tetracyclic nucleus, were
conceived on the basis of theoretical studies correlating the
polarity of the channel with the efficiency of proton
transport.'

Compound 5, in which the polar side chain was switched
from C-22 to C-3, was designed in order to evaluate the
effect of the oligo(ethyleneglycol) attachment (from the D
to the A ring) on the proton transport.”’

The synthesis of 3, reported in Scheme 4, started with a C-3
Wolff-Kishner deoxygenation of the Sa-23,24-bisnorchol-
16-en-22-ol-3-one (11). Its stereoselective hydrogenation, a
coupling with acid 23 and desilylation, gave the expected
target in 9% yield.

*w%
(1) 2
24

1
M Oy ~ofq
le} 4
26, R=TPS
d ’
L. "3 Ron
Scheme 4. Reagents and conditions: (a) NH,NH,-H,0, KOH, HOCH,.

CH,OH, EtOH, 62%; (b) H,, PUC, EtOH, 97%; (c) 23, EDC, DMAP,
CH,CL, 34%; (d) HF, Py, 0 °C, 44%.

The synthesis of 4 started from the known>® 3pB-[(tert-
butyldiphenylsilyl)oxy]-5a-23,24-bisnorchol-16-en-
60, 73,22-triol (27, Scheme 5). This was regioselectively

acylated at C-22 with 1.1 equiv of 23, to give conjugate 28.
Its desilylation, with HF/pyridine, afforded 4 in 16% overall
yield (from 27).

OH a
TPSO o
HO 27

o o}
w T o)A
RO o} 4
HO o 28, R=TPS

o[, 4, R=H

Scheme 5. Reagents and conditions: (a) 23, EDC, DMAP, CH,Cl,, 31%;
(b) HF, Py, 0°C, 51%.

Compound 5 was synthesized in three steps and 34% overall
yield, starting from the C-3 epimeric mixture 12, according
to Scheme 6. Regioselective acetylation on primary C-22
and subsequent silica gel purification, afforded 22-acetoxy-
5a-23,24-bisnorcholan-6B-o0l (29). The free hydroxyl at C-3
was coupled with the protected penta(ethyleneglycol)
derivative 23 to yield conjugate 30. Standard deprotection
from the tert-butyldiphenylsilyl group afforded 5.

1
@) = i
— —
HO

29

OAc

30, R=TPS
c
e
Scheme 6. Reagents and conditions: (a) Ac,0O, Py, CH,Cl,, 50%; (b) 23,
EDC, DMAP, CH,Cl,, 82%; (c) HF, Py, 0 °C, 82%.

R%o\/io/\go

The protonophoric properties of the head-to-tail amphi-
philes 3-5 and, for comparison, of steroid 1 are reported in
Figure 5.
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Figure 5. Plot of ks as a function of mol% of 1 (@),3(V),4(#),and 5
(W) for the H+—transport.

Steroids 3 and 5 behave very similarly to 1. Again we
observe an upward curvature of the kinetic profiles and the
fitting of the curves with the Hill equation gives n values
close to 2. Therefore, these two amphiphiles seem to act in a
way similar to 1 forming small supramolecular assemblies,
which perturb the membrane permeability and the system is
little sensitive to the structural variations. On the other side,
compound 4 is less active, probably because of the higher
hydrophilicity, but shows a linear dependence of the
transport rate from the ionophore concentration
suggesting the formation of a unimolecular pore. Due to
the presence of the hydroxyl groups on the steroid
nucleus, in the extended conformation, steroid 4 is able to
span the membrane forming a continuous polar surface,
which may interact with the transmembrane row of
water molecules promoting the proton transport (Fig. 4C).
As a consequence, it acts as a single molecule in a way
similar to ionophores 6 and 7. If this hypothesis is correct
then we may speculate that a similar mode of insertion in
the membrane should be valid also for the other
monomeric steroid derivatives and, therefore, that reported
in Figure 4B should be preferred to that of Figure 4A.
However, further studies are necessary to confirm such a
hypothesis.

3. Conclusions

The synthesis of five new head-to-tail steroid-
oligo(ethyleneglycol) conjugates 1-5 has been accom-
plished from readily available starting materials. These
amphiphiles, once incorporated in a 95:5 egg PC/PG
vesicular membranes, showed ionophoric activities (Na*t
and H" transfer) comparable with those reported for the
channel-forming antibiotic amphotericin B. Head-to-tail
amphiphiles 1-5 represent the simplest steroid-based
cation-conductors and establish a new class of prototypes
for membrane permeabilization. Moreover, these studies
have shown the importance of the molecular structure on the
proton-transport ability of the steroid derivatives with
the dimeric ionophores 6 and 7 being much more active
than the monomeric analogs.

4. Experimental
4.1. General methods

All reactions were carried out under a dry argon atmosphere
using freshly distilled and dried solvents, unless otherwise
noted. Tetrahydrofuran (THF) was distilled from LiAlH,.
Toluene, methylene chloride, and diethyl ether were
distilled from calcium hydride. Glassware was flame-dried
(0.05 Torr) prior to use. When necessary, compounds were
dried in vacuo over P,Os or by azeotropic removal of water
with toluene under reduced pressure. Starting materials and
reagents purchased from commercial suppliers were
generally used without purification. Reaction temperatures
were measured externally; reactions were monitored by
TLC on Merck silica gel plates (0.25 mm) and visualized by
UV light and spraying with H,SO4~Ce(SO,),, p-anis-
aldeyde-EtOH-H,SO,~AcOH solutions and drying. Flash
cromatography was performed on Merck silica gel (60,
particle size: 0.040-0.063 mm). Yields refer to chromato-
graphically and spectroscopically (‘H and '*C NMR) pure
materials. The NMR spectra were recorded at rt on a Bruker
DRX 400 spectrometer ('H at 400 MHz, '*C at 100 MHz) or
on Bruker DRX 300 spectrometer (IH at 300 MHz, 13C at
75 MHz). Chemical shifts are reported relative to the
residual solvent peak (CHCly: 6=7.26, >CDCl5: 6=77.0).
HR ESMS were performed on a Q-Star Applied Biosystem
mass spectrometer. Optical rotations were measured with a
JASCO DIP-1000 polarimeter.

4.2. Procedures for the synthesis of compounds
described in Scheme 1

4.2.1. Compound 9. To a solution of ethyltriphenyl-
phosphonium bromide (19.1 g, 51.6 mmol) in dry THF
(50 ml), rBuOK (5.21 g, 46.5 mmol) was added. The
resulting mixture was stirred at rt for 10 min, then a solution
of epi-androsterone (5.00 g, 17.2 mmol) in dry THF (10 ml)
was added. The reaction mixture was refluxed for 3 h,
cooled to rt, quenched with water, concentrated under
reduced pressure to remove the excess of THF and the
aqueous layer was extracted with diethyl ether (3 X20 ml).
The combined organic phases were dried over Na;SOy,
filtered and concentrated in vacuo to give a crude product,
which was purified by flash chromatography (40-70%
diethyl ether in petroleum ether) to afford 9 (4.1 g, 78%) as a
white amorphous solid.

Compound 9. Rg=0.07 (10% diethyl ether in petroleum
ether). [alp +17.6 (¢ 2.0, CHCl;).'"H NMR (CDCls,
400 MHz) ¢: 0.80 (3H, s, CH3-18), 0.85 (3H, s, CH;-19),
1.66 (3H, d, J=7.1 Hz, CH5-21), 3.58 (1H, m, H-3), 5.09
(1H, q, J=17.0 Hz, H-20). *C NMR (CDCls, 400 MHz) 6:
12.2, 13.0, 16.8, 21.34, 24.3, 28.6, 31.4, 31.8 (X2), 55.0,
35.4, 36.9 (X2), 37.1, 38.1, 44.7, 54.3, 56.1, 71.1, 113.1,
150.3. HRES-MS, m/z: 303.2643 (calcd 303.2688 for
C21H;350) [MH ],

4.2.2. Compound 10. To a solution of 9 (4.05 g, 1.34 mmol)
in dry CH,Cl, (200 ml) at rt, molecular sieves (powered,
4 A, 75¢g) and pyridinium dichromate (PDC, 7.66 g,
20.2 mmol) were added. The resulting suspension was
stirred for 3 h, quenched with diethyl ether, filtered through
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a pad of silica gel-CaSO, (w/w: 90/10) and concentrated in
vacuo to give the crude product, which was purified by flash
chromatography (0-30% ethyl acetate in petroleum ether) to
afford 10 (3.45 g, 86%) as a white amorphous solid.

Compound 10. R;=0.8 (20% ethyl acetate in petroleum
ether). [a]p +45.8 (¢ 2.5, CHCly).'"H NMR (CDCls,
300 MHz) 6: 0.84 (3H, s, CHs-18), 0.97 (3H, s, CH;-19),
1.59 (3H, d, J=7.2 Hz, CH5-21), 5.06 (1H, q, J=7.0 Hz,
H-20). '*C NMR (CDCl;, 400 MHz) 6: 11.2, 13.0, 16.7,
21.5,24.2,28.8,31.2, 31.4, 34.8, 35.5, 36.9, 38.0, 38.3 (X
2), 44.5, 46.4, 53.7, 55.8, 113.3, 149.8, 211.4. HRES-MS,
mlz: 301.2571 (caled 301.2531 for C,,H330) [MH .

4.2.3. Compound 11. To a solution of 10 (1.69 g,
5.63 mmol) in dry CH,Cl, (170 ml) at 0 °C, paraformalde-
hyde (0.93 g, 60.5mmol) and BF;-OEt, (0.80g,
0.56 mmol), were added. The resulting mixture was stirred
at rt for 10 min, then quenched with water (30 ml), extracted
with CH,Cl, (3 X 30 ml), dried on Na,SO, and concentrated
in vacuo to give the crude product, which was purified by
flash chromatography (40-70% diethyl ether in petroleum
ether) to afford 11 (1.82 g, 98%) as a white amorphous solid.

Compound 11. R;=0.40 (30% ethyl acetate in petroleum
ether). [a]lp +21.4 (¢ 1.9, CHCl;). '"H NMR (CDCls,
400 MHz) ¢: 0.77 (3H, s, CH5-18), 0.99 (3H, d, J=7.1 Hz,
CHs-21), 1.00 (3H, s, CH3-19), 3.49 (1H, dd, /=104,
6.3 Hz, H-22), 3.60 (1H, dd, J=10.4, 7.7 Hz, H-22'), 5.37
(1H, br s, H-16). '>*C NMR (CDCl;, 400 MHz) 6: 12.0, 16.2,
18.8, 21.9, 24.5, 31.7, 32.2, 34.7, 35.4, 35.9, 36.7, 37.9,
38.7, 39.0, 44.6, 47.5, 55.0, 57.6, 67.1, 123.4, 157.5, 201.3.
HRES-MS, m/z: 331.2682 (calcd 331.2637 for Cy,H350,)
[MH™"].

4.24. Compound 13. To a solution of 11 (0.450 g,
1.36 mmol) in absolute ethanol (20 ml) and ethyl acetate
(1 ml), palladium(Il) oxide (0.025 g) was added. The flask
was evacuated (20 Torr) and flushed with hydrogen three
times. The reaction mixture was vigorously stirred under an
atmosphere of hydrogen for 14 h, filtered and concentrated
under reduced pressure to give the C-3 epimeric mixture 12
(0.340 g) as a white amorphous solid, which was used in the
next step without further purification.

To a solution of crude 12 (0.340 g, 1.02 mmol) in acetone
(22 ml) and CH,Cl, (2 ml) at rt, Jones reagent (1.0 ml) was
added dropwise. The reaction mixture was stirred at rt for
2 h, then quenched with water (5 ml), concentrated under
reduced pressure to remove the excess of acetone and
CH,Cl,, and the aqueous layer extracted with ethyl acetate
(3X 10 ml). The organic layer was dried over Na,SO,/
NaHCO; and concentrated in vacuo to give 13 (0.305 g,
65%, two steps from 11) as a white amorphous solid, which
was used in the next step without further purification.

Compound 13. R;=0.45 (5% methanol in CH,Cl,). [«a]p
+14.9 (¢ 1.0, CHCl3). '"H NMR (400 MHz, CDCl5) 6: 0.69
(3H, s, CH;-18), 1.00 3H, s, CHs-19), 1.23 (3H, d, J=
7.0 Hz, CH;-21), 10.0 (1H, br s, COOH). *C NMR
(400 MHz, CDCly) 6: 11.4, 122, 16.9, 21.3, 24.2, 27.2,
28.8, 31.5, 35.3, 35.6, 38.0, 38.4, 39.5, 42,3, 42.6, 44.6,

46.5, 52.4, 53.6, 55.8, 181.1, 212.2. HRES-MS, mi/z:
347.2601 (caled 347.2586 for Co,H;505) [MH 1.

4.2.5. Compound 14. To a solution of crude 13 (0.29 g,
0.84 mmol) in CH,Cl, (1 ml) at rt, DMAP (0.31¢g,
2.54 mmol), a solution of 21 (0.49 g, 0.94 mmol) in
CH,Cl, (2ml) and EDC (0.81 g, 4.26 mmol) were
sequentially added. The reaction mixture was stirred for
16 h, quenched with water (5 ml) and extracted with ethyl
acetate (10 ml). The organic layer was washed with a
saturated solution of NaHCOj, with water, dried over
Na,SO,, filtered and concentrated in vacuo. The crude
(0.86 g) was purified by flash chromatography (0-1%
methanol in chloroform), to furnish 14 (0.25 g, 35%) as a
white amorphous solid.

Compound 14. R;=0.81 (10% methanol in CHCI5). [a]p
+8.6 (¢ 2.1, CHCL;). '"H NMR (400 MHz, CDCl5) 6: 0.64
(3H, s, CH3-18), 0.97 (3H, s, CH5-19), 1.03 (9H, s,
C(CH>)3), 1.17 (3H, d, J=7.0 Hz, CH3-21), 3.62 (20H, m,
0O-(CH,CH,0)s), 3.79 (2H, t, J=5.3 Hz, CH,OTPS), 4.18
(2H, br t, J=4.8 Hz, CH,OCOR), 7.40 (6H, m, Ar-H), 7.66
(4H, m, Ar-H).">C NMR (400 MHz, CDCl;) ¢: 11.4, 12.2,
17.0, 18.8, 21.3, 24.1, 26.7 (X3), 27.0, 28.8, 31.5, 35.3,
35.6, 38.0, 38.4, 39.5, 42.4, 42.6, 44.6, 46.4, 52.8, 53.6,
55.7, 62.9, 63.3, 69.1, 70.5 (X8), 72.3, 127.5 (X4), 129.5
(X2), 133.6 (X2), 135.6 (X4), 176.7, 211.8. HRES-MS,
miz: 849.5311 (calcd 849.5337 for CsoH7700Si) [MH 1.

4.2.6. Compound 15. To a solution of 14 (0.25¢g,
0.29 mmol) in THF (5ml) at 0°C, BH5-SMe, (300 pl,
0.56 mmol) was added. The reaction mixture was stirred for
1.5h at 0 °C, quenched with water (5 ml), concentrated in
vacuo to remove the excess of THF and extracted with
CHCI;. The organic layer was washed with brine, dried over
Na,S0, and concentrated in vacuo to give 15 (0.16 g, 65%)
as a white amorphous solid, which was used without further
purification.

Compound 15. R;=0.47 (10% methanol in CH,Cl,). [«a]p
+2.3 (¢ 2.7, CHCl3). '"H NMR (400 MHz, CDCl5) ¢: 0.65
(3H, s, CHs-18), 0.79 (3H, s, CH-19), 1.03 (9H, s,
C(CHs)3), 1.17 (3H, d, J=7.0 Hz, CH5-21), 2.42 (1H, m,
H-20), 3.63 (21H, m, O—(CH,CH,0)s— and H-3), 3.79 (2H,
t, J=5.3 Hz, CH,OTPS), 4.19 (2H, br t, J=4.7 Hz,
CH,OCOR), 7.38 (6H, m, Ar-H), 7.67 (4H, m, Ar-H). °C
NMR (400 MHz, CDCly) 6: 12.2 (X2), 17.0, 19.1, 21.1,
24.2, 26.8 (X3), 27.1, 28.6, 31.4, 32.0, 35.4 (X2), 36.9,
38.1, 39.7, 42.5, 42.6, 44.7, 52.8, 54.2, 55.9, 63.0, 63.4,
69.2,70.5 (X8),71.2,72.4, 127.6 (X4), 129.6 (X2), 133.6
(X2), 135.6 (X 4), 176.9. HRES-MS, m/z: 851.5560 (calcd
851.5493 for CsoH7905Si) [MH .

4.2.7. Compound 1. To a solution of 15 (0.16 g, 0.18 mmol)
in pyridine (0.5 ml) at 0 °C, a solution of 70% hydrofluoric
acid in pyridine (70 pl, 2.44 mmol) was added. The reaction
mixture was stirred for 1.5h and concentrated under a
stream of N,. The residue was purified by flash chromato-
graphy (silica gel, 3% methanol in CHCl;) to afford 1
(0.080 g, 73%) as a white amorphous solid.

Compound 1: R;=0.4 (10% methanol in CH,CL). [a]p
+3.3 (¢ 2.7, CHCl3). '"H NMR.(400 MHz, CDCl;) ¢: 0.63
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(3H, s, CH;-18), 0.77 (3H, s, CHs-19), 1.14 3H, d, J=
6.7Hz, CHs-21), 2.40 (1H, m, H-20), 3.62 (23H, m,
O—(CH,CH,0)s—, CH,OH and H-3), 417 (2H, t, J=
4.7 Hz, CH,OCOR). '*C NMR (400 MHz, CDCl;) é: 12.3
(X2), 17.0, 21.0, 24.2, 27.0, 28.6, 31.4, 31.9, 35.4 (X2),
36.9, 38.0, 39.7, 42.4, 42.6, 44.7, 52.8, 54.2, 56.0, 61.6,
62.9, 69.1, 70.2, 70.5 (X7), 71.1, 72.4, 176.8. HRES-MS,
miz: 613.4321 (caled 613.4316 for Cs,Hg Oo) [MH*].

4.3. Procedures for the synthesis of compounds
described in Scheme 2

4.3.1. Compound 16. To a solution of 11 (0.10 g,
0.30 mmol) in CH,Cl, (1 ml) at rt, DMAP (0.11 g,
0.91 mmol), a solution of 23 (0.22 g, 0.45 mmol) in
CH,Cl, (2ml) and EDC (0.29 g, 1.51 mmol) were
sequentially added. The mixture was stirred for 16 h,
quenched with water (5 ml) and extracted with ethyl acetate
(5 ml). The organic layer was washed with a saturated
solution of NaHCOQs, then water, dried over Na,SQ,, filtered
and concentrated in vacuo. The crude (0.30 g) was purified
by flash chromatography (20-90% diethyl ether in
petroleum ether) to furnish 16 (0.14 g, 58%) as a white
amorphous solid.

Compound 16. Ry=0.2 (20% diethyl ether in petroleum
ether). [a]p +19.5 (¢ 0.6, CHCly). '"H NMR (400 MHz,
CDCl5) 6: 0.73 (3H, s, CH5-18), 1.05 (15H, br s, CH3-19,
CH3-21, (CH3)5Si—, overlapped), 3.57-3.69 (14H, m,
(OCH,CH,0);CH,, overlapped), 3.79 (2H, J=5.3 Hz,
CH,OTPS), 4.01 (1H, m, H-22), 4.11 (2H, br s, OCOCH,0),
4.19 (1H, m, H'-22), 5.38 (1H, br s, H-16), 7.34-7.40 (6H,
m, Ar-H), 7.66-7.68 (4H, m, Ar-H). >°C NMR (400 MHz,
CDCl3) o: 11.4, 16.2, 18.6, 19.1, 21.2, 26.8 (X3), 28.8,
29.6, 31.4, 31.5, 34.0, 34.7, 35.8, 38.1, 38.3, 44.7, 46.8,
472, 544, 56.7, 63.4, 68.6, 68.7, 70.5 (X4), 70.7, 70.9,
72.4,122.8,127.6 (X4),129.5 (X2), 133.6 (X2), 135.6 (X
4), 156.5, 170.5, 212.0. HRES-MS, m/z: 803.4992 (calcd
803.4918 for C4gH,;05Si) [MH "]

4.3.2. Compound 17. To a solution of 16 (0.134 g,
0.167 mmol) in THF (3 ml) at 0 °C, BH3-SMe, (230 pl,
0.56 mmol) was added. The reaction mixture was stirred for
1 h at 0 °C, the reaction was quenched with water (3 ml),
concentrated in vacuo to remove the excess of THF and
extracted with CHCl;. The organic layer was washed with
brine, dried over Na,SO, and concentrated in vacuo to give
17 (0.131 g, 97%) as a white amorphous solid, which was
used without further purification.

Compound 17. R;=0.2 (20% petroleum ether in diethyl
ether). [a]lp +0.2 (¢ 2.0, CHCl3). 'H NMR (400 MHz,
CDCl3) 6: 0.74 (3H, s, CH5-18), 0.83 (3H, s, CH5-19), 1.03-
1.04 (12H, br s, (CH;3)3Si— and CH3-21, overlapped), 2.44
(1H, m, H-20), 3.57-3.69 (15H, m, (OCH,CH,0)3CH, and
H-3 overlapped), 3.79 (2H, J=5.3 Hz,, CH,OTPS), 4.01
(1H, m, H-22), 4.12 (2H, br s, OCOCH,0), 4.19 (1H, m,
H'-22), 5.38 (1H, s, H-16), 7.34-7.40 (6H, m, Ar-H), 7.66—
7.68 (4H, m, Ar-H). '*C NMR (400 MHz, CDCls) é: 12.3,
16.3, 18.6, 19.2, 21.1, 26.8 (X3), 28.6, 29.7, 31.2, 31.5,
31.9, 34.1, 34.9, 35.7, 36.8, 38.2, 45.1, 47.3, 55.0, 56.9,
63.4, 68.6, 68.7, 70.6 (X4), 70.7, 70.9, 71.3, 72.4, 122.8,
127.6 (X4), 129.6 (X2), 133.7 (X2), 135.6 (X4), 156.7,

170.5. HRES-MS, m/z: 805.5012 (caled 805.5075 for
C.sH7304Si) [MH ™.

4.3.3. Compounds 18 and 2. To a solution of crude 17
(0.135 g, 0.168 mmol) in absolute ethanol (2 ml), Pt/C (5%
w/w, 0.016 g) was added. The flask was evacuated (20 Torr)
and flushed with hydrogen three times. The reaction mixture
was stirred vigorously under hydrogen for 24 h, filtered
through a pad of Celite, the Celite was washed with
chloroform and the solvent concentrated in vacuo to afford
18 (0.128 g) as a white amorphous solid, which was used in
the next step without further purification.

To a solution of crude 18 (0.128 g, 0.159 mmol) in pyridine
(0.5 ml) at 0°C, a solution of 70% hydrofluoric acid in
pyridine (60 pl, 2.09 mmol) was added. The reaction
mixture was stirred for 1.5h and concentrated under a
stream of N,. The residue was purified by flash chromato-
graphy (silica gel, 3% methanol in CHCl;3) to afford 2
(0.056 g, 62% for two steps) as a white amorphous solid.

Compound 2. R¢=0.1 (diethyl ether). [a]p +10.4 (c 0.7 in
CHCls). '"H NMR (400 MHz, CDCl5) 6: 0.66 (3H, s, CHs-
18), 0.79 (3H, s, CH5-19), 0.98 (3H, d, /=6.6 Hz, CH5-21),
3.60 (3H, m, CH,OH and H-3, overlapped), 3.64-3.74
(14H, m, (OCH,CH,0);CH,-), 3.83 (1H, m, H-22), 4.12
(2H, s, COCH,0), 4.13 (1H, m, H’-22). '3C NMR
(400 MHz, CDCls) o: 12.1, 12.3, 17.1, 21.2, 24.2, 27.6,
28.6, 31.5, 32.0, 35.5 (X?2), 35.8, 36.9, 38.1, 39.8, 42.7,
44.8, 52.7, 54.3, 56.1, 61.7, 68.6, 69.8, 70.3, 70.5 (X4),
70.8, 71.3, 72.5, 170.7. HRES-MS, m/z: 569.4031 (calcd
569.4053 for C3,Hs;0g) [MH™].

4.4. Procedures for the synthesis of compounds
described in Scheme 3

4.4.1. Compound 21. To a solution of 19 (1.00 g,
3.54 mmol) in CH,Cl, (10 ml) at rt, 1,8-diazabicyclo-
[5.4.0]Jundec-7-ene (DBU, 0.82 ml, 5.30 mmol) and tert-
butyldiphenylsilylchloride (TPS-Cl, 0.92 ml, 3.54 mmol)
were sequentially added. The solution was stirred for 3 h,
quenched with a solution of HCI (2 M, 6 ml) and extracted
with CH,Cl,. The organic layer was washed with a saturated
solution of NaHCO5 (4 ml), dried over Na,SO,, filtered and
concentrated in vacuo. The crude was purified by flash
chromatography (1-2% methanol in CH,Cl,) to furnish 21
(0.69 g, 37%) as a colorless oil.

Compound 21. Ry=0.6 (4% methanol in CH,Cl,). "H NMR
(400 MHz, CDCl3) 6: 1.04 (9H, s, (CH3)3Si-), 3.56-3.63
(20H, m, -CH,(OCH,>CH,0),CH>), 3.68 (2H, m, CH,OH),
3.79 (2H, d, J=5.3 Hz, CH,OTPS), 7.34-7.40 (6H, m, Ar-
H), 7.66-7.68 (4H, m, Ar-H). >*C NMR (400 MHz, CDCl5)
0:19.4,27.0 (X3), 62.0, 63.7, 70.5, 70.9 (X 7), 72.7, 72.8,
127.9 (X 4), 129.8 (X2), 133.5 (X2), 135.9 (X 4). HRES-
MS, m/z: 521.2890 (caled 521.2935 for C,gHasO4Si)
[MH™].

4.4.2. Compound 22. To a solution of 20 (5.00 g,
20.9 mmol) in CH,Cl, (50 ml) at rt, DBU (4.69 ml,
31.3 mmol) and TPS-CI (5.30 ml, 20.9 mmol) were sequen-
tially added. The solution was stirred for 3 h, quenched with
a solution of HC1 (2 M, 30 ml) and extracted with CH,Cl,.
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The organic layer was washed with a saturated solution of
NaHCO; (20 ml), dried over Na,SQy, filtered and concen-
trated in vacuo. The crude was purified by flash
chromatography (1-2% methanol in CH,Cl,) to furnish 22
(3.88 g, 39%) as a colorless oil.

Compound 22. Ry=0.6 (4% methanol in CH,CL,). "H NMR
(400 MHz, CDCls) 6: 1.04 (3H, s, (CH;)3Si-), 3.56-3.63
(16H, m, -CH,(OCH,CH,0);CH,), 3.68 (2H, m, CH,OH),
3.79 (2H, d, J=5.3 Hz, CH,OTPS), 7.34-7.40 (6H, m, Ar-
H), 7.66-7.68 (4H, m, Ar-H). '*C NMR (400 MHz, CDCl,)
6: 19.1, 26.7 (X3), 61.9, 63.6, 70.5, 70.8 (X 4), 70.9, 72.6,
72.8, 127.9 (X4), 129.8 (X2), 133.5 (X2), 135.9 (X4).
HRES-MS, m/z: 477.2703 (calcd 477.2672 for CogH410¢S1)
[MH'].

4.4.3. Compound 23. To a solution of 22 (1.40¢g,
2.94 mmol) in acetone (30 ml) at rt, Jones reagent (2.2 ml)
was added dropwise. The reaction mixture was stirred at rt
for 0.5 h, then quenched with water (10 ml), concentrated
under reduced pressure to remove the excess of acetone,
extracted with ethyl acetate (3X 15 ml). The organic layer
was finally dried over Na,SO4/NaHCOj; and concentrated in
vacuo. The crude was purified by flash chromatography
(2-3% methanol in CH,Cl,) to give 23 (0.63 g, 43%) as a
colorless oil.

Compound 23. Ry=0.4 (6% methanol in CH,Cl,). "H NMR
(400 MHz, CDCly) 6: 1.05 (3H, s, (CH5)3Si-), 3.56-3.63
(14H, m, —-(OCH,CH,0);CH,), 3.79 (2H, d, J=5.3 Hz,
CH,OTPS), 4.13 (2H, m, CH,COOH), 7.34-7.40 (6H, m,
Ar-H), 7.66-7.68 (4H, m, Ar-H). >°C NMR (400 MHz,
CDCly) 6: 19.1, 26.9 (X3), 63.7, 70.5, 70.6, 70.9 (X4),
71.3,72.6, 127.9 (X4), 129.8 (X2), 133.5 (X2), 135.9 (X
4), 172.0. HRES-MS, m/z: 491.2460 (calcd 491.2465 for
Ca6H3905Si) [MH ]

4.5. Procedures for the synthesis of compounds
described in Scheme 4

4.5.1. Compound 24. To a suspension of 11 (0.243 g,
0.736 mmol) in dry di(ethylene)glycol (4 ml) and absolute
ethanol (1 ml) at rt, potassium hydroxide (KOH, 0.177 g,
3.17 mmol) and hydrazine monohydrate (NH,NH,-H,O,
0.43 ml, 8.82 mmol) were added. The reaction mixture was
stirred for 30 min at 110 °C, the temperature was then raised
up to 200 °C, for 3 h. The reaction was quenched with water
(4 ml) and the resulting mixture was extracted four times
with dichloromethane. The organic layer was dried over
Na,SO,, filtered and evaporated in vacuo, affording a crude
that was purified by flash chromatography (silica gel,
20-30% diethyl ether in petroleum ether) to furnish 24
(0.144 g, 62%) as a white amorphous solid.

Compound 24. R;=0.6 (40% petroleum ether in diethyl
ether). [a]p +4.1 (¢ 1.0 in CHCl3). 'H NMR (400 MHz,
CDCl3) 6: 0.76 (3H, s, CH3-18), 0.79 (3H, s, CH5-19), 1.00
(3H, d, /=6.9 Hz, CH5-21), 2.35 (1H, m, H-20), 3.54 (2H,
m, H-22), 5.39 (1H, s, H-16). '>*C NMR (400 MHz, CDCl5)
0: 12.2, 16.4, 18.1, 20.6, 22.1, 26.8, 28.9, 29.0, 31.1, 32.0,
34.2, 34.9, 35.3, 36.5, 38.5, 47.2, 47.3, 55.3, 57.4, 66.5,
122.9, 157.7. HRES-MS, m/z: 317.2822 (calcd 317.2844 for
Cx,H37,0) [MH™].

4.5.2. Compound 25. To a solution of 24 (0.167 g,
0.528 mmol) in absolute ethanol (3 ml), Pt/C (5% w/w,
0.011 g) was added. The flask was evacuated (20 Torr) and
flushed with hydrogen three times. The reaction mixture
was vigorously stirred under hydrogen overnight, then
filtered through a pad of Celite, the Celite washed with
chloroform and the solvent concentrated in vacuo to afford
25 (0.141 g, 97%) as a white amorphous solid.

Compound 25. Ry=0.6 (40% petroleum ether in diethyl
ether). [a]lp +13.9 (¢ 0.7 in CHCly). 'H NMR (400 MHz,
CDCls) 6: 0.67 (3H, s, CH5-18), 0.77 (3H, s, CH;-19), 1.03
(3H, d, J=6.8 Hz, CH5-21), 3.35 (1H, dd, J=10.5, 7.0 Hz,
H-22), 3.62 (1H, dd, J=10.5, 3.1 Hz, H'-22). '>*C NMR
(400 MHz, CDCl3) o: 12.1, 12.2, 16.7, 20.8, 22.1, 24.3,
26.8, 27.7, 29.0 (X2), 32.1, 35.5, 36.2, 38.6, 38.8, 39.9,
42.7,47.0, 52.5, 54.7, 56.3, 68.0. HRES-MS, m/z: 319.2976
(caled 319.3001 for CoyH390) [MH 1.

4.5.3. Compound 26. To a solution of 25 (0.033 g,
0.104 mmol) in CH,Cl, (1 ml) at rt, DMAP (0.039 g,
0.032 mmol), a solution of 23 (0.104 g, 0.19 mmol) in
CH,Cl, (1 ml) and EDC (0.102 g, 0.53 mmol) were
sequentially added. The reaction mixture was stirred for
16 h, quenched with water (5 ml) and extracted with ethyl
acetate (10 ml). The organic layer was washed with a
saturated solution of NaHCO;, with water, dried over
Na,SQO,, filtered and concentrated in vacuo. The crude was
purified by flash chromatography (silica gel, 50% diethyl
ether in petroleum ether) to furnish 26 (0.028 g, 34%) as a
white amorphous solid.

Compound 26. R;=0.3 (40% petroleum ether in diethyl
ether). [a]p +8.6 (¢ 1.4 in CHCl;). "H NMR (400 MHz,
CDCl,) 6: 0.66 (3H, s, CH5-18), 0.77 (3H, s, CH5-19), 0.99
(3H, d, /=6.5 Hz, CH5-21), 1.04 (9H, s, (CH3)3Si-), 3.58-
3.70 (14H, m, O(CH,CH;);0CH>-), 3.81 (2H, m, —CH,-
OTPS), 3.85 (1H, m, H-22), 4.13 (2H, br s, OCOCH,0) 4.14
(1H, m, H'-22) 7.34-7.40 (6H, m, Ar-H), 7.66-7.68 (4H, m,
Ar-H). >C NMR (400 MHz, CDCl3) 6: 12.1 (X2), 17.1,
19.2, 20.8, 20.8, 22.2, 24.3, 26.8 (X4), 27.7, 29.0 (X?2),
32.1, 35.6, 35.9, 38.7, 39.9, 42.8, 47.0, 52.8, 54.7, 56.3,
63.4, 68.6, 69.9, 70.6 (X5), 70.9, 72.4, 127.6 (X4), 129.6
(X2), 133.6 (X2), 135.6 (X4), 170.1. HRES-MS, m/z:
791.5302 (caled 791.5282 for C45H;50,Si) [MH*].

4.54. Compound 3. To a solution of 26 (0.027 g,
0.034 mmol) in pyridine (200 pl) at 0 °C, a solution of
70% hydrofluoridric acid in pyridine (40 pl, 1.39 mmol)
was added. The reaction mixture was stirred for 1.5 h and
concentrated under a stream of N,. The residue was purified
by flash chromatography (silica gel, 0-5% methanol in
CH,Cl,) to afford 3 (0.0082 g, 44%) as a white amorphous
solid.

Compound 3. Ry=0.1 (100% diethyl ether). [a]p +24.7 (¢
0.4, CHCl;). '"H NMR (400 MHz, CDCl5) 6: 0.66 (3H, s,
CH;-18), 0.76 (3H, s, CH5-19), 0.98 (3H, d, J=6.5 Hz,
CH;-21), 3.60 (2H, m, OCH,CH,OH), 3.66-3.77 (14H, m,
O(CH,CH,);0CH,—, overlapped), 3.84 (1H, m, H-22), 4.15
(2H, m, OCOCH,0) 4.16 (1H, m, H'-22). '3C NMR
(400 MHz, CDCly) 6: 12.4, 12.5, 17.4, 21.1, 22.5, 24.5,
27.1, 27.9, 29.3 (X2), 32.4, 35.8, 36.1, 36.5, 39.0, 40.2,
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43.0, 47.3, 53.0, 55.0, 56.6, 62.0, 68.9, 70.2, 70.5, 70.8 (X
4), 71.2, 72.9, 171.0. HRES-MS, m/z: 553.4110 (calcd
553.4104 for C3,Hs,0,) [MH™].

4.6. Procedures for the synthesis of compounds
described in Scheme 5

4.6.1. Compound 28. To a solution of 27 (0.088 g,
0.146 mmol) in CH,CI, (0.5 ml) at rt, DMAP (0.055 g,
0.45 mmol), a solution of 23 (0.080 g, 0.163 mmol) in
CH,Cl, (1 ml) and EDC (0.140 g, 0.73 mmol) were
sequentially added. The reaction mixture was stirred for
16 h, quenched with water (2 ml) and extracted with ethyl
acetate (4 ml). The organic layer was washed with a
saturated solution of NaHCO;, with water, dried over
Na,SO,, filtered and concentrated in vacuo. The crude was
purified by flash chromatography (silica gel, 0-1%
methanol in CHCl3) to afford 28 (0.049 g, 31%) as a
white amorphous solid.

Compound 28. R;=0.3 (5% methanol in CHCl3). [«a]p
+14.0 (¢ 1.7, CHCL3). "H NMR (400 MHz, CDCl;) 6: 0.74
(3H, s, CH3-18), 0.87 (3H, s, CH3-19), 1.02 (3H, d, J=
6.9 Hz, CHs-21), 1.05 (9H, s, (CH3);Si-), 2.48 (1H, m,
H-20), 3.08 (1H, m, H-6 or H-7), 3.27 (1H, m, H-7 or H-6),
3.59-3.70 (15H, m, -(OCH,CH,0);CH,— and H-3, over-
lapped), 3.81, (2H, m, -CH,OTPS), 4.04 (1H, m, H-22),
4.13 (2H, br s, OCOCH,0), 4.25 (1H, m, H'-22), 5.41 (1H,
s, H-16), 7.34-7.40 (6H, m, Ar-H), 7.66-7.68 (4H, m,
Ar-H). >C NMR (400 MHz, CDCl5) 6: 13.6, 16.1, 18.7,
19.2, 20.9, 26.8 (X3), 26.9 (X3), 31.3 (X?2),, 32.2, 33.9,
34.5, 35.9, 37.1, 39.8, 47.6, 48.0, 52.2, 55.8, 63.4, 68.6,
68.7, 70.6 (X4), 70.7 (X?2), 70.9, 72.4, 72.5, 74.8, 80.3,
123.5, 127.4 (X4), 127.6 (X4), 129.5 (X?2), 129.6 (X2),
133.7 (X2), 134.6, 134.8, 135.6 (X4), 135.8 (X4), 1554,
170.4; HRES-MS, m/z: 1077.6326 (calcd 1077.6307 for
Ce4Ho3010Si2) [MH .

4.6.2. Compound 4. To a solution of 28 (0.060 g,
0.056 mmol) in pyridine (0.3 ml) at 0°C, a solution of
70% hydrofluoric acid in pyridine (200 pl, 7.00 mmol) was
added. The reaction mixture was stirred for 1.5h and
concentrated under a stream of N,. The residue was purified
by flash chromatography (silica gel, 30-70% ethy] acetate in
petroleum ether) to afford 4 (0.017 g, 51%) as a white
amorphous solid.

Compound 4. Ry=0.1 (8% methanol in CHCl,). [a]p +41.3
(c 0.8 in CHCl53). "H NMR (400 MHz, CDCl5) 6: 0.75 (3H,
s, CH5-18), 0.87 (3H, s, CH3-19), 1.04 (3H, d, J=6.8 Hz,
CH;-21),2.46 (1H, m, H-20), 3.09 (1H, m, H-6 or H-7), 3.24
(1H, m, H-7 or H-6), 3.54 (1H, m, H-3), 3.58 (2H, m,
CH,0H), 3.67-3.71 (14H, m, —-(OCH,CH,0);CH,-), 3.99
(1H, dd, J=10.5, 7.9 Hz, H-22), 4.12 (2H, s, COCH,0),
421 (1H, dd, J=10.5, 6.4 Hz, H'-22), 5.42 (1H, s, H-16).
13C NMR (400 MHz, CDCl,) é: 13.6, 16.1, 18.7, 21.0, 30.7,
31.4, 32.3, 33.9, 34.6, 35.9, 37.1, 39.8, 47.7, 48.1, 52.3,
55.9, 61.6, 68.6, 68.7, 70.2, 70.4 (X4), 70.8, 72.1, 72.6,
74.6, 80.1, 123.7, 155.3, 170.5. HRES-MS, m/z: 601.3948
(caled 601.3952 for C3,Hs,0;0) [MHT].

4.7. Procedures for the synthesis of compounds
described in Scheme 6

4.7.1. Compound 29. To a solution of 12 (0.600 g,
1.80 mmol) in dichloromethane (10 ml) at 0 °C, pyridine
(5 ml) and acetic anhydride (0.5 ml) were sequentially
added. The reaction mixture was allowed to warm to rt,
stirred overnight and quenched with a solution of HCI (2 M,
3 ml). The aqueous layer was extracted three times with
dichloromethane, the organic layer was dried over Na;SO,,
filtered, evaporated in vacuo and purified by flash
chromatography (silica gel, 10-15% ethyl acetate in
petroleum ether) to furnish 29 (0.338 g, 50%) as a white
amorphous solid.

Compound 29. Rg=0.45 (30% ethyl acetate in petroleum
ether). [a]p +12.3 (¢ 2.5 in CHCl3). '"H NMR (400 MHz,
CDCls) 6: 0.65 (3H, s, CH;-18), 0.78 (3H, s, CH5-19), 0.97
(3H, d, J=6.6 Hz, CH5-21), 2.03 (3H, s, CH;CO-), 3.55
(1H, m, H-3), 3.75 (1H, dd, J=10.6, 7.6 Hz, H-22), 4.05
(1H, dd, J=10.6, 3.4 Hz, H'-22). >*C NMR (400 MHz,
CDCl5) 6: 12.0, 12.2, 17.0, 20.9, 21.2, 24.2, 27.6, 28.6, 31.4,
32.0, 35.4, 35.5, 35.7, 37.0, 38.1, 39.8, 42.7, 44.8, 52.8,
54.3, 56.1, 69.5, 71.2, 171.3. HRES-MS, m/z: 377.3019
(caled 377.3056 for CoyHy 05) [MH ™.

4.7.2. Compound 30. To a solution of 29 (0.116g,
0.308 mmol) in CH,Cl, (1 ml) at rt, DMAP (0.123 g,
1.00 mmol), a solution of 23 (0.200 g, 0.407 mmol) in
CH,Cl, (1 ml) and EDC (0.321 g, 1.67 mmol) were
sequentially added. The reaction mixture was stirred for
24 h, quenched with water (2 ml) and extracted with ethyl
acetate (4 ml). The organic layer was washed with a
saturated solution of NaHCO;, with water, dried over
Na,SO,, filtered and concentrated in vacuo. The crude was
purified by flash chromatography (silica gel, 10—-40% ethyl
acetate in petroleum ether) to afford 30 (0.214 g, 82%) as a
white amorphous solid.

Compound 30. Ry=0.3 (30% ethyl acetate in petroleum
ether). [a]p +4.4 (c=1.1 in CHCI3). "H NMR (400 MHz,
CDCly) 6: 0.67 (3H, s, CH3-18), 0.81 (3H, CH5-19), 1.00
(3H, d, J=6.7 Hz, CH3-21), 1.04 (9H, s, (CH3)3Si-), 2.04
(3H, s, CH3CO), 3.63-3.74 (14H, m, (OCH,CH,0);CH,-),
3.76, (1H, m, H-22), 3.80 (2H, m,—-CH,OTPS), 4.07 (1H, m,
H'-22), 4.09 (2H, br s, COCH,0), 4.76 (1H, m, H-3), 7.34—
7.41 (6H, m, Ar-H), 7.66-7.68 (4H, m, Ar-H). *C NMR
(400 MHz, CDCly) 6: 12.0, 12.2, 17.0, 19.1, 20.9, 21.1,
24.2, 26.8 (X3), 27.4, 27.6, 28.5, 31.8, 33.9, 35.4 (X2),
35.7, 36.6, 39.7, 42.7, 44.5, 52.8, 54.1, 56.0, 63.4, 68.8,
69.4, 70.5(X4), 70.7, 70.8, 72.4, 74.2, 127.5 (X4), 129.5
(X2), 133.7 (X2), 135.5(X4), 169.9, 171.2. HRES-MS,
mlz: 849.5341 (calcd 849.5337 for CsoH7700Si) [MH"].

4.7.3. Compound 5. To a solution of 30 (0.214 g,
0.252 mmol) in pyridine (0.4 ml) at 0°C a solution of
70% hydrofluoric acid in pyridine (200 pl, 7.00 mmol) was
added. The reaction mixture was stirred for 1.5h and
concentrated under a stream of N,. The residue was purified
by flash chromatography (silica gel, 30-70% ethy] acetate in
petroleum ether) to afford 5 (0.126 g, 82%) as a white
amorphous solid.
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Compound 5. Ry=0.1 (30% ethyl acetate in petroleum
ether). [a]p +5.2 (¢ 1.1 in CHCl;). '"H NMR (400 MHz,
CDCly) 6: 0.67 (3H, s, CH5-18), 0.77 (3H, s, CH5-19), 1.00
(3H, d, J=6.6 Hz, CH3-21), 3.60 (2H, m, -CH,0OH), 3.63—
3.74 (14H, m, (OCH,CH,0);CH,-), 3.76, (1H, m, H-22),
4.07 (1H, m, H'-22), 4.09 (2H, br s, COCH,0), 4.76 (1H, m,
H-3). >C NMR (300 MHz, CDCls) 6: 12.0, 12.1, 17.0, 20.8,
21.1, 24.1, 27.3, 27.5, 28.4, 31.8, 33.8, 35.3 (X2), 35.6,
36.6, 39.6, 42.6, 44.5, 52.7, 54.0, 56.0, 61.6, 68.7, 69.4,
70.2,70.4 (X4),70.7,72.4,74.3, 169.9, 171.2. HRES-MS,
mlz: 611.4148 (caled 611.4159 for C34Hs900) [MH™].
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Abstract—Female alates of Nasutitermes ephratae termites from Guadeloupe and Nasutitermes sp. from Brazil produce a diterpene
hydrocarbon of the molecular formula C,yH3( as the main component of their tergal gland secretion. Analysis of NMR, IR, and mass spectra
of the diterpene led to a structure of (11E)-trinervita-1(14),2,11-triene. Based on a comparison with the published oxygenated trinervitane
skeleton from termites we prefer the enantiomer with absolute configurations (4R,7S5,8R,15S,16S). The suggested structure is supported by ab
initio quantum chemical calculation of 'H and '*C chemical shifts for the optimized geometry of the molecule.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Diterpenoid compounds often play a role in chemical
communication of termites of the subfamily Nasutitermitinae.
They function as trail pheromones or sex pheromones,'~
but most of the diterpenoid compounds were reported as
defensive substances of termite soldiers (Refs. 6,7 and
references therein). Over 60 different structures have been
isolated from the soldiers’ frontal gland secretions since the
description of first diterpenoid defence substance, a tricyclic
trinervitane derivative, from Trinervitermes gratiosus.®
Defence substances usually possess a bicyclic (secotriner-
vitane), tricyclic (trinervitane), or tetracyclic (kempane,
rippertane or longipane) skeleton. A trinervitane skeleton is
the most common; the other skeleta show considerably less
structural diversity. These skeleta (Scheme 1) are unique to
termites and they are likely to be formed via cyclisation of
cembrane precursors.” Except for neocembrene, all other
skeleta shown in Scheme 1 only occur with oxygen
substituents.

Keywords: Diterpene hydrocarbon; Trinervitane; Termite; Pheromone;

Female tergal gland; 'H and '>C NMR.

* Corresponding author. Tel.: +420 220 183 298; fax: +420 220 183 582;
e-mail: irena@uochb.cas.cz

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Diterpenic hydrocarbons are relatively rare in termites.
Most of them were described in the family Termitidae.
Cubitene (8), bifloratriene (9), cubugene (10), and two
cembrene isomers neocembrene A (1) and (3Z)-cembrene A
(11) occur in the genus Cubitermes (Scheme 2).10’ll These
compounds have a molecular formula C,yHjz, and their
structures differ substantially from our compound. Thus, the
diterpene reported here, and isolated from two species of
Nasutitermes is the first example of a naturally occurring
trinervitane hydrocarbon.

2. Results and discussion

Trinervita-1(14),2,11-triene (12) was the main component
of solid phase microextraction (SPME) samples from the
surface of tergal glands of female alates of both
Nasutitermes ephratae (92%) and Nasutitermes sp. (52%
of all compounds adsorbed on the SPME fibre; figures taken
from GC integration areas). To obtain larger amounts of the
compound for the structure elucidation, whole females were
extracted and the diterpene 12 was purified from the crude
extract. Its EI mass spectrum was consistent with that of a
hydrocarbon of the molecular formula CooHzo (M ™" m/z
270). The molecular mass was confirmed by chemical
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HO™

:H
OH

neocembrene A (1)

rippertane (5)

Scheme 1. Examples of diterpenes with different skeletons found in termites.

ionization (methane); pseudomolecular ions m/z 271 (MH™' ),
mlz 229 [(M+C,Hs)* '], and m/z 311 [(M+CsHs) ']
were observed. By analogy of the fragment ions m/z 159
(CyoH;s) and m/z 119 (CoH;,) with those of the previously
described trinervitane alcohol 3,'? m/z 175 (C;,H;50) and
miz 135 (CgH;;0) it was indicated that the isolated
diterpene may be a trinervitatriene. The infrared spectrum
showed a presence of a trisubstituted double bond (850 cm ™ ])
and excluded an exomethylene group (absence of a band at
890 cm ™).

(4R,7S,8R,11E,15S,16S)-trinervita-1(14),2,11-triene

The proton 1D-NMR spectrum displayed four methyl
signals—two secondary methyl groups (doublets at ¢ 0.77
and 1.11), one tertiary methyl (singlet at 6 1.22) and one
methyl on the double bond (broad singlet at § 1.62). The
low-field region of its 'H NMR spectrum contained
multiplets of four olefinic protons (6 5.89dt, 5.49ddt,
5.36bdd and 5.23dq). The additional four protons gave
well separated multiplets at 3.58bq, 2.88bdd, 2.64bdd and

cubitene (8)

bifloratriene (9)

Scheme 2. Diterpene hydrocarbons previously isolated from termites.'®!!

HO™

7,16-secotrinervitane (2)

kempane (6)

trinervitane (3)

longipane (4)

AcO,

‘,

5a-kempane (7)

2.17m (their chemical shifts indicated allylic type of
protons) while 10 remaining protons appeared in the upfield
region 6 0.95-1.95.

The “attached proton test’ *C NMR spectrum confirmed the
presence of 20 carbon atoms in the molecule, consisting of
four CHj3, five CH,, eight CH and three quaternary carbon
atoms (see Table 1). Six low-field signals between 145 to
123 ppm clearly indicated the presence of three double
bonds that could be (in agreement with '"H NMR data)
identified as one disubstituted (.CH=CH-) and two
trisubstituted (>C=CH-) double bonds. Three double
bonds together with the inferred molecular formula C,oHs
led to the conclusion that there are three rings in the
molecule.

Directly bonded carbon and hydrogen atoms were assigned
from the 2D—1H,13C—HSQC spectrum as is indicated in
Table 1. The J-couplings between protons in the identified
CH;, CH, and CH groups were detected in 2D-'H,'H-PFG-
COSY and allowed us to determine structural fragments
(spin systems) shown in Figure 1A. They had to be
connected via three quaternary carbon atoms and such
interconnection could be accomplished from the detailed
analysis of its 2D-'H,'?C-HMBC spectrum using the
correlation of carbon and hydrogen via J(C,H) over two
and three bonds. The topology of the molecule containing
the anellated five-, six- and eleven-membered rings was thus
established (Fig. 1B).

cubugene (10)

(3Z)-cembrene A (11)
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6("*C) Carbon type Position 5('H) J(H,H)
144.28 >C= 1 — —
135.98 —CH= 3 5.23dq J(3,2)=10.0; J(3,14) ~J(3,16) ~J(3,13)~0.9
135.53 >C= 12 —
129.04 —CH= 11 5.36bdd J(11,108)=11.5; J(11,10a)=4.5; J(11,20)< 1
127.99 —CH= 2 5.89dt J(2,3)=10.0; J(2,14)~J(2,13) < 1
123.27 —CH= 14 5.49ddm J(14,13B)=8.8; J(14,130) =6.6; J(14,2) ~ J(14,3) ~ J(14,15) ~ J(14,11) ~ 0.8
50.18 >CH- 7 1.71m J(7,6B)=13.0; J(7,60)=6.0; J(7,8) ~J(7,16)=11.0
49.69 >CH- 16 1.94dm J(16,7)=11.0; J(16,15)=1.9; J(16,3)~0.9
43.05 >C< 4 — —
42.64 —CH,— 5 B: 1.29ddd J(5B,5a)=13.4; J(5B,6a)=12.0; J(5B,6B)=5.0
o: 1.37m J(50,5B)=13.4; J(50.,68)=11.3
39.21 —CH,— 9 o 1.45btd J(9a,9B) ~J(90,8) = 13.4; J(9a.,108) = 12.9; J(9a1,100) =2.5; J(92,19)=0.8
(3X)
B: 1.16m J9B.90)=13.4; J(9B,10B)=2.3
38.80 —CH,— 13 o 2.88bdd J(13a,13B)=12.9; J(13a,14)=6.6
B: 2.64ddm J(13B,130)=12.9; J(13B,14)=8.8
30.17 —CH,— 6 o: 1.39m J(60,6B)=13.3; J(60.,58)=12.0; J(6.,7)=6.0
B: 0.95m J(6B,60)=13.3; J(6B,7)=13.0; J(6B,50)=11.3; J(6B,58)=5.0
29.24 >CH- 8 1.26um J(8,7)=11.0; J(8,9a)=13.4; J(8.9B)=" J(8,19)=6.6 (3 X)
28.81 —CH,4 18 1.22s
27.35 >CH- 15 3.58bq J(15,17)=1.3 (3X); J(15,16)=1.9
24.95 —CH,— 10 B: 2.17m J(108,100) ~ J(10B.92) = 12.9; J(10B,11)=11.5; J(10B,98)=2.3
o: 1.91um J(10a,10B) =12.9; J(10a,90) =2.5; J(100.9B) =?; J(10a,11)=4.5;
22.93 —CH;, 17 1.11d J(17,15)=13
19.28 —CH,4 19 0.77dd J(19,8)=6.6; J(19,90)=0.8
16.31 —CH,4 20 1.62br s J(20,11)<1
# Value of J(H,H) could not be determined.
CH;3
CH;
CH CH,
CH CH, /
/ \ CH,—CH CH,
CH,—CH CH, \
d CH,
CH; 2 CH CH CH
CHa, CH CHy_ Ny N Ni—y
y \ \§ CH; :(_:1 CH Kox
CH & / |
g CHs | |
- CH
HC \ \ 2
: 1 9 \c/ \CH/
3 HC\ & CH, H
A
\CH \CH/
(A) (B)

Figure 1. (A) Structural fragments of diterpene derived from 2D-'H,'*C-HSQC and 2D-'H,'H-PFG-COSY spectra (the arrows indicate connections of
fragments to three quaternary carbons); (B) The topoloz%y ?g the molecule completed by connecting of fragments (thick bonds) with quaternary carbons (in

squares) according to their contacts observed in its 2D-'H, "C-HMBC spectrum.

Since the structure contains five chiral centres and three
double bonds (Fig. 2A), the subsequent task was to
determine a stereochemistry of the molecule. The (Z)-
configuration at double bonds C(3)=C(2) and C(1)=C(14)
is unequivocally given by their positions and ring closures,
while the configuration at double bond C(11)=C(12)
followed from the 2D-'H,'"H-ROESY spectrum. The
absence of NOE contact between C(12)-CH; methyl
protons and olefinic proton H-11 on one hand and the
observed contact of methyl protons to one of H-10
methylene protons prove the (E)-configuration. The five
chiral centres lead to 32 theoretically possible
stereoisomers.

Fortunately, they all appear at neighbouring carbon atoms.
Therefore it was possible from the observed NOE contacts
to derive a relative cis-configuration of hydrogen H-16 (at
1.94 ppm) to methyl groups C(4)-CH; (at 1.22 ppm) and
C(15)-CH3 (at 1.11 ppm) as well as to hydrogen H-7 (at
1.71 ppm). Finally hydrogen H-7 showed NOE contact to
methyl group C(8)-CHj; (at 0.77 ppm), which together with
further NOEs (H-6 (at 1.39 ppm) to H7 and the same H-6 to
C(8)-CHs3), indicate a mutual cis-orientation of H-7 and
C(8)-CH3. The established relative configurations at
neighbouring chiral centres reduce the number of stereo-
isomers to just two enantiomers. On the basis of a
comparison with previously described oxygenated
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CH;

(A)

(B)

Figure 2. (A) Structure with five chiral centers at positions 4,7,8,15,16; (B) Selected non-trivial observed NOEs leading to the stereostructure 12 (rel-
4R,7S,8R,158,16S). Conformation of the molecule was obtained by geometry optimization using an ab initio quantum chemical calculation with DFT method

(see text below).

trinervitane skeleton from termites we prefer the enantiomer
with absolute configuration (4R,7S,8R,155,16S). The
selected non-trivial observed NOEs are shown in Figure 2B.

The values of J(H,H) couplings were extracted from the
ID-'H NMR spectrum, series of selective homonuclear
decoupled spectra and 2D-J-resolved spectrum (which
allowed resolution of the fine structural pattern of some
overlapped multiplets). Some of the couplings were still not
accessible due to a strong coupling. The obtained J(H,H)
couplings are summarized in Table 1.

To support the suggested structure 12 we applied an ab initio
quantum chemical calculation to find an optimized
geometry of the molecule and calculate the NMR
parameters. The Gaussian 03 program package'® and DFT
b3lyp method with a basis set at 6-311(d,p) level of theory

7
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Figure 3. Comparison between the observed and calculated chemical shifts
of hydrogen atoms.

was used. The optimized geometry is shown in Figure 2B.
Calculated proton and carbon chemical shifts showed a very
good linear correlation with the experimental data (see
Figs. 3 and 4) with rms values 0.998 and 0.999, respectively.

Also the calculated coupling constants J(H,H) showed a
good linear correlation with the observed values (see Fig. 5)
with rms=0.962.

We were unable to determine the absolute configuration of
the isolated compound from the spectral methods used.
However, based on the previous determination of the
absolute configuration of the trinervitane skeleton®'* we
assume the structure of (4R,7S,8R,11E,158,16S)-trinervita-
1(14),2,11-triene (12). The biological significance of this
new compound is probably related to sex behaviour.
However, this has yet to be proven by bioassays and will
be published elsewhere later.

160
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Figure 4. Comparison between the observed and calculated chemical shifts
of carbon atoms.
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Figure 5. Comparison between the observed and calculated geminal and
vicinal coupling constants J(H,H).

3. Experimental

3.1. General

The diterpene was obtained from two species of
Nasutitermes (Isoptera, Termitidae, Nasutitermitinae),
Nasutitermes ephratae from Guadeloupe (sample number
MZUSP 11297) and Nasutitermes sp. (sample number
MZUSP 11296) from Goiania, Goias, Brazil, certainly a
different species from N. ephratae and probably an
undescribed species. For N. ephratae, 1,280 female alates
were collected in June 2004 in a nest at the presumed time of
the dispersal flights. They were dealated and extracted with
100 ml redistilled hexane. After TLC, 0.4 mg of the
diterpene was obtained. For Nasutitermes sp. 11,600 female
alates were collected in October 2004 from two nests just
before swarming. They were extracted with 600 ml hexane.
Part of this sample gave 0.4 mg of very pure diterpene after
several steps of preparative TLC.

For preparative TLC, the extract was concentrated under
argon flow to the volume of approximately 200 pl. A TLC
plate (10X20 cm, layer thickness 0.25 mm, Adsorbosil-
Plus, Applied Science Laboratories) was pre-eluted with a
mixture of redistilled chloroform/methanol (1:1) and
activated at 100 °C for 20 min. The concentrated extract
was chromatographed on the pre-cleaned TLC plate in
hexane, detection with an ethanolic solution of Rhodamin
6G (0.05%), UV visualisation at 254 nm. The diterpene
fraction (R;y 0.95) was scraped off the plate and the
compound was eluted with redistilled pentane (1.5 ml) in
a Pasteur pipette.

The purity of the obtained diterpene fraction was checked
on analytical TLC (elution with hexane, detection with
sulphuric acid) and on a Fisons MD 800 GC-MS instrument
equipped with a DB-5 capillary column (30 m<0.25 mm,
film thickness 0.25 pm). Temperature programme: 50 °C
(1 min), increase to 320 °C at a rate of 10 °C/min; helium
constant flow 1 ml/min.

GC-FTIR spectrum was recorded on the spectrometer
Bruker Equinox 55 coupled with GC Agilent Technologies
6850. The GC temperature programme was the same as
described above.

NMR spectra were measured on Varian UNITY-500 and/or
Bruker AVANCE-500 apparatus ('"H at 500 MHz, *C at
125.7 MHz) equipped with cryogenic-probe in CDCl;.
Chemical shifts (in ppm, d-scale) were referenced to
tetramethylsilane (in '"H NMR spectra) and/or to signal of
solvent (6(CDCl3)=77.0 in '>*C NMR spectra); coupling
constants (J) are given in Hz. Series of two-dimensional
homonuclear (‘"H,'H-PFG-COSY, 'H,'"H-PFG-ROESY, 'H-
J-resolved) and heteronuclear (1H,13C—PFG—HSQC, 'y,13C-
PFG-HMBC) NMR spectra were measured using standard
pulse sequences from Bruker and/or Varian software
package.

Mass spectrum (EI, 70 eV) of compound 12, m/z (%): 270
M7, 73), 255 (53), 241 (9), 227 (9), 213 (16), 199 (28),
185 (22), 173 (13), 171 (38), 159 (100), 157 (50), 145 (43),
132 (35), 119 (69), 105 (39), 91 (48), 79 (32), 67 (25), 55
(54), 41 (53).

IR spectrum of compound 12, (gas phase), v,,.x 3016, 2960
(CHs3), 2933 (CH,), 2868, 1363 (6 CH3), 850 (trisubstituted
C=C), 780 cm ",

Retention indices of compound 12: Isolation from N.
ephratae females—1948 (Equity 5 column), 2291
(DB-wax column); Isolation from N. sp. females—1942
(RTX-5-sil column), 2290 (DB-wax column).
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Abstract—Two new meso-indanyl-substituted calix[4]pyrrole receptors, 2 and 3, have been synthesized. A range of calix[4]pyrrole host-
neutral molecule complexes crystallise from solutions of 2 in a variety of solvents and the structures of four have been elucidated by X-ray
crystallography. The F~ and Cl~ anion affinities of 2 have been measured in acetonitrile, and are significantly different from the
corresponding affinities of the prototypical calix[4]pyrrole, the octamethyl-derivative, 1. ESI-FTICR-MS has been used to determine the
relative F~ and C1™ anion affinities of receptors 1 and 2 in methanol-acetonitrile solution. Deprotonation of 1 and 2 by fluoride is observed

(under the conditions of the MS experiment).
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The recent renaissance in the study of calix[4]pyrroles, such
as prototypal 1 discovered well over a century ago,' has
been spurred on by the discovery that these are remarkably
versatile molecules: they exhibit rich and unique redox,
metal comglexation, and anion and molecular recognition
behaviour.* !

Calix[4]pyrroles (i.e., porphyrinogen derivatives without
meso-hydrogens) adapt their core conformation (Scheme 1)
in order to bind strongly with a variety of hydrogen bond
acceptor substrates, ranging from neutral aprotic molecules
to halide ions and oxyanions. For instance, 1 adopts 1,3-
alternate and 1,2-alternate core conformations in complexes
with methanol and DMF molecules, respectively, but a cone
conformation in binding to halide ions in solution and in the
solid-state.>’ The relative halide ion affinities of calix[4]-
pyrroles in general, and of 1 in particular, is a contentious
issue hotly debated in the literature. ' A recent
(theoretical) study predicts the ordering of the halide ion
affinities to depend strongly on anion solvation and,
consequently, on the hydrogen-bond donor capacity of the
solvent.”>2! In most of the studies of halide ion afﬁnities,”LZI
acetonitrile has been employed as the solvent and so
impurities (e.g., water) may be the source of the observed
variation in relative anion affinities.

Keywords: Anion receptor; Calix-pyrrole.

* Corresponding authors. Tel.: +61 9385 5473; fax: +61 9385 6141;
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0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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This report describes the syntheses of two novel indanyl-
substituted calix[4]pyrroles, 2 and 3. The structural
modifications in 2 and 3, compared to 1, perturb their
molecular and ion recognition behaviours, as revealed by
X-ray crystal structures of four receptor-neutral guest
complexes and parallel surveys of the receptor-halide ion
behaviour of 2 and, for comparison, 1, in acetonitrile
solution by NMR spectroscopy and in 1:1 v/v methanol-
acetonitrile solution by ESI-FTICR-MS spectroscopy.

2. Results and discussion

2.1. Synthesis

Calix[4]pyrrole 2 was obtained from the one-step conden-
sation of pyrrole and 2-indanone catalysed by methane-
sulfonic acid in methanol. Analogous reactions of pyrrole
with various proportions of 2-indanone and cyclopentanone
always afforded the 1:3 indanyl/cyclopentyl-derivative 3 as
the only mixed-substituent calix[4]pyrrole product, along
with 1 and/or 2. The optimum yield of 3 (52%) was obtained
from 2:1:1 pyrrole, 2-indanone and cyclopentanone.
Reduced strain upon closing the macrocyclic ring might
play a role in making 3 the favoured mixed-substituent
derivative.

2.2. Host—guest complexes of neutral substrates

Microanalytical results were obtained for samples of 2 and 3
from recrystallisations employing a range of solvents, such
as DMF, acetone, acetonitrile and ethanol, Table 1. Clearly
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Scheme 1. Conformational isomers of calix[4]pyrroles.

2 and 3 tenaciously retain these solvents and solvent-free 2
and 3 could not be obtained. Notably, the solvents in which
2 and 3 are soluble are potential hydrogen bond acceptors
implicating the formation of calix[4]pyrrole donor-solvent
acceptor complexes. This was confirmed by X-ray
crystallography.

Colourless crystals of 2-3(CH3),CO, 2-2H,0, 2-2DMF and
3-DMF suitable for X-ray structural analyses were obtained
from recrystallisations of the calix[4]pyrrole using the
indicated solvent, except for 2-2H,0, which was obtained
from ethanol-ether. Remarkably, the X-ray crystal struc-
tures, Figures 1 and 2 and Table 1, reveal that 2 adopts a
different core conformation in each of the three complexes
crystallised.

The complex 2-:2H,0, Figure la, has a C,-symmetric
structure. The host 2 assumes a 1,3-alternate core
conformation and the pairs of opposite pyrrolic NH groups
form hydrogen bonds with a guest water molecule, one

above and one below the plane of the macrocycle. The
four Npyrrole'-On,O distances, 3.312(4) A, are symmetry-
equivalent and significantly longer than the comparable
Npyrrole'**Omeon distances 3.155(4) Ain1- 2MeOH,’ even
though both complexes display a similar (1,3-alternate)
structural motif. The longer hydrogen bond distances for 2
compared to 1 could arise from the more rigid meso-indanyl
substitution in the former. The Nyyroe' *On,0  Npyrrole
angle, between the two hydrogen bonds to each water
molecule, in 2-2H,0 is 89.91(6)°.

In 2-2DMF, Figure 1b, the two DMF guest molecules are
hydrogen bonded, one above and one below, with the
adjacent pyrrole-NH groups of the calix[4]pyrrole donor in
the 1,2-alternate conformation. The complex is centro-
symmetric and the two unique Npyq1e-*Opmr distances to
each DMF molecule are 2.952(5) A and 3.013(5) A. The
associated angle between the two hydrogen bonds to each
DMF molecule, Npyirote'*Opmr: " Npyrroles 18 acute at
70.11(§)°. Each of the DMF molecules lies 7r-stacked
~3.4 A over the plane of the opposite, parallel pyrrole ring.
The analogue 1-2DMF’ shows a similar 7— stacking
arrangement, which may help to stabilise the 1,2-alternate
conformation in these calix[4]pyrrole-DMF complexes.

The crystal structure of 2-3(CH3),CO, Figure lc, reveals 2
adopts an asymmetrical partial cone core conformation in
this complex. Two of the acetone molecules hydrogen bond
with 2, one by three pyrrole-NH to acetone-O hydrogen
bonds [Npyrrole™ " Oacetone distances: 3.174(6), 3.030(6) and
3.251(6) A] and the other, on the opposite side of the
macrocycle, by a single pyrrole NH to acetone-O hydrogen
bond [Npyrrote’**O*acerone distance: 2.928(6) A] The third
acetone molecule occupies voids in the crystal lattice. This
structure represents a rare example'' of a calix[4]pyrrole
presenting as the partial cone conformer.

The arrangement of the meso-indanyl substituents with
respect to the macrocyclic plane varies in the three
complexes of 2. In 2-2H,O the indanyl groups alternate
above and below the macrocyclic plane, Figure 2a, whereas
in 2-2DMF they lie in the macrocyclic plane, Figure 2b, and
in 2-3(CHj3),CO they lie to the same side of the macrocyclic
plane as does the triply hydrogen bonded acetone guest,
Figure 2c. Presumably the differing meso-indanyl arrange-
ments facilitate the three different core conformations,
thereby maximising the host—guest interaction in each case.
Crystal packing might also play a role in the observed
molecular conformations, although no significant inter-
molecular interactions, outside those within each host—guest
complex, are noted in the three crystal structures.

For 3, colourless crystals of 3-2DMF were obtained from
the DMF solution. In the crystal structure, 3 is 1:1
disordered over two sites related by a crystallographic
center of symmetry at the center of the calix[4]pyrrole core
(for a labelled figure, see the Supplementary Material). As a
result, the indanyl and the ‘opposite’ cyclopentyl sub-
stituents are 1:1 disordered, whereas the two other
cyclopentyl substituents and the macrocyclic core of 3
are fully ordered. The DMF guest molecules are
stabilised by hydrogen bonds with two adjacent pyrroles
of the 1,2-alternate core analogously to in 2-2DMF; the
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2-2H,0 2-2DMF 2-3(CH;),CO 3-2DMF
Formula Cs52HugN4O2 CssHsgNgO2 Ces1H62N403 C46HsgNsO2
Model My 761.0 871.1 899.2 727.0
Crystal System Tetragonal Triclinic Triclinic Monoclinic
Space group P4 P1 P1 P2y/n
a//:\ 11.740 (3) 11.371 (6) 11.982 (6) 8.657 (3)
bIA 11.740 (3) 11.404 (7) 14.239 (8) 15.236 (3)
c/A 7.517 (2) 11.633 (7) 16.077 (8) 15.526 (5)
al® 90 115.73 (3) 96.54 (3) 90
Br° 90 105.41 (3) 108.69 (3) 90.01 (1)
v 90 104.78 (3) 102.80 (3) 90
VIA? 1036.1 (4) 1185 (1) 2482 (2) 2048 (1)
DJgem™? 1.22 1.22 1.20 1.06
z 1 1 2 2
Crystal color Colorless Colorless Colorless Colorless
Crystal type Block Plate Block Irregular
Crystal size/mm 0.26X0.15X0.14 0.2X0.2X0.03 0.2X0.2X0.1 —
wmm ™" (Mo Ka) 0.069 0.070 0.069 0.060
20max!° 50 46 46 46
No. of Reflns. 1089 3488 7189 3060
Rinerge 0.039 0.019 0.035 0.022
Rops [H/o(1)>2] 835 2249 4162 2006
No. of parameters 132 280 310 140
Final R, R,,
[llo(D)>2] 0.059, 0.074 0.054, 0.062 0.056, 0.065 0.077, 0.124
GoF 1.79 1.83 1.76 1.93

Npyrrole***Opmr distances [2.903(5) and 2.983(5) A] and the
associated Npyrore'**Opme* **Npyrrole angle [70.79(7)°] differ
only slightly from those in 2-2DMF. In 3-2DMF, the amido
group of each DMF guest also lies mt-stacked ~3.4 A over
the plane of the opposite pyrrole ring (as in the other
calix[4]pyrrole-DMF complexes described above).

2.3. Anion binding studies

2.3.1. In CD3CN by 'H NMR titrations. The fluoride and
chloride ion affinities of 2, compared to those of 1, were

assayed by '"H NMR titrations in CD;CN (Aldrich: highest
available quality). A Karl-Fischer titration established the
solvent contained 0.04% w/w water, which at the
concentrations employed in the titrations corresponds to
approximately five molecules of water for every molecule of
calix[4]pyrrole receptor. Figure 2 reproduces spectra from a
representative titration of 2 with fluoride ion. Importantly,
Job plots reveal 1:1 stoichiometries for the receptor—halide
complex ions for 2 (as they do for 1). The YF{TH} NMR
spectrum at a 1:1 ratio of 2:fluoride ion shows only a sharp
septet at 6 —92.94 (Jr_y= 180 Hz)—the scalar coupling is

@

Figure 1. ORTEP plots*? showing the atom labelling scheme (perspective: ‘above’ the macrocyclic plane) and stick plots® (perspective: ‘side-on’ to the
macrocyclic plane; hydrogen atoms attached to carbon omitted for clarity) of the X-ray crystal structures of (a) 2-2H,O, (b) 2-2DMF and (c) 2-3(CH3),CO
(with one lattice acetone omitted).
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Figure 2. '"H NMR (300 MHz) spectra for titration of receptor 2 (4.0 mM)
with tetrabutylammonium fluoride in CD3;CN at 298 K.

to the four pyrrolic N-H protons—fully consistent with 1:1
complex formation. The halide ion affinity constants were
obtained from non-linear regression fits to the titration
curves. Typical plots are given in the Supplementary
materials and the halide ion affinity constants obtained are
summarised in Table 2.

As the halide ion affinity constants are large, small errors in
the observed chemical shifts of the receptors translate into
significant errors in the affinity constants. Particularly
notable in the titrations of 1 and 2 is the case where there
is little or no halide ion present; here the chemical shift
values predicted by the analyses deviate from the
experimental data. A possible reason is that water is
bound and must be displaced from the receptors, 1 and 2,
by the entering halide ion; thus the chemical shift predicted

by the non-linear regression analysis is for the uncomplexed
calix[4]pyrrole whereas the observed value is for the water
adduct. However, attempts to model such behaviour failed.
The effect of this error on the affinity constants can be seen
from the outcome of ignoring the first point in the titrations,
for example, Table 2. Constants calculated by ignoring the
first data point have reduced error (and slightly lower
affinity constants). In the ensuing discussion, the affinity
constants determined from all data are used.

The calculated halide ion affinities for 1 are very similar to
those previously obtained from calorimetric and NMR
titrations using as rigorously anhydrous conditions as was
experimentally possible,'*™" and confirm that 1 is able to
recognise fluoride ions selectively over chloride ions in
acetonitrile at 298 K. A startling finding is that 2 has a five-
fold higher chloride ion affinity, but a 10-fold lower fluoride
ion affinity, than does 1, that is, Kyp) <K@ and K>
K- As a result, 2 does not selectively bind fluoride ions
over chloride ions. The bulkier, less flexible meso-2-indanyl
substituents in 2, compared with the methyl substituents in
1, could not only increase the rigidity of the calix[4]pyrrole
core but cause the pyrroles in the optimum cone conformer
to be more splayed out and, consequently, better adapted to
hydrogen bonding with the larger chloride anion.

As mentioned in the Introduction, recent theoretical
predictions suggest that the relative fluoride ion to chloride
ion affinities of calix[4]pyrrole 1 should reverse [i.e., K(cj)>
K] in hydrogen bond donor solvents, such as water and
methanol, because strong hydrogen bonding to the solvent
should lower the available fluoride ion.?' Unfortunately, the
calix[4]pyrroles 1 and 2, at concentrations sufficient for
accurate NMR titrations with halide ion, precipitated as
MeOH was added to MeCN solutions. This thwarted
investigations of the effect of methanol by NMR titrations.

2.3.2. In MeOH-MeCN by ESI-FTICR mass spec-
trometry. Electrospray ionisation mass spectrometry
provided a way forward. The technique allows pre-existing
ionic species in solution to be aspirated and studied as gas-
phase ions,24’25 and has been used to evaluate the relative
affinities of various cations in the positive ion mode for
organic receptors based on the observation and intensities of
complex (metal-receptor adduct) cations in the mass
spectra.?*° One very recent study also reports receptor-
anion adducts studied by ESI-MS.>' Methanol and
acetonitrile are ideal solvents for ESI-MS and only very
low (uUM) concentrations of the receptor are needed. Thus,
negative-ion ‘electrospray ionisation Fourier transform ion
cyclotron resonance mass spectrometry’ (ESI-FTICR-MS)
has been employed to investigate the relative fluoride and
chloride anion affinities of 1 and 2 in 1:1 v/v methanol-
acetonitrile solution. This study is a rare example of gas-
phase observation of receptor-anion complexation®=' and
the first of gas-phase calix[4]pyrrole-anion complexation.

Table 2. Affinity constants (K*) for calix[4]pyrroles, 1 and 2, with fluoride and chloride ions in CD3CN (0.04% w/w H,0) at 298 K; The affinity constants
estimated by ignoring the first data point in the titrations, corresponding to the ‘free’ receptor, are given in brackets

Calix[4]pyrrole 1

Calix[4]pyrrole 2

F~ 2.1 (£1.2)x10°
Ccl~ 5.2 (+0.8)x 10*

2.5 (£0.9)X10°, [1.3 (£0.2)X10°]
2.6 (£1.4)X10°, [1.6 (£0.7)X 10°]
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ESI-FTICR-MS spectra of 1 and 2 with various mole ratios
of fluoride and chloride ions were recorded, including at
several capillary-skimmer potential differences (£§/V) in
order to further probe adduct ion stabilities (see below).
Above ~20 mol equiv of halide ion to 1 or 2, invariant
spectra were obtained. Hence, only data from solutions
containing 50 mol equiv of halide ion to receptor are given
and discussed.

The receptor-halide ion species formed in solution and
observed in the gas-phase were determined from negative-
ion ESI-FTICR-MS spectra of 1 and 2 with 50 mol equiv of
fluoride ion and chloride ion [acquired at a small § setting
(< —5V) to minimise any receptor-ion adduct decompo-
sition], Figures 3 and 4. The major peaks in each spectrum
are the 1:1 receptor (R)-halide ion complexes, [R+F]  and
[R+CIl] . There is no evidence for the calix[4]pyrroles
binding with two halide anions. Minor peaks are seen for the
methanol-containing species, [R+Cl+MeOH]  and [R+
MeO] ~ (presumably the methoxide adduct, akin to the
receptor—fluoride complexes) and for the mono-deproto-
nated receptor, [R-H] .

100

[2+CI)

50 -
[2+OMe]

Relative Intensity

[2+MeOH+CI]

690 740 790 m/z

Figure 3. Negative-ion ESI-FTICR mass spectrum of 1:50:50 mole ratio of
2: F:Cl™ in 1:1 v/v MeOH-CH;CN solution at & of —2 V.
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Figure 4. Negative-ion ESI-FTICR mass spectrum of 1:50:50 mole ratio of
1: F:Cl™ in 1:1 v/v MeOH-CH;CN solution at £ of —3 V.

To obtain relative fluoride and chloride anion affinities from
such ESI-FTICR-MS spectra, the relative abundances of the
receptor—halide complex ions must be corrected for the
overall efficiency, at which each appears in the spectrum in

the absence of competition from the other halide ion. This
was done by obtaining the absolute peak intensities for the
complex ion in the ESI-FTICR-MS spectrum of each of the
receptors 1 and 2, and 50 mol equiv of the each halide ion
(for spectra, see Supplementary Materials). The peak
intensities for the [R+F] and [R+Cl] ™~ complex ions in
the spectra of the receptor with excess fluoride and chloride
ions, Figures 3 and 4, were then corrected for this ‘ESI
efficiency’.?”*® After correction for ESI efficiency, 1 shows
a 2.4-fold and 2 a 3.1-fold preference for chloride ion over
fluoride ion when sprayed from 1:1 v/v methanol-
acetonitrile. These results accord with the expectation that
fluoride ion should be more strongly solvated, thus less
available for complex formation in the presence of the
hydrogen-bond donor solvent, methanol [i.e., in each case,
Ky > K as anticipated]. The larger selectivity of 2 for
chloride over fluoride ion, compared to 1, concurs with the
relative affinities found in acetonitrile alone (see above), and
further highlights the effect of meso-substitution on the
halide ion selectivities.

The decomposition of the [2+halide]  complex ions was
further investigated by employing larger £ settings to
provide higher collisional energies prior to detection of
the product ions and indicate some interesting fragmenta-
tion pathways. Notably, peaks for the mono-deprotonated
receptors, [2—H] only appear when fluoride ion is present
in the aspirated solution and grow markedly in intensity
with collisional energy (higher £ magnitudes) at the expense
of the [2+F]  complex ions. Typical absolute intensity data
is graphically presented and compared in Figure 5. Clearly
the basic fluoride ion deprotonates receptor 2, especially
when higher collisional energies are available during
product ion formation. Although this is the first evidence
for deprotonation of calix[4]pyrroles by fluoride ion, Gale
has previously demonstrated this phenomenon for 2,5-
diamidopyrrole anion receptors.”> What is most
intriguing about the present results is the inhibitory effect
of chloride ion on the formation of [2—H] when both
fluoride and chloride ion are present in the originally
aspirated solution—in this case, the relative amount of
[2+F] :[2—H]™ at a particular § setting distinctly

increases, Figure 5. For instance, at £ = —50V, the ratio

60

2+KF 2+KClI 7 [2-H]

50 (a) (b)
5 o 2+F]
2 B [2+F]
2
5 _
g 39 2+KF+KCl | [2+CI]
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Figure 5. The intensities of [2—H]~ (lightly stripped bars), [2+F] " (filled
bars) and [24Cl] (cross-hashed bars) versus & from ESI-FTICR-MS
experiments of 2 with F~ (a), 2 with C1™ (b) and 2 with F~ and C1™ (c) at
1:50 mole ratio of 2: anion in 1:1 v/v MeOH-CH;CN.
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[2—H] /[24+F] >1 when chloride ion is absent
(Fig. 5a), but <1 with chloride ion present (Fig. 5c).
This inhibitory effect of chloride ion could reflect the higher
affinity of receptor 2 for chloride ion and the fact that
chloride ion for fluoride ion exchange can favourably
compete with deprotonation of [2+F] ~, which is equival-
ent to the loss of HF, especially at higher collisional
energies.

3. Conclusion

Two new meso-indanyl-substituted calix[4]pyrroles, 2 and
3, have been prepared and shown to form 1:1 adducts with
water, MeOH, acetone, DMSO and DMF. Crystal structures
suggest that 2 can adapt its core conformation in order to
maximise the binding with these hydrogen bond acceptor
molecules. The relative fluoride and chloride ion affinities of
2 have been ascertained in acetonitrile by quantitive NMR
titration methods and in methanol-acetonitrile by quali-
tative ESI-FTICR-MS methods. The results have been
compared with those for the prototypical meso-octamethyl-
derivative, 1, measured under identical experimental
conditions. In all cases, 1:1 receptor—halide complex ions
form. With methanol present, fluoride ion is highly solvated
and, consequently, the ‘apparent’ affinity of the receptors for
this ion is lowered, which accords with theoretical
predictions. Finally, this study clearly reveals the subtle
but pivotal effect that meso-substitution exerts on calix-
pyrrole receptor-(halide) anion adduct formation: 2 shows a
higher affinity for chloride ion than does 1.

4. Experimental
4.1. Physical methods

'"H and >C NMR spectra were recorded using a Bruker
AC-300 (300 MHz). Routine mass spectroscopic data were
obtained on a VG Quattro mass spectrometer. Melting
points were measured in unsealed capillary tubes and are
uncorrected. Microanalyses for C, H and N were determined
at the Research School of Chemistry, Australian National
University.

4.2. '"H NMR titrations

The "H NMR titration experiments were carried out at room
temperature (25 °C) in acetonitrile-d; (99.9 atom % D). All
procedures were performed under a dry nitrogen
atmosphere. The water content of the ‘as-purchased’
acetonitrile-d; was determined to be 0.04% w/w H,O by
Karl-Fischer titration using a Coulometric GR Scientific
2000 Titrator. A solution of calix[4]pyrrole receptor
(~4mM) in CD;CN (1.0 mL) was first prepared in an
NMR tube. Aliquots of a tetrabutylammonium fluoride or
chloride salt solution (20 mM) in CD;CN were added to
produce solutions containing 0, 0.1, 0.2, 0.3... 1, 1.5, 2, 3,
5 equiv of the halide and the 'H NMR spectrum obtained.
Halide affinity constants were obtained from non-linear
regression fits of the changes in chemical shift differences
(for 2, A(6,— 0;) between the pyrrole CH and indanyl CH,
peaks; for 1, A(6, — 0,n) between the pyrrole CH and methyl

peaks) against the concentration of added halide ion
([Xaddeal) to Egs. 1 and 2.

. [complex] 0
~ [calix[4]pyrrole][X ]
5= [calix[4]pyrrole] Al + [complex]Adeompiex )

[calix[4]pyrrole] + [complex]
where A6=A(0p,—0;) or A(6p,—0m) at [Xaqdedl; Alfree

A(ép_él) or A(613_6m) when [Xa_dded]z(); A6complex
A(6p— 0;) or A(0p— 0m) When [X,q4eq] >>[2] or [1].

4.3. ESI-FTICR mass spectrometry

The negative-ion ESI-FTICR-MS experiments used a
Bruker BioApex-Il 7 Tesla FI/ICR mass spectrometer
equipped with off-axis Analytica ESI source. The relative
‘ESI efficiency’ for each receptor-halide ion complex was
estimated from comparison of peak intensities in the spectra
of each receptor (5X 10~ ° M) combined with each halide
ion (KF or KCIl, 2.5X 104 M) in 1:1 v/v methanol-
acetonitrile. To establish the relative halide affinities of each
receptor, spectra were obtained from solutions of each
receptor (5X 10~ ° M) and both KF and KCI (2.5X 10~ * M
for each anion) in 1:1 v/v methanol—-acetonitrile. The sample
solutions were injected into the electrospray source by a
Cole-Parmer 74900 Series syringe pump at a flow rate of
115 pL/h. All experimental parameters were kept constant
for each series of experiments, such as drying gas (nitrogen
gas with a flow rate of 2L min~ ! and heated to 280 °0),
skimmer voltage (—5 V for negative ions), hexapole delay
(ions pass through the skimmer and trapped in a hexapole
ion trap of 2 s to accumulate prior to injection into the ICR
cell), and ultra high vacuum in the ICR cell (~ 10~° Torr).
To investigate the decomposition of the F~ adducts at
higher collisional energies, the capillary voltages were
adjusted from —7 to — 150 V (thus increasing the capillary-
skimmer potential difference (£)). All reported spectra are
an average of 120 independent scans and are based on at
least three parallel experiments. Data acquisition and
processing, together with fittings of the experimental and
theoretical isotope patterns and mass values for all product
ions, were performed using Bruker XMass 6.02 software.
In all cases, there was excellent agreement (to within 5 ppm)
between the experimental and calculated isotopic mass
distributions.

4.4. Syntheses

4.4.1. Tetra(2-indanyl)calix[4]pyrrole 2. Methanesulfonic
acid (1 g, 10 mmol) in methanol (2 mL) was slowly added
to a solution of 2-indanone (2.64 g, 20 mmol) and pyrrole
(1.34 g 20 mmol) in methanol (30 mL). The resultant blue
mixture was stirred for 3 h. A green precipitate formed,
which was collected by filtration, washed with cold
methanol until colourless, and dried to afford a white
microcrystalline solid, 2 (2.7 g, 75%); mp 245-246 °C
(dec); [Found MS m/z: 724.4; CspHyyN, requires 724.4;
Found: C, 8291; H, 6.47; N, 6.97. CsoHy4N4-1.5H,0
requires C, 83.05; H, 6.30; N, 7.45%]; '"H NMR spectrum
(acetone-dg): 0 3.40 (s, 16H, indanyl-aH), 5.71 (d, J=2 Hz,
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8H, pyrrole-H), 7.02 (t, /=2 Hz, 8H, indanyl-ArH), 7.10 (d,
J=3Hz, 8H, indanyl-ArH), 8.40 (s, 4H, NH); "*C{'H}
NMR spectrum (acetone-dg): 6 45.3, 47.5, 103.4, 123.9,
126.0, 136.9, 142.1.

4.4.2. meso-(2-Indanyl)tri(cyclopentanyl)calix[4]-
pyrrole 3. Over 0.5 h, a solution of methanesulfonic acid
(0.3 g, 3 mmol) in methanol (10 mL) was added dropwise to
a mixture of 2-indanone (0.66 g, 5 mmol), cyclopentanone
(0.42 g, 5 mmol) and pyrrole (0.7 g 10 mmol) in methanol
(50 mL). The resultant mixture was stirred for 16 h during,
which time a pale green precipitate formed that was
collected by filtration and washed with cold methanol
until colourless. The residue was recrystallised from DMF
to give colourless crystals of 3 (0.5g, 52%); mp 140-
142 °C; [Found MS m/z: 580.4; C4oH44Ny4 requires 580.4;
Found: C, 7518, H, 846, N, 11.32. C40H44N4'2-
DMEF-0.5H,0 requires C, 75.06; H, 8.08; N, 11.42%]; 'H
NMR spectrum (acetone-dg): 6 1.61 (m, 12H, cyclo-
pentanyl-H), 2.02 (m, 12H, cyclopentanyl-H), 3.40 (d, J=
4 Hz, 4H, indanyl-oH), 5.74 (m, 8H, pyrrole-H), 7.06 (t, J=
2 Hz, 2H, indanyl-ArH), 7.14 (d, J=3 Hz, 2H, indanyl-
ArH), 8.10 (s, br, 2H, NH); 8.24 (s, 2H, NH); '*C{'H} NMR
spectrum (CDCl5): 6 23.7, 38.8, 38.9, 39.0, 45.9, 46.0, 46.8,
47.3,102.9, 103.0, 103.1, 103.2, 103.7, 124.2, 126.3, 136.5,
136.6, 137.0, 137.1, 137.2, 137.5, 137.6, 141.7, 141.8.

4.4.3. Compound 2-2DMF. Colourless crystals, suitable
for X-ray analysis, formed directly from a solution of 2
(72 mg, 0.1 mmol) in DMF (3 mL). They were collected
and dried in the air (44 mg, 50%); [Found C, 79.75; H, 7.05;
N, 9.81. Cs,Hy4N4-2HCON(CHj3), requires C, 79.97; H,
6.71; N, 9.65%].

4.4.4. Compound 2-3(CHj3),CO. Colourless crystals,
suitable for X-ray diffraction, were grown from 2 in acetone
(50 mg, 56%); [Found C, 81.51; H, 7.08; N, 6.34.
Cs,Hy4N,4-3(CH3),CO requires C, 81.48; H, 6.95; N,
6.23%].

4.4.5. Compound 2-CH3CN-2.5H,0. The title compound
formed upon slow cooling of a warm solution 2 (72 mg,
0.1 mmol) in acetonitrile (10 mL) (30 mg, 37%); [Found C,
80.25; H, 6.60; N, 8.42. Cs5,H4uN,4-CH3;CN-2.5H,0
requires C, 79.97; H, 6.46; N, 8.64%].

4.4.6. Compound 2-2H,0. Colourless crystals, suitable for
X-ray diffraction, crystallised upon diffusion of ether vapour
into a solution of 2 (72 mg, 0.1 mmol) in ethanol (10 mL)
(25 mg, 33%). Upon removal from the mother liquor and
drying the following analytical data was obtained: Found C,
82.01; H, 6.47; N, 6.97. C5,H44N4-2H,0 requires C, 82.07;
H, 6.36; N, 7.36%.

5. X-ray crystallography

Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication numbers CCDC 265161 - 265164. Copies of the
data can be obtained, free of charge, on application to

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: 144
1223 336033 or e-mail: deposit@ccdc.cam.ac.uk].

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tet.2005.08.
082

References and notes

1. Baeyer, A. Ber. Dtsch. Chem. Ges. 1886, 19, 2184-2185.

2. Gale, P. A; Sessler, J. L.; Kral, V.; Lynch, V. J. Am. Chem.
Soc. 1996, 118, 5140-5141.

3. (a) Gale, P. A.; Sessler, J. L.; Kral, V. J. Chem. Soc., Chem.
Commun. 1998, 1-8. (b) Sessler, J. L.; Gale, P. A. In Kadish,
K. M., Smith, L. M., Guilard, R., Eds.; Calixpyrroles: Novel
Anion and Neutral Substrate Receptors in the Porphyrin
Handbook; Academi: San Diego, CA, 1999; Vol. 6,
pp 257-278. (c) Sessler, J. L.; Anzenbacher, P., Jr.; Jursikova,
K.; Miyaji, H.; Genge, J. W.; Tvermoes, N. A.; Allen, W. E.;
Schriver, J.; Gale, P. A.; Kral, V. Pure Appl. Chem. 1998, 70,
2401-2408.

4. Floriani, C. Chem. Commun. 1996, 1257-1263.

5. Guillemot, G.; Solari, E.; Rizzoli, C.; Floriani, C. Chem. Eur.
J. 2002, 2072-2080.

6. Bachmann, J.; Nocera, D. G. J. Am. Chem. Soc. 2004, 126,
2829-2837.

7. Allen, W. E.; Gale, P. A.; Brown, C. T.; Lynch, V. M.; Sessler,
J. L. J. Am. Chem. Soc. 1996, 118, 12471-12472.

8. Gale, P. A.; Twyman, L. J.; Handlin, C. L; Sessler, J. L. Chem.
Commun. 1999, 1851-1852.

9. Anzenbacher, P.; Try, A. C.; Miyaji, H.; Jursikova, K.
Marquez, M.; Sessler, J. L. J. Am. Chem. Soc. 2000, 122,
10268-10272.

10. Gale, P. A.; Sessler, J. L.; Genge, J. Chem. Eur. J. 1998, 4,
1095-1099.

11. Anzenbacher, P., Jr.; Jursikova, K.; Lynch, V. M.; Gale, P. A_;
Sessler, J. L. J. Am. Chem. Soc. 1999, 121, 11020-11021.

12. Sessler, J. L.; Anzenbacher, P., Jr.; Miyaji, H.; Jursikova, K.;
Bleasdale, E. R.; Gale, P. A. Ind. Eng. Chem. Res. 2000, 39,
3471-3478.

13. Turner, B.; Shterenberg, A.; Kapon, M.; Surwinska, K.;
Eichen, Y. Chem. Commun. 2001, 13-14.

14. Schmidtchen, F. P. Org. Letts. 2002, 4, 431-434.

15. Namor, A. F. D.; Shehab, M. J. Phys. Chem. B 2003, 107,
6462-6468.

16. Camiolo, S.; Gale, P. A. Chem. Commun. 2000, 1129-1130.

17. Lee, C.-H.; Na, H.-K.; Yoon, D.-W.; Won, D.-H.; Cho, W. S_;
Lynch, V. M.; Shevchuk, S. V.; Sessler, J. L. J. Am. Chem.
Soc. 2003, 125, 7301-7306.

18. Hoorn, W. P.; Jorgensen, W. L. J. Org. Chem. 1999, 64, 7439.

19. (a) Miyaji, H.; Sato, W.; Sessler, J. L. Angew. Chem., Int. Ed.
2000, 39, 1777-1780. (b) Wu, Y. D.; Wang, D. F.; Sessler,
J. L. J. Org. Chem. 2001, 66, 3739-3746.

20. Woods, C. J.; Camiolo, S.; Light, M. E.; Coles, S. J;


http://doi:10.1016/j.tet.2005.08.082
http://doi:10.1016/j.tet.2005.08.082
http://doi:10.1016/j.tet.2005.08.082

10712

21.

22.

23.

24.

25.

26.

Hursthouse, M. B.; King, M. A.; Gale, P. A.; Essex, J. W.
J. Am. Chem. Soc. 2002, 124, 8644-8652.

Blas, J. R.; Marquez, M.; Sessler, J. L.; Luque, F. J.; Orozco,
M. J. Am. Chem. Soc. 2002, 124, 12796-12805.

Johnson, C. K. ORTEP-II; Oak Ridge National Laboratory:
Tennessee, USA, 1976.

Palmer, D.C. CrystalMaker, version 6.3; CrystalMaker Soft-
ware Ltd, Oxford, UK, 2004.

Fisher, K. J.; Dance, 1. G.; Willett, G. D.; Zhang, R.; Alyea,
E. C. Eur. J. Mass Spectrom. 2000, 6, 23-30.

(a) Fisher, K. J.; Henderson, W.; Dance, 1. G.; Willett, G. D.
J. Chem. Soc., Dalton Trans. 1996, 4109-4113. (b) Lover, T.;
Henderson, W.; Bowmaker, G. A.; Seakins, J. M.; Cooney,
R. P. Inorg. Chem. 1997, 36, 3711-3723. (c¢) Chin, C. C. H;
Yeo, J. S. L.; Loh, Z. H.; Vittal, J. J.; Henderson, W.; Hor,
T. S. A. J. Chem. Soc., Dalton Trans. 1998, 3777-3784. (d)
Neo, K. E.; Neo, Y. C.; Chien, S. W.; Tan, G. K.; Wilkins,
A. L.; Henderson, W.; Hor, T. S. A. J. Chem. Soc., Dalton
Trans. 2004, 2281-2287.

(a) Nicoll, J. B.; Dearden, D. V. Int. J. Mass Spectrom. 2001,
204, 171-183. (b) Cole, R. B.; Harrata, A. K. J. Am. Soc. Mass.
Spectrom. 1993, 4, 546-556. (c) Wampler, F. M.; Blades,
A. T.; Kebarle, P. J. Am. Soc. Mass Spectrom. 1993, 4,
289-295. (d) Straub, R. F.; Voyksner, R. D. J. Am. Soc. Mass
Spectrom. 1993, 4, 578-587.

27.

28.

29.

30.

31.

32.

33.

X. K. Ji et al. / Tetrahedron 61 (2005) 10705-10712

Williams, S. M.; Brodbelt, J. S.; Marchand, A. P.; Cal, D.;
Majerski, K. M. Anal. Chem. 2002, 74, 4423-4433.

(a) Williams, S.; Blair, S. M.; Brodbelt, J. S.; Huang, X. W.;
Bartsch, R. A. Int. J. Mass Spectrom. 2001, 212, 389-401. (b)
Blair, S. M.; Kempen, E. C.; Brodbelt, J. S. J. Am. Soc. Mass.
Spectrom. 1998, 9, 1049-1059. (c¢) Blair, S. M.; Brodbelt, J. S.;
Reddy, G. M.; Marchand, A. P. J. Mass. Spectrom. 1998, 33,
721-728. (d) Goolsby, B. J.; Brodbelt, J. S.; Adou, E.; Blanda,
M. Int. J. Mass Spectrom. 1999, 193, 197-204. (e) Kempen,
E. C.; Brodbelt, J.; Bartsch, R. A.; Jang, Y.; Kim, J. S. Anal.
Chem. 1999, 71, 5493-5500.

Zhu, J. H.; Cole, R. B. J. Am. Soc. Mass Spectrom. 2000, 11,
932-941.

Liou, C. C.; Brodbelt, J. S. J. Am. Soc. Mass Spectrom. 1993, 4,
242-248.

Oshovsky, G. V.; Verboom, W.; Fokkens, R. H.; Reinhoudt,
D. N. Chem. Eur. J. 2004, 10, 2739-2748.

(a) Camiolo, S.; Gale, P. A.; Hursthouse, M. B.; Light, M. E.;
Shi, A. J. Chem. Commun. 2002, 758-759. (b) Gale, P. A.;
Navakhun, K.; Camiolo, S.; Light, M. E.; Hursthouse, M. E.
J. Am. Chem. Soc. 2002, 124, 11228-11229. (¢) Camiolo, S.;
Gale, P. A.; Hursthouse, M. B.; Light, M. E. Org. Biomol.
Chem. 2003, 1, 741-744.

Bruker Xmass version 6.0.2. 1993-2001. Usage‘C:\Bruker\
Xmass\prog\Curlnst\bin-\Xmass.exe’.



ELSEVIER

Available online at www.sciencedirect.com
SCIENCE <dDIRECT®

Tetrahedron 61 (2005) 10713-10718

Tetrahedron

Ring-closing metathesis approach to symmetrical and
unsymmetrical cycloakeno|c]fused
2,2/-bipyridine-based cyclophanes™

D. Branowska™ and A. Rykowski

Department of Chemistry, Faculty of Sciences, University of Podlasie, ul.3 Maja 54, 08-110 Siedlce, Poland

Received 6 May 2005; revised 5 August 2005; accepted 19 August 2005

Available online 16 September 2005

Abstract—Ring-closing metathesis reactions of symmetrical and unsymmetrical cycloalkeno[c]fused 2,2’-bipyridines, substituted at the o
and o positions of the pyridine rings with sufficiently long alkenyl ethers, afforded 16-membered cyclophanes, possessing variously

annulated 2,2'-bipyridine subunits.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Ring-closing metathesis (RCM) is widely used for the
formation of different ring systems” and has recently been
recognized as one of the most appropriate methods for the
synthesis of macrocycles.” A number of macrocyclization
metatheses with substrates having suitable double bond
arrangement, including N-heterocycles, have been well
recognized and applied to the synthesis of complex
molecules.* Among these examples, the synthesis of 1,10-
phenanthroline-based macrocycles, from the corresponding
tetraalkene precursors,” can serve as an elegant means for
the preparation of cyclophanes possessing a masked 2,2'-
bipyridine subunit. Such chelating ligands encapsulate
specific metal ions or neutral organic molecules,® and
have been the focus of much recent work.” Incorporation of
electron-donating substituents or attachment of a cyclo-
alkene ring into 2,2'-bipyridine based cyclophanes can
result in a higher efficiency of metal-ligand interactions,
since the basicity of the bipyridine nitrogens is enhanced.®
However, the study of these interesting and useful
compounds is hampered by inefficient chemical synthesis.
Direct nucleophilic displacement by the glycolates on 6,6'-
bis(halomethyl)-2,2’-bipyridine afforded complicated
mixtures of products, that is, bipyrido crown ethers, and
poor vyields.® The typical Kréhnke synthesis’ of

* See Ref. 1.

Keywords: Ring-closing metathesis; 2,2-Bipyridine; Cyclophanes.
* Corresponding author. Tel.: +48 25 6441116; fax: +48 25 6442045;
e-mail: dankab@ap.siedlce.pl

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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functionalized cycloalkeno-fused 2,2’-bipyridines is limited
by inaccessible starting compounds.

During the course of our recent work on Diels—Alder
reactions of dimeric 1,2,4-triazines with electron-rich
dienophiles, we have reported the use of easily available
5,5'-bi-1,2,4-triazines 1,10 as electron-deficient dienes, for
the preparation of a range of symmetrical (2), and
unsymmetrical (3), annulated 2,2’-bipyridine derivatives
with attached cycloalkene rings (Scheme 1)."!

; / \
N =>_(:N\ 7 \>>:N N:j/
N / \ N X 2 X
N / i
>_N N_< N — —
X 1 X
/ \
X'=S8SCH,, SCH(CH,),, CH, \ N N /
X 3 X

Scheme 1. (i) N-pyrrolidine 1-cycloalkene, 140 °C ; (ii) vinylimidazole,
bromobenzene, 165 °C ; (iii) N-pyrrolidine 1-cycloalkene, 140 °C.

The presence of an alkylsulfanyl substituent in compounds 2
and 3 makes these derivatives attractive starting materials
for the synthesis of macrocycles, because this group can be
readily oxidized into an alkylsulfonyl group, being more
reactive toward nucleophilic displacements.'> We present
herein a synthesis of variously annulated, symmetrical and
unsymmetrical cycloalkeno[c]fused 2,2’-bipyridine- based
cyclophanes 8a—d and 9a-d, starting from 2 and 3 (X=
SCHj;), and using as the key steps: (1) nucleophilic
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substitution of methylsulfonyl group in 4a—d and 5a—d, and
(2) ring-closing metathesis of the corresponding alkenyl
ethers 6a—d and 7a—d. The essential features of the strategy
are summarized in Scheme 2.

2a-d 3a-d
3 |
e e e ) VA
N \_ 2 4
HCOS 4.4  SOCH H,CO,S so.cH
a-d

Scheme 2. (i) KMnO,4, AcOH, H,0/C¢Hg, BuyNBr ; (ii) NaH, DMF, pent-
4-en-1-ol, rt ; (iii) Grubbs’ catalyst I[Cl,(PCy3),Ru=CHPh], CH,Cl,,
reflux n=1-4.

Table 1. Yields of 2,2'-bipyridine derivatives 4a-d, 5a—d and precyclo-
phanes 6a—d, 7a—d

Compound n Yield (%)

4a 1 88

4b 2 90

4c 3 93

4d 4 87

Sa 1 86

5b 2 92

Sc 3 95

5d 4 99

6a 1 98

6b 2 97

6¢ 3 80

6d 4 97

7a 1 87

7b 2 95

Tc 3 90

7d 4 73

_/ \_/ NaH/pent-4-en-1-ol )
—_—
\ N 76% bc + \ N
H,CO,S SO,CH

Scheme 3.

2. Results and discussion

The sulfides 2a-d, 3a—d were efficiently oxidized to the
sulfones 4a—d and Sa—d. The highest yields of the latter,
isolated as precipitated solids from the reaction mixtures,
were obtained when the oxidation reaction was carried out
with potassium permanganate under phase transfer catalytic
conditions (Table 1).

Generally, an alkyl sulfonyl group directly bound to the
2-position of a pyridine ring is readily displaced by several
nucleophiles such as RO™, RS~ and CN to afford the
corresponding ipso-substitution products.'?> However, the
reactivity of analogous 2,2'-bipyridine derivatives toward
nucleophilic substitution has not yet been investigated. To
establish optimal conditions for nucleophilic displacement
of methylsulfinate from the compounds 4a—d and Sa-d, the
reaction of symmetrical derivative 4¢ with sodium pent-4-
en-1-oxide has been preliminary investigated (Scheme 3).
During these studies we have found that ipso-substitution of
methylsulfinate group in 4c¢ takes place under very mild
reaction conditions (room temperature, 2 h) and the yield of
the resulting alkenyl ether 6¢ strongly depends on an
amount of nucleophile used. When 4c is treated with at least
6 equiv of sodium pent-4-en-1-oxide in DMF for 2 h, the
reaction affords 6¢ exclusively, in good yield. Generality of
this reaction was further demonstrated by the one step
synthesis of a range of symmetrical or unsymmetrical
alkenyl ethers 6a-d and 7a-d, respectively. All these
derivatives were formed in excellent yields (see Table 1).

When an equivalent amount of sodium pent-4-en-1-oxide is
used, and the same reaction conditions were applied as
mentioned above, the reaction stops at the mono-substi-
tution stage affording the mixture of 6c¢ (minor) and 10
(major), respectively. The latter compound, after separation
by chromatography, appeared to be a valuable intermediate
for the preparation of the unsymmetrical derivative 11, by
condensation of 10 with sodium salt of pent-5-yn-1-ol (see
Scheme 3). Compound 11 is a potential substrate for ene-
yne metathesis.

The synthesis of cycloalkeno[c]fused 2,2'-bipyridine based
cyclophanes 8a—d and 9a—d in which the bridging oxygens
are directly attached to both pyridine rings is carried out via
RCM as shown in Scheme 2. Treatment of the alkenyl ether
6¢ with ruthenium benzylidene complex Cl,(PCys3),-

=CHPh (Grubbs’ catalyst I) (10 mol%) as a 0.01 M
solution in methylene chloride under reflux for 6 h resulted
in the formation of the corresponding olefin cyclophane 8¢
in reasonable yield. The ratio of the E/Z isomers in 8¢ is
determined by GC/MS (Table 2).

- NaH/pent -4-yn-1-ol
N/
N 83% \
N
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Table 2. Yield and ratios E/Z of 8a—d and 9a—-d

Compound n Ratio E/Z Yield (%)
8a 1 4:1 68
8bh 2 13:1 35
8c 3 4:1 44
8d 4 10:1 71
9a 1 5:1 98
9b 2 3:1 48
9c¢ 3 4:1 88
9d 4 3:1 73

The assignment of configuration at the double bond in the
predominant isomer was made analysing '*C satellites in 'H
NMR spectrum.'? The vinyl protons are part of an ABX spin
system where X is olefinic '*C atom. Decoupling of the
protons in the allylic position and long acquisition enabled
observation of the vicinal coupling constant in the satellite
spectrum of 8c. This coupling constant (14 Hz) indicated a
trans arrangement of the vinyl protons. Finally, both cis- and
trans- isomers 8¢ and 9c prepared in a similar manner are
readily hydrogenated to compounds 12¢ and 13¢ containing
the same alkane chain using a Pd/C catalyst (Scheme 4).

8c 9c
O 0} o

M

Scheme 4. (i) H, (balloon), Pd/C, CH,Cl,, rt.

RCM of alkenyl ethers 6a,b,d and 7a—d were performed
under the same reaction conditions giving directly sym-
metrical and unsymmetrical cycloalkeno[c]fused 2,2'-
bipyridine based cyclophanes 8a,b,d and 9a-d (Table 2).
The major products in all these RCM reactions were the E
isomers.

3. Conclusions

In conclusion, the present work demonstrates the efficient
application of the RCM approach for the synthesis of
symmetrical and unsymmetrical cycloalkeno[c]fused 2,2'-
bipyridinophanes with potential diverse applications in
supramolecular chemistry. We anticipate that this method
will find considerable use in the preparation of other
macrocycles containing biheteroaromatic unit.

4. Experimental

4.1. General

Melting points are uncorrected. IR spectra were measured
with a Magna IR-760 spectrophotometer. The 'H NMR
spectra were recorded in deuterated chloroform on a Varian-
Gemini 200 MHz spectrometer. Mass spectra were

measured with an AMD 604 (AMD Intectra GmbH,
Germany) and GC/MS QP 5050 Shimadzu (30 mX
0.25 mm ID-BPX 5 0.25). Column chromatography was
performed on silica gel (230-400 mesh, 60 Merck). All
solvents used were dried and distilled according to standard
procedures. Merck 60F,s4 plates were used for analytical
(TLC) chromatography.

4.2. General procedure for the synthesis of sulfones
4a-d, 5a—-d

A solution of KMnO, (12 mmol) in water (32 ml) was
added to a solution of 2a—d, 3a—d (1 mmol) and catalytic
amounts of BuyNBr (0.005 g) in a mixture of AcOH (3 ml)
and benzene (37 ml). The reaction mixture was stirred at
room temperature for 3 h. A saturated solution of Na,S,0s5
in water was added to the mixture until the purple color
disappeared. The precipitate was filtered. The organic layer
was separated and water phase was extracted with benzene
(3X50 ml). The organic layers were then combined and
dried over MgSO,. After removal of solvent the crude
product was combined with the precipitate and recrystal-
lized from chloroform.

4.2.1. 1,1'-Dimethylsulfanyl-6,7,6’,7 -tetrahydro-5H,
5H'-3,3'-bicyclopenta[c]pyridine 4a. Mp 338-339 °C. IR
(KBr) cm " 1130 and 1310 (SO,). 'H NMR (CFsCOOD)
5: 2.49-2.53 (m, 2 2H), 2.58-2.68 (m, 2X 2H), 3.61-3.77
(m, 2 X2H), 3.68 (s, 2X3H), 8.78 (s, 2X 1H). HR-EI: calcd
for C5H,0N,04S, 392.0865. Found 392.0890. Anal. Calcd
for C18H20N204SQ'H20: C, 5266, H, 536, N, 6.83. Found:
C, 52.33; H, 5.09; N, 6.53.

4.2.2. 1,1'-Dimethylsulfanyl-5,6,7,8,5',6',7',8',-octa-
hydro-3,3'-biisoquinoline 4b. Mp 343-344 °C. IR (KBr)
cm ! 1130 and 1301 (SO,). 'H NMR (CDCl3) 6: 1.781.91
(m, 4 2H), 2.78-2.98 (m, 2% 2H), 3.01-3.47 (m, 2 X 2H),
3.68 (s, 2X3H), 7.80 (s, 2X1H). HR-EI: calcd for
CroHpuN>0,S, 420.1177. Found 420.1216. Anal. Caled
for C,oH,4N,04S,: C, 57.12; H, 5.75; N, 6.66. Found: C,
56.97; H, 5.89; N, 6.47.

4.2.3. 1,1'-Dimethylsulfanyl-6,7,8,9,6',7',8',9'-octahydro-
5H, 5H'-3,3'-bicyclohepta[c]pyridine 4c. Mp 354-355 °C.
IR (KBr) cm ™ ': 1130 and 1301 (SO,). "H NMR (CDCl5) 6:
1.71-1.78 (m, 4 X 2H), 1.80-1.98 (m 2X2H), 2.98 (t, 2 X
2H, J=5.4 Hz), 3.35 (t, 2X2H, J=5.5Hz), 3.51 (s, 2X
3H), 8.12 (s, 2X 1H). HR-EL: caled for CarHogN,0,S,
448.1490. Found 448.1468. Anal. Calcd for C,,H,gN,04S5:
C, 58.90; H, 6.29; N, 6.24. Found: C, 58.83; H, 6.50; N,
6.11.

4.2.4. 1,1'-Dimethylsulfanyl-5,6,7,8,9,10,5'6¢’,7,8',9',10'-
dodecahydro-3,3'-bicycloocta[c]pyridine 4d. Mp 350-
351°C. IR (KBr) cm™': 1130 and 1305 (SO,). '"H NMR
(CDCl3) 6: 1.20-1.40 (m, 4 X2H), 1.75-1.82 (m, 2X2H),
1.98-2.06 (m, 2X2H), 2.98 (t, 2X2H, J=5.8 Hz), 3.27 (t,
2X2H, J=5.7 Hz), 3.58 (s, 2X3H),8.12 (s, 2 X 1H). Anal.
Calcd for C,4H3,N»04S,: C, 60.47; H, 6.76; N, 5.87. Found:
C, 60.18; H, 6.89; N, 5.64.

4.2.5. 1-Methylsulfanyl-3-(6-methylsulfanyl-pyridin-2-
yD)-6,7-dihydro-SH-cyclopenta[c]pyridine 5a. Mp
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263-264 °C. IR (KBr) cm™': 1122 and 1298 (SO,). 'H
NMR (CDCl5) 6: 1.78-1.88 (m, 2H), 2.98 (t, 2H, J=6.2 Hz,
5-CH,), 3.35 (t, 2H, J=6.1 Hz, 7-CH,), 3.38 (s, 3H), 3.45
(s, 3H), 8.15 (dd, 1H, J=24, 6.8 Hz), 8.18 (t, 1H, J=
6.8 Hz), 8.40 (s, 1H), 8.45 (dd, 1H, J=2.5, 6.8 Hz). Anal.
Calcd for C;sH;4N,04S,: C, 51.12; H, 4.57; N, 7.95. Found:
C, 51.22; H, 4.60; N, 7.90.

4.2.6. 1-Methylsulfanyl-3-(6-methylsulfanyl-pyridin-2-
yl)-5,6,7,8-tetrahydro-isoquinoline 5b. Mp 267-268 °C.
IR (KBr) cm ™~ ': 1122 and 1298 (SO,). "H NMR (CDCl3) é:
1.88-1.98 (m, 2X2H), 2.88-3.02 (m, 2H), 3.12 (t, 2H, J=
6.2 Hz), 3.38 (s, 3H), 3.45 (s, 3H), 8.15 (dd, 1H, J=2.4,
6.8 Hz), 8.18 (t, 1H, J=6.8 Hz), 8.40 (s, 1H), 8.45 (dd, 1H,
J=2.5, 6.8 Hz). Anal. Calcd for C;4H;gN,O,S,: C, 52.44;
H, 4.95; N, 7.64. Found: C, 52.37; H, 5.05; N, 7.56.

4.2.7. 1-Methylsulfanyl-3-(6-methylsulfanyl-pyridin-2-
yD-6,7,8,9-tetrahydro-SH-cyclohepta[c]pyridine Sc. Mp
286-287 °C. IR (KBr) cm ™ ': 1130 and 1300 (SO). 'H
NMR (CDCl3) é: 1.70-1.86 (m, 2 X 2H), 1.89-1.98 (m, 2H),
298 (t, 2H, J=5.4 Hz), 3.39 (t, 2H, J=5.1 Hz), 3.34 (s,
3H), 3.40 (s, 3H), 8.15 (dd, 1H, J=2.1,7.7 Hz), 8.14 (t, 1H,
J=7.4Hz), 8.39 (s, 1H), 8.50 (dd, 1H, J=2.5, 6.6 Hz).
HR-EI: Calcd for C;7H,oN,04S,: 380.0864. Found
380.0851. Anal. Caled for C;7H,oN-O4S,: C, 53.66; H,
5.30; N, 7.36. Found: C, 53.57; H, 5.40; N 7.31.

4.2.8. 1-Methylsulfanyl-3-(6-methylsulfanyl-pyridin-2-
yl)-5,6,7,8,9,10-hexahydro-cycloocta[c]pyridine 5d. Mp
246-247°C. IR (KBr) cm™: 1122 and 1298 (SO,). 'H
NMR (CDCl5) 6: 1.38-1.41 (m, 2 X2H), 1.78-1.88 (m, 2 X
2H), 2.98 (t, 2H, J=6.2 Hz), 3.35 (t, 2H, J=6.1 Hz), 3.38
(s, 3H), 3.45 (s, 3H), 8.15 (dd, 1H, J=2.4, 6.8 Hz), 8.18 (t,
1H, J=6.8 Hz), 8.40 (s, 1H), 8.45 (dd, 1H, J=2.5, 6.8 Hz).
Anal. Calcd for C,gH,,N,0,4S,: C, 54.80; H, 5.62; N, 7.10.
Found: C, 54.71; H, 5.75; N, 7.16.

4.3. General procedure for the nucleophilic substitution
of 4a—d and 5a—d with pent-4-en-1-o0l into 6a—d, 7a—-d

To a mixture of pent-4-en-1-ol (6 mmol) and 60% NaH in
mineral oil (6.6 mmol) in dry DMF (15 ml), the substrate
4a—-d or Sa-d (1 mmol) in 25 ml DMF was added. The
mixture was stirred at room temperature for 5-6 h. The
reaction mixture was poured into ice/H,O and acidified with
AcOH. The precipitate was filtered off and recrystallized
from ethanol.

4.3.1. 1,1-Bis-pent-4-enyloxy-6,7,6',7 -tetrahydro-5H,
5'H-3,3'-bicyclopenta[c]pyridine 6a. Mp 89-90 °C. IR
(KBr) cm ™~ ': 920, 1090, 1355, 1440, 1590, 2890, 2950. 'H
NMR (CDCly) 6: 1.94 (qui, 2X2H, J=6.5 Hz), 1.90-2.10
(m, 2X2H), 2.20-2.35 (m, 2X2H), 2.87 (t, 2X2H, J=
7.4 Hz), 2.96 (t, 2X2H, J=7.5Hz), 450 (t, 2X2H, J=
6.5 Hz), 4.90-5.13 (m, 2 X 2H), 5.80-6.00 (m, 2 X 1H), 7.96
(s, 2X 1H). '*C NMR (CDCly) 6: 159.57, 156.77, 52.42,
139.36, 125.35, 114.76, 110.58, 64.66, 33.19, 30.42, 29.62,
28.40, 24.46. Anal. Calcd for CagHsN,0,:0.5H0: C,
75.54; H, 7.99; N, 6.78. Found: C, 75.23; H, 7.58; N, 6.87.

4.3.2. 1,1'-Bis-pent-4-enyloxy-5,6,7,8,5',6',7,8'-octa-
hydro-3,3'-biisoquinoline 6b. Mp 108-109 °C. IR (KBr)

cm™ ' 920, 1105, 1350, 1435, 1595, 2895, 2945. '"H NMR
(CDCl3) 6: 1.60-1.78 (m, 4X2H), 1.80-2.00 (m, 2X2H),
2.20-2.34 (m, 2X2H), 2.63-2.50 (m, 2 X2H), 2.80-3.00
(m, 2X2H), 4.40 (t, 2X2H, J=6.4 Hz), 4.90-5.15 (m, 2 X
2H), 5.90-6.00 (m, 2X1H), 7.60 (s, 2X 1H). '*C NMR
(CDCl3) 6: 160.99, 149.91, 148.11, 138.40, 119.68, 114.72,
113.98, 64.73, 30.48, 29.39, 28.48, 22.85, 22.63, 22.41.
Anal. Calcd for C,gH36N,0,: C, 77.74; H, 8.39; N, 6.47.
Found: C, 77.60; H, 8.64; N, 6.62.

4.3.3. 1,1'-Bis-pent-4-enyloxy-6,7,8,9,6',7',8',9'-0cta-
hydro-5H,5'H-3,3'-bicyclohepta[c]pyridine 6c. Mp 119—
120 °C. IR (KBr) cm™ 1920, 1120, 1335, 1440, 1585, 2870,
2930. '"H NMR (CDCl;) 6: 1.60-1.78 (m, 4X2H), 1.80—
2.00 (m, 4 X 2H), 2.20-2.35 (m, 2 X 2H), 2.80-3.00 (m, 4 X
2H), 4.40 (t, 2X2H, J=6.4 Hz), 4.90-5.15 (m, 2X2H),
5.80-6.05 (m, 2 X 1H), 7.70 (s, 2X 1H). '*C NMR (CDCls)
0: 160.40, 154.86, 150.50, 138.42, 124.95, 114.71, 114.71,
65.09, 36.25, 32.77, 30.52, 28.48, 27.37, 27.20, 25.75.
HR-EI: Calcd for C3gH49N,O,: 460.3090. Found 460.3092.
Anal. Caled for CsH4N,0,-0.25H,0: C, 77.39; H, 8.71;
N, 6.03. Found: C, 77.46; H, 8.45; N, 6.30.

4.3.4. 1,1'-Bis-pent-4-enyloxy-5,6,7,8,9,10,5',6',7',8',9,
10’-tetrahydro-3,3’-bicycloocta[c]pyridine 6d. Mp 90—
91 °C. IR (KBr) cm™': 925, 1100, 1355, 1435, 1595, 2870,
2960. 'H NMR (CDCly) 6: 1.50-1.36 (m, 2X4H), 1.63—
1.75 (m, 4 X2H), 1.86-2.00 (m, 2 X 2H), 2.20-2.35 (m, 2 X
2H), 2.86-3.00 (m, 4 X2H), 4.45 (t, 2X2H, J=6.4 Hz),
4.90-5.12 (m, 2X2H), 5.80-6.00 (m, 2X 1H), 7.70 (s, 2X
1H). >C NMR (CDCls) 6: 160.72, 152.39, 150.63, 138.46,
122.74, 114.73, 114.24, 64.82, 32.54, 31.63, 30.57, 29.31,
28.56, 26.16, 26.13, 23.71. Anal. Calcd for C3,H4uN,O,:
C, 78.64; H, 9.07; N, 5.73. Found: C, 78.73; H, 8.83; N,
5.74.

4.3.5. 1-Pent-4-enyloxy-3-(6-pent-4-enyloxy-pyridin-2-
yD)-6,7-dihydro-cyclopenta[c]pyridine 7a. Oil. IR (KBr)
cm™ ': 925, 1095, 1325, 1445, 1585, 2880, 2970. "H NMR
(CDCls) 6: 1.98 (qui, 4H, J=6.6 Hz), 2.08-2.20 (m, 2H),
2.22-2.34 (m, 2X2H), 2.88 (t, 2H, J=7.5 Hz), 2.98 (t, 2H,
J=17.5Hz), 4.46 (t, 2H, J=6.9 Hz), 4.50 (t, 2H, J=6.9 Hz),
4.99-5.15 (m, 2 X 2H), 5.82-6.03 (m, 2H), 6.70 (d, 1H, J=
8.2 Hz), 7.65 (t, 1H, J=7.8 Hz), 7.80 (s,1H), 7.95 (d, 1H,
J=7.3Hz). 3C NMR (CDCl5) 6: 163.14, 159.63, 156.01,
154.13, 151.75, 139.07, 138.26, 138.15, 126.04, 114.98,
114.79, 113.45, 110.64, 110.21, 64.99, 64.71, 33.16, 30.37,
30.32, 28.63, 28.43, 28.36, 24.41. HR-EL: Calcd for
Ca3H,5N,05: 364.2151. Found 364.2157.

4.3.6. 1-Pent-4-enyloxy-3-(6-pent-4-enyloxy-pyridin-2-
yD)-5,6,7,8-tetrahydro-isoquinoline 7b. Oil. IR (KBr)
cm ™ ': 920, 1100, 1340, 1440, 1590, 2895, 2950. '"H NMR
(CDCl3) 6: 1.88-2.08 (m, 4X2H), 2.20-2.38 (m, 2 X2H),
2.58-2.89 (m, 2X2H), 4.43 (t, 2X2H, J=6.4 Hz), 4.99—
5.18 (m, 2X2H), 5.80-6.01 (m, 2H), 6.70 (d, 1H, J=
8.1 Hz), 7.60 (s, 1H), 7.64 (t, 1H, J=7.7 Hz), 7.93 (d, 1H,
J=7.5Hz). 3C NMR (CDCl5) 6: 163.14, 160.99, 154.14,
149.13, 148.14, 139.06, 138.26, 138.12, 120.44, 114.86,
114.75, 114.37, 113.11, 110.02, 65.00, 64.74, 30.44, 30.32,
29.34, 28.42, 28.32, 22.83, 22.66, 22.33. HR-EI: Calcd for
C24H30N202I 378.2307. Found 378.2300.
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4.3.7. 1-Pent-4-enyloxy-3-(6-pent-4-enyloxy-pyridin-2-
yD)-6,7,8,9-tetrahydro-5SH-cyclohepta[c]pyridine 7c. Oil.
IR (KBr) cm~': 925, 1085, 1335, 1445, 1585, 2870, 2955.
"H NMR (CDCl;) 6: 1.55-1.75 (m, 2 X 2H), 1.80-2.05 (m,
3X2H), 2.20-2.38 (m, 2 X 2H), 2.70-2.95 (m, 2 X 2H), 4.40
(t, 2X2H, J=6.0 Hz), 4.80-5.15 (m, 4H), 5.55-5.85 (m,
2H), 6.60 (d, 1H, J=8.0 Hz), 7.60 (t, 1H, J=7.8 Hz), 7.80
(s, 1H), 7.95 (d, 1H, J=7.4 Hz). >*C NMR (CDCl5) &:
163.13, 160.38, 154.89, 153.99, 149.92, 139.00, 138.24,
138.08, 125.58, 114.86, 114.73, 113.19, 110.12, 65.06,
64.97, 36.17, 32.71, 30.44, 30.30, 28.24, 28.39, 28.31,
27.29, 27.07, 25.72. HR-EIL: Calcd for C,sH3,N,0;:
392.2464. Found 392.2474.

4.3.8. 1-Pent-4-enyloxy-3-(6-pent-4-enyloxy-pyridin-2-
yD)-5,6,7,8,9,10-hexahydro-cycloocta[c]pyridine 7d. Oil.
IR (KBr) cm ™ ': 920, 1115, 1355, 1445, 1585, 2880, 2970.
"H NMR (CDCl;) 6: 1.56-1.41 (m, 2X2H), 1.80-1.60 (m,
2X2H), 1.90-2.03 (m, 2X2H), 2.20-2.33 (m, 2X2H),
2.80-3.00 (m, 2X2H), 4.50 (t, 2X2H, J=6.5 Hz), 4.99-
5.15 (m, 2X2H), 5.82-6.03 (m, 2H), 6.70 (d, 1H, J=
8.2 Hz), 7.65 (t, 1H, J=7.9 Hz), 7.70 (s, 1H), 7.96 (d, 1H,
J=7.4Hz). 3C NMR (CDCl5) é: 163.21, 160.70, 154.12,
152.66, 150.07, 139.36, 139.12, 139.10, 123.17, 114.90,
114.88, 114.66, 113.16, 110.09, 65.09, 64.85, 32.52, 31.60,
30.52, 30.35, 29.69, 29.53, 29.26, 28.36, 26.14, 23.73.
HR-EI: Calcd for C5gH34N»0,: 406.2620. Found 406.2628.

4.4. General procedure: ring closing metathesis of 6a—d
and 7a—d into 8a—d and 9a-d

A solution of each of the substrates 6a—d, 7a—d in CH,Cl,
(¢c=0.01 M) and Grubbs’ catalyst I (10 mol%) was heated
under reflux for 4-6h under argon. The solvent was
removed and the crude products were separated by column
chromatography, using CH,Cl,/hexane (10:1).

4.4.1. Cyclophane 8a. Mp 149-150 °C. IR (KBr) cm™ "
980, 1080, 1370, 1445, 1595, 2870, 2960. "H NMR (CDCl5)
6: 1.94-2.00 (m, 2 X 2H), 2.08-2.19 (m, 4 X 2H), 2.80-2.96
(m, 4 X 2H), 4.73 (t, 2X 2H, J=8.0 Hz), 5.60-5.65 (m, 2 X
1H), 7.34 (s, 2X 1H). '*C NMR (CDCl5) 6: 159.96, 156.71,
156.61, 152.33, 130.38, 110.83, 64.37, 33.03, 28.56, 28.40,
28.03, 24.43. Anal. Calcd for Cp4H,gN,O5: C, 76.56; H,
7.49; N, 7.44. Found: C, 76.77; H, 7.64; N, 7.36.

4.4.2. Cyclophane 8b. Mp 164-165°C. IR (KBr) cm™
980, 1100, 1355, 1420, 1595, 2880, 2975. "H NMR (CDCl5)
0: 1.60-1.87 (m, 4X2H), 1.90-2.05 (m, 2 X2H), 2.17-2.04
(m, 2 X 2H), 2.58-2.62 (m, 2 X 2H), 2.68-2.73 (m, 2 X 2H),
4.68 (t, 2X2H, J=8.0 Hz), 5.60-5.63 (m, 2X 1H), 7.12 (s,
2X1H). >C NMR (CDCls) é: 161.47, 149.86, 147.80,
130.38, 119.19, 114.55, 64.44, 29.33, 28.54, 28.09, 22.69,
2259, 22.39. Anal. Calcd for C26H32N202‘0.25H20: C,
77.19; H, 7.97; N, 6.92. Found: C, 77.16; H, 8.28; N, 6.54.

4.4.3. Cyclophane 8c. Mp 158-159 °C. IR (KBr) cm™ '
975, 1120, 1365, 1450, 1585, 2875, 2945. "H NMR (CDCl5)
0: 1.54-1.66 (m, 4 X 2H), 1.80-1.96 (m, 4 X 2H), 2.12-2.17
(m, 2X2H), 2.79 (t,2X2H, J=5.5 Hz), 2.88 (t,2X2H, J=
5.6 Hz), 4.62 (t, 2X2H, J=28.1 Hz), 5.58-5.62 (m, 2 X 1H),
7.27 (s, 2X1H). '*C NMR (CDCls) ¢: 161.19, 152.40,
150.28, 130.44, 122.30, 114.64, 64.79, 32.39, 31.72, 29.25,

28.75, 27.96, 26.14, 26.00. HR-EI: Calcd for C,gH36N,0,:
432.2777. Found 432.2784. Anal. Calcd for
C28H36N202'0.5H202 C, 7619, H, 839, N, 6.35. Found:
C, 76.30; H, 8.30; N, 6.46.

4.4.4. Cyclophane 8d. Mp 169-170 °C. IR (KBr) cm ™l
980, 1100, 1355, 1440, 1595, 2875, 2945. "H NMR (CDCl5)
0: 1.25-1.50 (m, 4 X 2H), 1.52-1.95 (m, 4 X2H), 1.84-1.98
(m, 2X2H), 2.12-2.17 (m, 2X2H), 2.74-2.84 (m, 4 X 2H),
4.71 (t, 2X2H, J=8.1 Hz), 5.58-5.64 (m, 2X 1H), 7.27 (s,
2 X 1H). 13C NMR (CDCl3) 6: 161.19, 152.40, 150.28,
130.44, 122.30, 114.64, 64.79, 32.39, 31.72, 29.25, 28.75,
27.96, 26.14, 26.00, 23.57. Anal. Calcd for C3oH,4oN,0,: C,
78.22; H, 8.75; N, 6.08. Found: C, 78.30; H, 8.40; N, 6.26.

4.4.5. Cyclophane 9a. Mp 114-115°C. IR (KBr) cm™ "
920, 1090, 1355, 1440, 1590, 2890, 2950. "H NMR (CDCl5)
6: 1.80-2.19 (m, 3 X 2H), 2.20-2.40 (m, 2 X 2H), 2.60-2.95
(m, 2 X 2H), 4.20—4.60 (m, 2 X 2H), 5.48-5.65 (m, 2H), 6.70
(d, 1H, J=8.2 Hz), 7.27 (s, 1H), 7.37 (d, 1H, J=7.2 Hz),
7.57 (t, 1H, J=7.9 Hz). >*C NMR (CDCls) 6: 163.51,
162.25, 156.87, 155.99, 139.00, 137.93, 130.63, 130.35,
125.04, 124.76, 113.46, 112.76, 65.12, 64.93, 32.81, 29.87,
29.10, 28.90, 28.04, 24.44, 24.19. Anal. Calcd for
C»1HouN,05: C, 75.00; H, 7.19; N, 8.33. Found: C, 75.09;
H, 7.20; N, 8.28.

4.4.6. Cyclophane 9b. Mp 124-125°C. IR (KBr) cm™ "
985, 1095, 1325, 1445, 1575, 2857, 2930. "H NMR (CDCl;)
6: 1.61-1.78 (m, 2 X 2H), 1.80-2.05 (m, 4H), 2.15-2.35 (m,
2X2H), 2.42-2.65 (m, 2X2H), 4.25-4.40 (m, 2X2H),
5.42-5.61 (m, 2H), 6.45 (d, 1H, J=7.9 Hz), 7.18 (s, 1H),
7.32 (d, 1H, J=7.2 Hz), 7.50 (t, 1H, J=7.8 Hz). >*C NMR
(CDCl3) 6: 162.41, 162.21, 153.69, 153.42, 148.47, 147.47,
138.24, 130.64, 130.52, 129.77, 119.68, 119.48, 65.04,
64.91, 29.11, 28.99, 28.86, 28.08, 27.96, 22.81, 22.67,
22.31. Anal. Calcd for C,,H,6N>O5: C, 75.40; H, 7.48.; N,
7.99. Found: C, 75.31; H, 7.40; N, 8.01.

4.4.7. Cyclophane 9c. Mp 91-92 °C. IR (KBr) cm ™ ': 970,
1085, 1335, 1450, 1570, 2850, 2930. "H NMR (CDCI3) é:
1.57-1.65 (m, 2X2H), 1.82-1.98 (m, 3 X2H), 2.15-2.17
(m, 2X2H), 2.80 (t, 2H, J=5.4 Hz), 83 (t, 2H, J=5.5 Hz),
4.61-4.92 (m, 2 X2H), 5.56-5.58 (m, 2H), 6.68 (d, 1H, J=
7.9 Hz), 7.18 (s, 1H), 7.36 (d, 1H, J=7.3 Hz), 7.57 (t, 1H,
J=7.8 Hz). 13C NMR (CDCI3) ¢: 163.57, 161.02, 154.93,
153.57, 149.77, 138.99, 130.66, 130.31, 125.17, 124.74,
115.56, 113.33, 110.03, 65.19, 64.72, 36.21, 32.72, 28.79,
28.70, 27.79, 27.36, 27.05, 25.61. HR-EI: Calcd for
C,3H,5N,0,: 364.2151. Found 364.2156. Anal. Calcd for
C23H23N202: C, 7580, H, 774, N, 7.69. Found: C, 7572,
H, 7.81; N, 7.56.

4.4.8. Cyclophane 9d. Mp 95-96 °C. IR (KBr) cm~ ': 980,
1110, 1325, 1445, 1585, 2880, 2980. '"H NMR (CDCl3;) 6:
1.20-1.41 (m, 2X2H), 1.52-1.74 (m, 2X2H), 1.83-2.00
(m, 2X2H), 2.18-2.34 (m, 2 X 2H), 2.58-2.78 (m, 2 X 2H),
4.19-4.40 (m, 2 X 2H), 5.50 (t, 2H, J=6.7 Hz), 6.37 (d, 1H,
J=6.7Hz), 7.15 (s, 1H), 7.24 (d, 1H, J=7.3 Hz), 7.56 (t,
IH, J=7.3Hz). >°C NMR (CDCls) é: 163.46, 161.18,
153.55, 152.47, 149.85, 132.36, 130.50, 130.17, 128.69,
122.89, 113.24, 109.90, 64.73, 64.55, 38.63, 32.30, 31.61,
30.27, 29.12, 28.64, 27.86, 26.04, 25.98, 23.51. Anal. Calcd
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for C,4H3oN,O,: C, 75.75; H, 8.48; N, 7.36. Found: C,
75.98; H, 8.28; N, 7.35.

4.4.9. 1'-Methylsulfanyl-1-pent-4-enyloxy-6,7,8,9,6',7' .8/,
9'-octahydro-5H,5H’-3,3'-bicyclohepta[c]pyridine 10. To
a mixture of pent-4-en-1-ol 0.19 g (2.2 mmol) and NaH
(0.09 g, 2.2 mmol, 60% in mineral oil) in anhydrous DMF
(6 ml), the compound 4¢ 0.89 g (2.0 mmol) in DMF (20 ml)
was added. After 2 h the reaction mixture was poured into
ice/H,O and acidified with AcOH. The precipitate was
filtered off and recrystallized from ethanol to give 0.68 g
(76%) of 10 as white solid. Mp 168-169 °C. IR (KBr) cm™ :
1590, 1298 1089 (C-O-C). '"H NMR (CDCl;) é: 1.62-1.93
(m, 7X2H), 2.18-2.33 (m, 2H), 2.88-3.05 (m, 3 X2H),
3.25-3.33 (m, 2H), 3.51 (s, 3H), 4.43 (t, 2H, J=6.3 Hz),
5.00-5.12 (m, 2H), 5.82-5.98 (m, 1H), 7.57 (s, 1H), 8.21 (s,
1H). HR-EI: Calcd for C,ysH34N,05S: 454.2290. Found
454.2288.

4.4.10. 1-Pent-4-enyloxy-1’-pent-4-ynyloxy-6,7,8,9,6',7',
8',9'-octahydro-5H,5H'-3,3'-bicyclohepta[c]pyridine 11.
To a mixture of pent-4-yn-1-0l 0.17 g (2.0 mmol) and NaH
(0.08 g, 2.0 mmol, 60% in mineral oil) in anhydrous DMF
(3 ml), the compound 10a 0.31 g (0.677 mmol) in DMF
(20 ml) was added. After 3 h the reaction mixture was
poured into ice/HO and acidified with AcOH. The
precipitate was filtered off and recrystallized from ethanol
to give 0.26 g (83%) of 11 as white solid. Mp 126 °C. IR
(KBr) cm ™ ': 3300 (C=C) 1590, 1089 (C-O-C). '"H NMR
(CDCl3) 6: 1.62-1.83 (m, 4X2H), 1.81-1.92 (m, 3 X2H),
1.98 (t, 1H, J=2.6 Hz), 2.08 (q, 2H, J=6.1 Hz), 2.21-2.35
(m, 2H), 2.42 (dt, 2H, J=2.5 Hz), 2.80-2.91 (m, 4 X2H),
4.43 (t, 2H, J=6.3 Hz), 4.51 (t, 2H, J=6.2 Hz), 5.00-5.12
(m, 2H), 5.82-5.98 (m, 1H), 7.62 (s, 2H). HR-EI: Calcd for
C3oH33N>0;: 458.2933. Found 458.2912.

4.5. General procedure for hydrogenolysis of the double
bonds of the RCM products 8c and 9c¢

Cyclophanes 8¢ and 9¢ (0.5 mmol) were dissolved in
dichloromethane (10 ml). After the addition of 25 mg of
palladium (10%) on activated carbon the suspension was
stirred for 18 h under a hydrogen atmosphere at room
temperature. After filtration and evaporation of the solvent,
the crude products 12¢ and 13c were recrystallized from
ethanol.

4.5.1. Compound 12c. Yield 80%. MP 95-96 °C. IR (KBr)
em ™' 1592, 1290, 1082 (C-O-C). 'H NMR (CDCl5) 6:
1.45-1.67 (m, 8 X2H), 1.80-1.87 (m, 4 X 2H), 2.77 (t, 2X
2H, J=5.3 Hz), 2.87 (t, 2X2H, J=5.3 Hz), 4.66 (t, 2 X 2H,
J=8.3 Hz), 7.08 (s, 2X 1H). '>*C NMR (CDCls) é: 161.23,
152.32, 151.25, 122.41, 115.25, 63.78, 32.44, 31.67, 29.22,
27.36, 26.12, 26.07, 24.32, 23.65. Anal. Calcd for

CagHigN,Oy: C, 77.31; H, 8.74; N, 6.44. Found: C, 77.34;
H, 8.35; N, 6.17.

4.5.2. Compound 13c. Yield 65%. MP 72-73 °C. IR (KBr)
em ™ 1590, 1294, 1086 (C-O-C). '"H NMR (CDCl;) 6:
1.19-1.25 (m, 5X2H), 1.87-1.94 (m, 3X2H), 2.70-2.90
(m, 3X2H), 4.65 (t, 2H, J=5.4Hz), 4.68 (t, 2H, J=
5.5Hz), 7.10 (s, 1H), 7.30 (d, 1H), 7.57 (d, 1H, J=7.8 Hz),
7.59 (t, 1H, J=7.3 Hz). Anal. Calcd for C,3H39N,O,: C,
75.31; H, 8.18; N, 7.64. Found: C, 75.11; H, 8.10; N, 7.45.
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Abstract—A direct and practical method for the construction of B-mannosidic linkages is described. While B-selectivities in the TMSOTf-
promoted glycosidation of 2,3,4,6-tetra-O-benzyl-p-mannosyl diethyl phosphite are found to be highly dependent on the reactivity of
acceptor alcohols, 2,3-di-O-benzyl-4,6-O-benzylidene-p-mannosyl diethyl phosphite reacts with a wide range of acceptor alcohols in the
presence of TMSOTT in CH,Cl, at —45 °C to give B-mannosides in high yields with good to high B-selectivities.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The rapidly growing significance of glycosides and
oligosaccharides as constituents of biologically important
compounds such as antitumor antibiotics and glycoconju-
gates has created an interest in the rational design and
development of stereocontrolled glycosidation reactions.’
Since the B-p-mannosidic linkage is present in virtually all
eukaryotic N-linked glycoproteins as part of the core
pentasaccharide, an enormous amount of creative endeavor
has been devoted to the construction of this linkage.’
Despite these efforts, the stereoselective synthesis of
B-mannosides is recognized as one of the most challenging
problems in carbohydrate chemistry, because both the
anomeric effect and the steric repulsion between a non-
participating group disposed axially at C-2 and an incoming
alcohol uniformly favor the formation of a-mannosidic
linkages. Departing from the seminal work of Paulsen and
Lockhoff on the direct construction of this linkage via an
Sn2-type displacement in the presence of insoluble silver
silicate,3 a number of indirect methods involving the
epimerization of accessible B-glucosides at C-2,* the
hexo-2-ulosyl bromide approach,” the reductive cleavage
of mannosyl anomeric orthoesters,® intramolecular aglycon
delivery (IAD)’ using a temporary mixed acetal®'° or silyl

Keywords: 4,6-O-Benzylidene acetal; Mannosyl diethyl phosphite; f-

Selective glycosidation.

* Corresponding author. Tel.: +81 11 706 3236; fax: +81 11 706 4981;
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ether connectors,“ and intramolecular mannosylation via
prearranged glycosides,'? have been reported.

Although these indirect methods provide reliable access to
pure B-mannosides, additional synthetic steps are required
for the substrate preparation. Therefore, it is clear that a
direct B-mannosylation method would constitute an ideal
procedure in terms of efficiency and practicality. In this
context, good to high B-selectivities have been achieved
using some per-O-benzylated mannosyl donors.'® The use
of sulfonates as non-participating protecting groups at O-2
enhances B-selectivity due to a strong dipole effect.'*' The
locked anomeric configuration method, wherein 1,2-O-
dibutylstannylene derivatives of mannose are used as
glycosyl donors and the roles of the donor and acceptor
are reversed, results in complete f-selectivity; however, a
significantly long reaction time is required to reach
completion.'® Among the direct methods reported to date,
the protocol recently developed by Crich and Sun is a
notable landmark in this field, in which the activation of
2,3-di-O-benzyl-4,6-O-benzylidene-protected mannosyl
sulfoxide or thioglycoside at —78 °C in dichloromethane
with trifluoromethanesulfonic (triflic) anhydride or benze-
nesulfenyl triflate, respectively, is followed by the addition
of acceptor alcohols to provide B-mannosides in high yields
and with excellent levels of selectivity.!” They claimed that
the success of the two methods hinges critically on the
presence of the 4,6-O-benzylidene group, where the
a-mannosyl triflate as a common intermediate generated
in situ from the donors reacts predominantly via an Sy2-like
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displacement.'® Very recently, Crich and Chandrasekera,
based on kinetic isotope effects (KIEs) measurements,
proposed that the displacement of the a-mannosyl triflate by
an acceptor alcohol proceeded with the development of a
substantial oxocarbenium ion character.'® The effectiveness
of the intermediate was also recognized by Weingart and
Schmidt®® with the corresPonding trichloroacetimidate and
by Kim and co-workers®' with the 2-(hydroxycarbonyl)-
benzyl 4,6-0-benzylidenemannoside.*

We have developed glycosyl donors that incorporate
various phosphorus-containing leaving groups. The glyco-
sidations constitute mild and efficient methods for the highly
stereocontrolled construction of 1,2-trans-B- and 1,2-cis-o-
glycosidic linkages with or without a participating group at
C-2.2* The exceptionally high levels of B-selectivity
observed with 2,3,4,6-tetra-O-benzyl-protected glycosyl
diphenyl phosphates,*® N,N,N',N'-tetramethylphosphoro-
diamidates,*® and diethyl phosphites™® suggest that these
leaving groups would also be promising candidates for the
construction of B-mannosidic linkages. In the following
discussion, the details of our investigations in this area are
presented (Eq. 1).2+%

et e ey
B0 B0 OR
promoter

OP(OEt),

(D

2. Results and discussion

2.1. Preparation of p-mannosyl donors

2,3,4,6-Tetra-O-benzyl-p-mannosyl and 2,3-di-O-benzyl-4,
6-0O-benzylidene-p-mannosyl donors were _Prepared from
the corresponding mannoses 1a%® and 1b*’ according to
standard procedures. Phosphorylation with diphenyl chloro-
phosphate under the Sabesan conditions*® (DMAP, CH,Cl,,
0°C) provided diphenyl phosphates 2a and 2b in good
yields (Eq. 2). Tetramethylphosphorodiamidates 3a and 3b
were obtained by the condensation of lithium alkoxides
derived from 1a and 1b, respectively, with bis(dimethyla-
mino)phosphorochloridate in THE-HMPA (Eq. 3).*¢

R?0 OBn R?0 OBn
R'O 0 CIP(O)(OPh), R'O 0
BnO BnO 0

OH DMAP, CH,Cl, OII'—I'(OPh)g

0°C
2a: R' = R%2 = Bn (86%)
2b: R', R? = CHPh (82%)

1a:R'=R2=Bn
1b: R, R2 = CHPh

(2)
R?0—  oBn BuLi, THF, -78 °C ~ R-O~_ 0Bn
F“O&&l Fo
BnO then CIP(O)(NMey), BNO 0
OH HMPA OP(NMey),

1la:R'=R2=Bn /8 720°C

1b: R', R? = CHPh

3a: R' = R? = Bn (85%)
3b: R, R2 = CHPh (97%)

3)
Diethyl phosphites 4a and 4b were prepared by the reaction

of mannose derivatives with diethyl chlorophosphite
and triethylamine at 0°C (Eq. 4). Donors with an

a-configuration were predominantly formed in all cases
except for the diethyl phosphites 4a and 4b. The obtained
mannosyl donors were purified by silica gel column
chromatography, and could be stored without decompo-
sition in a freezer (at —30 °C) for several months.

R?0—_ oBn R?0—_ 0oBn
R'O 0 CIP(OEt), R'O 0
BnO BnO
oH EtsN, CHxClo
0°C
1a:R'=R?=Bn
1b: R', R2 = CHPh

OP(OEt),

4a:R'=R?=Bn @)

(73%, o:p = 87:13)
4b: R', R2 = CHPh
(88%, o:p = 93:7)

2.2. Glycosidation of 2,3,4,6-tetra-O-benzyl-p-mannosyl
donors

At the outset of this study, the glycosidation of 2,3,4,6-tetra-
O-benzyl-p-mannosyl donors was explored using O-6- or
O-4-unprotected glycosides S or 6 (1.1 equiv each) as highly
reactive and less reactive acceptor alcohols, respectively
(Table 1).%*-*° The addition of a 1.0 M solution of TMSOTf
(1.1 equiv) in CH,Cl, to a cooled solution of the donor and
acceptor in CH»Cl, afforded a disaccharide and the «:@ ratio
was assayed by HPLC (Zorbax® Sil column). The
TMSOTf-promoted glycosidation of diphenyl phosphate
2a with 5 in CH,Cl, proceeded at —78 °C within 1 h to give
disaccharide 7 in 86% yield with good B-selectivity (a:0=
21:79) (Fig. 1). Almost the same results were obtained when
phosphorodiamidate 3a and diethyl phosphite 4a were used
(entries 2 and 3). However, a limitation of the TMSOTf-
promoted glycosidations of 2,3,4,6-tetra-O-benzyl-pD-man-
nosyl donors 2a, 3a, and 4a was encountered with the
unreactive O-4-unprotected glycoside 6, the mannosylation

Table 1. TMSOTf-promoted glycosidation of 2,3,4,6-tetra-O-benzyl-p-
mannosyl donors 2a, 3a, and 4a*

BnO OBn ROH (1.1 equiv)
BnO (o) TMSOT! BrO— 08
BnO BnO ’ OR
L CHuClp, —78°C BnO

2a: L = OP(O)(OPh), 7.8

3a: L = OP(O)(NMey)s

4a: L = OP(OEt),

ROH = OH OBn

BnO Q HO Q
BnO BnO
BnOOMe BnOOMe
5 6
Entry Donor®  Acceptor  Time, h Disaccharide
Yield, a:B°
%

1 2a 5 1 7 86 21:79
24 3a 5 1 7 91 22:78
3 4a 5 1 7 86 2575
4 2a 6 15 8 75 77:23
59 3a 6 15 8 89 80:20
6 4a 6 15 8 74 76:24

# Donor/acceptor/TMSOTf molar ratio=1.0/1.1/1.1 unless otherwise
noted.

® The anomeric ratio of the donors: 2a, 100:0; 3a, 100:0; 4a, 87:13.

¢ The ratio was determined by HPLC (column, Zorbax® Sil, 4.6 X250 mm;
eluent, 13% THF in hexane or 20% ethyl acetate in hexane; flow rate 1.5
or 1.0 mL/min).

9 The reaction was performed using 2.0 equiv of TMSOTY.
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BnO Ogn BnO OBn
BnO ! 0

Bno§}q1 B%%&Am OBn
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n n
BnO 8 OMe
7 OMe

Figure 1. Products of the mannosylation of alcohols 5 and 6 with 2,3,4,6-
tetra-O-benzyl-p-mannosyl donors.

of which produced disaccharide 8 favoring the a-mannoside
in high yields (entries 4-6).

2.3. Glycosidation of 2,3-di-O-benzyl-4,6-O-benzylidene-
p-mannosyl donors

2.3.1. Reaction optimization. Since the glycosidation of
the fully benzylated mannosyl donors 2a—4a proved to be an
unreliable method for the construction of B-mannosidic
linkages, we were prompted to investigate the glycosidation
of 2,3-di-O-benzyl-4,6-O-benzylidene-p-mannosyl donors.
Consistent with a general trend that 4,6-O-benzylidene-
protected glycosyl donors exhibit reduced reactivities,>'
mannosyl donors 2b—4b were activated with TMSOTT in
CH,Cl, at a higher temperature than that required for the
corresponding per-O-benzylated donors 2a—4a, but the
reaction with 5§ gave disaccharide 9 with an enhanced
B-selectivity (Table 2). Although Seeberger and co-workers
reported that the use of 4,6-O-benzylidene-protected
mannosyl phosphate met with failure due to the partial
hydrolysis of the cyclic acetal functionality under acidic
conditions,’® mannosylation with diphenyl phosphate 2b
provided disaccharide 9 in 54% yield with an «:( ratio of
10:90 (entry 1). The use of phosphorodiamidate 3b as a
donor gave virtually the same results as those found with 2b
(entries 1 vs 2), although a protracted reaction time was
required. On the other hand, the TMSOTf-promoted
mannosylation of 5 with diethyl phosphite 4b in CH,Cl,
proceeded to completion at —45°C within 30 min,
affording disaccharide 9 in 83% yield with a similar high
level of B-selectivity (entry 3). As a result of these

Table 2. TMSOTf-promoted glycosidation of 4,6-O-benzylidene-p-
mannosyl donors 2b, 3b, and 4b with 5§

OH
A on
n n
0]

Ph—X-0 O(B)n 5 OMe Bon
0 (1.1 equiv) 0
BnO BrnO o
n
| TMsoT, CH,Ct, o
2b: L = OP(0)(OPh), 0 BnOOMe

3b: L = OP(O)(NMey),
4b: L = OP(OE),

Entry Donor® TMSOTf Tempera-  Time Yield B

(equiv)  ture °C)°  (h) (%)
1 2b 1.5 —30 1 54 10:90
2 3b 2.0 —30 2 55 12:88
3 4b 1.1 —45 0.5 83 10:90

observations, we selected the phosphite method for the
B-selective mannosylation in terms of reactivity and product
- 14 33
yield.™

Promoters other than TMSOTf were screened for their
ability to activate the mannosyl diethyl phosphite 4b
(Table 3). Although a previous study from this laboratory
demonstrated that the BF;-OEt,-promoted glycosidations
of per-O-benzyl-protected glycosyl diethyl phosphites
exhibited the highest levels of B-selectivities known to
date,”® the coupling of 4b with 5 in the presence of
BF;-OEt, gave disaccharide 9 in only 54% yield with an
a:@ ratio of 40:60 and considerable amounts of mannosyl
fluoride 10 (entry 2). It has been well documented in the
literature that some Brgnsted acids such as TfOH are
effective activators of glycosyl phosphites.?*#2%-253% While
mannosyl diethyl phosphate 4b could also be activated by
TfOH at — 65 °C in CH,Cl,, the reaction with 5 afforded no
discernible benefits (entry 3). Reactions of glycosyl
phosphites have been shown to be promoted by catalytic
amounts of TMSOTf;Bf’M“’35 however, the use of 0.2 equiv
of TMSOTT resulted in a diminished B-selectivity (a:G=
19:81, entry 4). The reason for the attenuated selectivity in
the catalytic reaction is unclear at present.

We next explored the optimal solvent for this reaction
(Table 4). Solvents such as toluene and Et,O were found to
be less effective in terms of stereoselectivity (entries 2 and
3). The use of propionitrile gave a complex mixture of
products, most likely due to the low anomeric reactivity of
the nitrilium ion intermediates that causes a nucleophilic
attack by alcohol 5 on a nitrilium carbon (entry 4).**" The
temperature profile of the reaction of 4b with § in CH,Cl,
demonstrated that this reaction performed extremely well
over a wide temperature range; only minor erosion (2%) in
B-selectivity was observed (entries 1 vs 5 and 6).

Table 3. Effect of promoter in the glycosidation of 4,6-O-benzylidene-p-
mannosyl diethyl phosphite 4b with 5

Ph/%O o8n B0 og
BnO o + BnO
ab BnOOMe

P(OEt),
Ph/voo ogn
o P00 O
(0]
BnO
BnO 0
[0]
BnO

promoter

CHQC|2
5
(1.1 equiv)

Bn F
10

9 OMe

Entry Promoter Temperature, Time, Yield, 8%
°C h %
equiv

1 TMSOTf 1.1 —45 0.5 83 10:90
2 BF;-OEt, 1.1 —45 6 54° 40:60
3¢ TfOH 1.1 —65 6 79 9:91
4 TMSOTf 0.2 —45 1 81 19:81

% The anomeric ratio of the donors: 2b, 100:0; 3b, 100:0; 4b, 93:7.

® Temperature limit for a smooth reaction.

¢ The ratio was determined by HPLC (column, Zorbax® Sil, 4.6 X250 mm;
eluent, 20% ethyl acetate in hexane; flow rate, 1.0 mL/min; tg o-
mannoside, 21.1 min; tg B-mannoside, 24.4 min).

 The ratio was determined by HPLC (column, Zorbax® Sil, 4.6 X250 mm;
eluent, 20% ethyl acetate in hexane; flow rate, 1.0 mL/min; g
a-mannoside, 21.1 min; fg B-mannoside, 24.4 min).

® Mannosyl fluoride 10 was obtained in 31% yield.

¢ In the presence of 4 A molecular sieves (4 A MS).
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Table 4. Effect of solvent and temperature in the TMSOT{-promoted
glycosidation of 4,6-O-benzylidene-p-mannosyl diethyl phosphite 4b
with 5

Table 5. Effect of mixing sequence of the reactants in the TMSOT{-
promoted glycosidation of 4,6-O-benzylidene-p-mannosyl diethyl phos-
phite 4b with 5

OBn OH TMSOTt OBn OH TMSOTf
Ph/%o 0 BnO 0 (1.1 equiv) Ph/%o 0 BnO 0 (1.1 equiv)
Bno OP(OEt v B0 Bno OP(OEt * Bno CH.CI
(OEt), BnO\ e (OEt), BnO e 2Clz
4b 5 4b 5
(1.1 equiv) (1.1 equiv)
Ph—X-0 1\ 08" Ph—X-0 1\ 98"
O X 0
BnO BnO P01\ 98" o
© © Y \_P(OEY)
BnO 0 BnO 0 BnO 2
BnO BnO 12
LS o 0me
Entry Solvent Temperature, Time, Yield, % «:8* Entry Method®  Temperature, Time, Yield, %  o:g°
°C min °C min
1 CH,Cl, —45 30 83 10:90 1 A —45 30 83 10:90
2 Toluene  —45 30 86 20:80 2 B —45 30 65°¢ 8:92
3 Et,O —45 30 77 22:78 3 B —78 120 55¢ 5:95
4 EtCN —45 15 Complex mixture 4 C —45 30 79 10:90
5 CH,Cl, —23 15 74 11:89
6 CH,Cl, 0 15 75 12:88 * Method A. A 1 M solution of TMSOTT in CH,Cl, was added to a mixture

 The ratio was determined by HPLC (column, Zorbax® Sil, 4.6 X250 mm;
eluent, 20% ethyl acetate in hexane; flow rate, 1.0 mL/min; tr o-
mannoside, 21.1 min; tg B-mannoside, 24.4 min).

Although it appeared likely that the conditions employed in
the coupling of 4b with 5 could be optimized, the observed
B-selectivity («:8=10:90) did not match the selectivity (a:(
ratio with 5 was 4:96 at —78 °C and 6:94 at —45 °C)
obtained by us using the corresponding sulfoxide 11
(Eq. 5)."7 It is clear that the difference in selectivity
between the two methods cannot be attributed to the
reaction temperature used. In this context, it is likely that
another factor accounts for the difference in stereoselectiv-
ity. Our procedure involves the dropwise addition of
TMSOT(f to a mixture of 4b and 5 in CH,Cl,. On the
other hand, in Crich and Sun’s study, the order of addition of
reactants was critical for the success of the reaction, since
the intermediate triflate should be prepared before the

addition of the alcohol.
OH
BnO’&o:
BnO
BnO

Ph/TOO ogn DTBMP (2.0 equiv) 5 OMe

Tf,0 (1.1 equiv) (2.0 equiv)
BnO
_ CHCl,, =78 °C
11 O’SPh 5 min

Ph/%o Qn
BnO
O
BnO 0
BnO
BnO

9 OMe
-78°C,2h 72%, o:pp = 4:96
—45°C,0.5h 88%, a.fp = 6:94

4)
Thus, we focused on the possibility of improving the

B-selectivity by changing the mixing sequence (Table 5).
Pretreatment of donor 4b with TMSOTf in CH,Cl, at

of donor 4b and alcohol 5 in CH,Cl, at —45 °C. Method B. After stirring a
solution of donor 4b and TMSOTT in CH,Cl, at —45 °C for 30 min, a
solution of alcohol 5 in CH,Cl, was added at the indicated temperature.
Method C (inverse conditions). A solution of donor 4b in CH,Cl, was
added to a solution of alcohol 5 and TMSOTY in CH,Cl, at —45 °C.

® The ratio was determined by HPLC (column, Zorbax® Sil, 4.6 X250 mm;
eluent, 20% ethyl acetate in hexane; flow rate, 1.0 mL/min; g o-
mannoside, 21.1 min; fz B-mannoside, 24.4 min).

¢ Phosphonate 12 was obtained as a by-product in ca. 15-20% yield.

—45 °C for 30 min followed by the addition of alcohol 5
was found to increase the «:( ratio to 8:92 (method B, entry
2). This protocol enabled the B-selectivity to be enhanced
further by lowering the temperature to —78 °C during the
addition (entry 3). It is noteworthy that the observed
selectivity («:6=15:95) is comparable to that obtained by the
sulfoxide method. However, the permuted order of addition
provided much lower yields of mannoside 9 due to the
inevitable formation (ca. 15-20%) of phosphonate 12.3¢7
Although Schmidt and Weingart employed the ‘inverse
conditions’>® for the formation of B-mannosides using 4,6-
O-benzylidene-protected mannosyl trichloroacetimidate,
no difference in stereoselectivity was observed under
inverse conditions, in which 4b was added to a mixture of
5 and TMSOTf at —45°C (method C, entry 4). These
results strongly suggest that the problem associated with the
phosphite method is that the mannosyl donor 4b cannot be
cleanly converted into the a-mannosyl triflate by treatment
with TMSOTTf before the addition of an acceptor alcohol.
This also means that Crich’s optimal protocol is crucial not
only for the preferential formation of B-mannosides using
Kahne’s sulfoxide glycosidation method® but also for
general use whenever the efficient in situ generation of the
a-mannosyl triflate from 4,6-O-benzylidene-protected
mannosyl donors is possible.

2.3.2. Scope of the TMSOTf-promoted glycosidations of
4,6-O-benzylidene-p-mannosyl diethyl phosphite 4b.
With the reaction conditions optimized, the scope of the
glycosidation reaction of 4b with a range of acceptor
alcohols was then investigated (Fig. 2). The results are
compiled in Table 6.
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Figure 2. Acceptor alcohols and products in Table 6.

As anticipated from the preceding experiments, the
[-selectivities obtained in the reaction of 4b did not surpass
the selectivities observed with the corresponding sulfoxide
11 (entries 2, 4, and 7);l7 however, the TMSOTf-promoted
glycosidation in CH,Cl, at —45 °C offered a facile and
high-yielding route to B-mannosides in all cases, wherein
the o6 ratios ranged from 24:76 to 5:95. The mannosylation
of less reactive O-4-unprotected glycosides 6 and 14*°
proceeded to completion within 1 h under these conditions

Table 6. TMSOTf-promoted glycosidation of 4,6-O-benzylidene-p-
mannosyl diethyl phosphite 4b with acceptor alcohols™®

Ph—X-0 08“ TMSOTF (1.1 equiv)
BO 5 + ROH
n 6,13-22 CHoClp,—45°C
4b

OP(OEt),

(1.1 equiv)

BnO OR

23-33
Entry ROH Time, Product
min
Yield, % o8¢

1 6 60 23 84 11:89
2 13 30 24 85 11:89
3 14 60 25 72 17:83
4 15 30 26 89 24:76
5 16 30 27 77 15:85¢
6 17 30 28 96 5:95
7 18 30 29 89 11:89
8¢ 19 30 30 85 14:86"
9 20 30 31 89 16:84
10 21 15 32 87 15:85
11 22 30 33 86 17:83

# The reaction was carried out on a 0.1 mmol scale.

® Donor 4b/ROH/TMSOTf molar ratio=1.0/1.1/1.1 unless otherwise
noted.

¢ The ratio was determined by HPLC (column, Zorbax® Sil, 4.6 X250 mm;
eluent, 5-17% ethyl acetate in hexane or 5-20% THF in hexane; flow rate,
1.0 mL/min), unless otherwise stated.

4 Determined by 500 MHz 'H NMR.

¢ The reaction was performed with 2.0 equiv of TMSOTT.

f Determined by 126 MHz '*C NMR.

(entries 1 and 3), and the glycosidation of 14 led to the
preferential formation of B-mannoside 258, which corre-
sponds to a constituent of N-linked glycoproteins (entry 3).
As previously mentioned by Crich, the coupling with
1,2:3,4-di-O-isopropylidenegalactose (15) exhibited a much
lower selectivity (a:3=24:76, entry 4). Considering that the
reaction reached completion within 30 min, this stereo-
chemical outcome might be attributed to a sterically
mismatched interaction in the transition state leading to
the PB-linked disaccharide 26B.*' The best B-selectivity
(a:6=5:95) was achieved by the mannosylation of the O-2-
unprotected glucoside 17 (entry 6). It is also noteworthy that
chemoselective glycosidation was realized when O-6-
unprotected glucosyl phosphorodiamidate 19 was used as
a disarmed acceptor because 19 was unaffected by such
condmons when kept at temperatures below —5°C
(entry 8).**"*? Crich and co-workers demonstrated that
some fert-alcohols such as 1-adamantanol (20) could be
mannosylated upon activation of phen%/l thiomannoside
with a variety of thiophilic reagents. € In our system,
glycoside 31 with an o:8 ratio of 16:84 was obtained from
20 in 89% yield (entry 9). The serine derivative 21 and
cholesterol (22) could be safely glycosylated under these
conditions with good B-selectivities (entries 10 and 11).

2.4. Mechanistic considerations

Crich and Sun proposed, based on NMR experiments, that
mannosyl triflate was cleanly generated from 4,6-O-
benzylidene-pD-mannosyl sulfoxide upon treatment with
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Tf,0 in the presence of 2,6-di-fert-butyl-4-methylpyridine
(DTBMP) in CD,Cl, at —78 °C within 5 min.'® As alluded
to above, Crich and Chandrasekera, based on the KIEs,
proposed that the displacement of the a-mannosyl triflate by
an acceptor alcohol proceeded with the development of a
substantial oxocarbenium ion character, although the
complete set of equilibria between mannosyl triflates, the
transient contact ion pair (CIP) and the solvent-separated
ion pair (SSIP) lie very heavily toward the a-mannosyl
triflate.'® The possibility that the 2,3-di-O-benzyl-4,6-O-
benzylidene-p-mannosyl triflate is also an intermediate in
the phosphite method is suggested by the following: (1) the
effectiveness of the triflate as a counterion of the promoter
and (2) almost the same B-selectivity as that obtained with
the sulfoxide method when premixing the phosphite with
TMSOTH prior to addition of the acceptor alcohol. Based on
these results, the similar reaction mechanism would be
applicable to the phosphite method. While CIP, in which the
triflate anion is necessarily closely associated with the face
of the oxocarbenium ion, would be a possible intermediate
in this reaction, a mechanism involving an ‘exploded’
transition state'® is outlined in Scheme 1.

Diethyl phosphite 4b is activated by silylation of the oxygen
atom>** and the phosphite group is cleaved, to produce an
equilibrium mixture of a- and B-mannosyl triflates 35a and
35B. The displacement by acceptor alcohols at the anomeric
carbon of 35« and 358 affords glycosides 398 and 39« via
triplets 36 and 37, respectively, along with generation of
TfOH. Since the equilibrium between the mannosyl triflates
would heavily lie to 350 on kinetic and thermodynamic
grounds, high B-selectivities are observed in the present
method. The generation of SSIP (38) from 35a and 358
results in the formation of a-mannoside 39a. Trimethylsilyl
phosphite 40 is converted to diethyl phosphite (41) during
the course of the reaction. Since phosphite 40 is less
nucleophilic than the acceptor alcohols, high yields can be

Ph—X-0-\ OBn
TMSOTY o) O OHt
- . BnO + P\

OP(OEt),

Ph—Y-0 1\ 98"
o ,
BnO

4b

TMSOTf TfOH
HP(O)(OEt) <

OTMS Ph/vo
Ph/v%\ (OEt), BnO

BnO y 350 OTf
OTf
22 ROHl
l oBn H
Ph/%o o oR
Ph—X-0 OCB)n o BnO N
0 1 H
BnO (OEt) OTf
12 36

TMSOP(OEt),

TMS 37 H
—TfOH J
TMSOP OEt),
41

obtained when the promoter is added to a mixture of donor
4b and the acceptor alcohol. However, a-mannosyl triflate
350 reacts with phosphite 40 in the absence of the acceptor
alcohol, providing B-mannosyl phosphonate 12 as a by-
product.

3. Conclusion

The effectiveness of the diethyl phosphite group as a leaving
group of mannosyl donors has been demonstrated.
B-Selectivities in the TMSOTf-promoted glycosidation of
2,3,4,6-tetra-O-benzyl-pD-mannosyl donors were found to be
highly dependent on the reactivity of the acceptor alcohols
used. On the other hand, the TMSOTf{-promoted glycosida-
tion of 2,3-di-O-benzyl-4,6-O-benzylidene-p-mannosyl
diethyl phosphite with a broad variety of acceptor alcohols
in CH,Cl, at —45 °C offered a facile and high-yielding
route to B-mannosides, wherein the «: ratios ranged from
24:76 to 5:95. Although the B-selectivities did not surpass
those reported by Crich with the sulfoxide or thioglycoside
method, the present method has the following advantages in
terms of practicality: (1) high product yield can be achieved
with approximately equimolar proportions of glycosyl
donors and acceptors; (2) the reaction is very clean,
allowing very easy isolation of the product, in contrast to
the sulfoxide method in which several by-products derived
from the sulfinate moiety are produced; and (3) TMSOTT is
a stable and inexpensive reagent compared to those used for
the activation of thioglycosides. The effectiveness of the
triflate as a counterion of the promoter and almost the same
B-selectivity as that obtained with the sulfoxide method
when the phosphite is premixed with TMSOTT prior to the
addition of the acceptor alcohol suggest that the correspond-
ing mannosyl triflate is an intermediate in the present
mannosidation method.

TfOH  TMSOTf

HP(O)(OEt),
40 4 1

{‘ Ph/vo OBn ron T RS ot
OTf BnO N\

' 'H
RO.

OBn
Ph/vo oBn, ROH Ph/}%&g
\ n
Bno ~TfOH OR
SsIP

1
o ‘
—TfOH BnO OR
39p

Scheme 1. Potential pathways for the TMSOTf-promoted glycosidation of 4,6-O-benzylidene-protected mannosyl diethyl phosphite 4b.
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4. Experimental
4.1. General

Melting points were determined on a Biichi 535 digital
melting point apparatus and were uncorrected. Optical
rotations were recorded on a JASCO P-1030 digital
polarimeter. Infrared (IR) spectra were recorded on a
JASCO FT/IR-5300 spectrophotometer and absorbance
bands are reported in wavenumber (cm 1. Proton nuclear
magnetic resonance (1H NMR) spectra were recorded on a
Bruker ARX500 (500 MHz) spectrometer with tetramethyl-
silane (0y 0.00) as an internal standard. Coupling constants
(J) are reported in hertz (Hz). Abbreviations of multiplicity
are as follows: s, singlet; d, doublet; t, triplet; g, quartet; m,
multiplet; br, broad. Data are presented as follows: chemical
shift, multiplicity, coupling constants, integration and
assignment. Carbon nuclear magnetic resonance ('°C
NMR) spectra were recorded on JEOL AL400 (100 MHz)
or Bruker ARX500 (126 MHz) spectrometers with CDCl3
(0c 77.0) as an internal standard. Phosphorus nuclear
magnetic resonance ('P NMR) spectra were recorded on
JEOL EX270 (109 MHz) or Bruker ARX500 (202 MHz)
spectrometers with H;PO, (6p 0.00) as an external standard.
Fast atom bombardment (FAB) mass spectra were obtained
on a JEOL JMS HX110 spectrometer in the Center for
Instrumental Analysis, Hokkaido University.

Column chromatography was carried out on Kanto silica gel
60 N (40-50 um or 63-210 um) or Wakogel C-200 (75—
150 pm). Analytical thin-layer chromatography (TLC) was
carried out on Merck Kieselgel 60 F,s4 plates. Visualization
was accomplished with ultraviolet light and anisaldehyde or
phosphomolybdic acid stain, followed by heating. HPLC
analyses were performed on a JASCO PU-980 and UV-970
(detector, A=254 nm). Retention times (fg) and peak ratios
were determined with a Shimadzu Chromatopac C-R6A.
Hexane was HPLC grade, and filtered and degassed prior
to use.

Reagents and solvents were purified by standard means or
used as received unless otherwise noted. Dehydrated
stabilizer free THF was purchased from Kanto Chemical
Co. Inc. Dichloromethane and propionitrile were distilled
from P,0Os, and redistilled from calcium hydride prior to
use. 4 A molecular sieves was finely ground in mortar and
heated in vacuo at 220 °C for 12 h.

All reactions were conducted under an argon atmosphere.
Lactols 1a%® and 1b*’ were prepared according to literature
procedures.

4.2. Preparation of p-mannosyl donors

4.2.1. 2,3,4,6-Tetra-O-benzyl-o-p-mannopyranosyl
diphenyl phosphate (2a). Diphenylphosphoryl chloride
(0.57 mL, 2.74 mmol) was added to a stirred solution of
lactol 1a (1.14 g, 2.11 mmol) and DMAP (645 mg,
5.28 mmol) in CH,Cl, (15 mL) at 0 °C. After 30 min, the
reaction was quenched with crushed ice, followed by
stirring at room temperature for 15 min. The mixture was
poured into a two-layer mixture of Et,O (10 mL) and
saturated aqueous NaHCOj; (15 mL), and the whole was

extracted with AcOEt (25 mL). The organic extract was
washed with brine (2 X 15 mL), and dried over anhydrous
Na,SQ,. Filtration and evaporation in vacuo furnished the
pale yellow oil (1.74 g), which was purified by column
chromatography (silica gel 40 g, 8:1 hexane/AcOEt with
2% Et3N) to give diphenyl phosphate 2a (1.41 g, 86%) as a
colorless oil: [a]f +29.6 (¢ 1.01, CHCL;); IR (film) 3063,
3030, 2905, 2868, 1952, 1877, 1811, 1726, 1591, 1491,
1454, 1364, 1292, 1188, 1103, 1026, 949, 876, 739,
696 cm ™~ '; '"H NMR (500 MHz, CDCl3) 6 3.53 (dd, J=
1.5, 11.2 Hz, 1H, H-6a), 3.74 (dd, J=4.1, 11.2 Hz, 1H,
H-6b), 3.76 (dd, /=1.9, 3.1 Hz, 1H, H-2), 3.82 (dd, J=3.1,
9.6 Hz, 1H, H-3), 3.85 (ddd, J=1.5, 4.1, 9.8 Hz, 1H, H-5),
4.10(dd, J=9.6,9.8 Hz, 1H, H-4),4.43 (d, J=11.8 Hz, 1H,
OCHPh), 4.46 (d, J=12.1 Hz, 1H, OCHPh), 4.48 (d, J=
11.8 Hz, 1H, OCHPh), 4.52 (d, J=10.7 Hz, 1H, OCHPh),
4.63 (d, J=12.1 Hz, 1H, OCHPh), 4.69 (s, 2H, OCH,Ph),
4.85 (d, J=10.7 Hz, 1H, OCHPh), 5.99 (dd, J=1.9, 4.3
(Ju_p) Hz, 1H, H-1), 7.13-7.19 (m, 8H, Ar-H), 7.24-7.35
(m, 22H, Ar-H); >*C NMR (126 MHz, CDCls) 6 68.4, 72.2,
72.7,73.3,74.1 (d, Jc_.p=9.0 Hz), 74.2, 75.1, 78.8, 97.6 (d,
Je_p=7.0Hz), 120.0 (d, Jc_.p=5.0Hz), 1254 (d, Jcp=
6.0 Hz), 127.4, 127.5, 127.60, 127.61, 127.72, 127.75,
127.88, 127.90, 128.21, 128.25, 128.32, 128.34, 129.71,
129.74,137.5, 138.1, 138.15, 138.20, 150.2, 150.29, 150.34;
3Ip NMR (202 MHz, CDCl;3) 6 —13.4; FAB-HRMS m/z
caled for CsgHu600P (M +H) " 773.2879, found 773.2870.
Anal. Calcd for C46Hyus09P: C, 71.49; H, 5.87, found: C,
71.27; H, 5.88.

4.2.2. 2,3-Di-O-benzyl-4,6-0-benzylidene-o-pD-manno-
pyranosyl diphenyl phosphate (2b). Diphenylphosphoryl
chloride (0.37 mL, 1.8 mmol) was added to a stirred
solution of lactol 1b (673 mg, 1.5 mmol) and DMAP
(367 mg, 3.0 mmol) in CH,Cl, (7mL) at 0°C. After
30 min, the reaction was quenched with crushed ice,
followed by stirring at room temperature for 15 min. The
mixture was poured into a two-layer mixture of Et,O (7 mL)
and saturated aqueous NaHCO; (10 mL), and the whole was
extracted with AcOEt (20 mL). The organic extract was
washed with brine (2 X 10 mL), and dried over anhydrous
Na,S0O;,. Filtration and evaporation in vacuo furnished the
pale yellow oil (1.50 g), which was purified by column
chromatography (silica gel 40 g, 4:1 hexane/AcOEt with
2% Et;3N) to give diphenyl phosphate 2b (838 mg, 82%) as a
colorless oil: [a]5 +30.1 (¢ 2.00, CHCl5); IR (film) 3065,
2868, 1589, 1489, 1454, 1373, 1288, 1188 cm ™~ '; '"H NMR
(500 MHz, CDCl3) 6 3.75 (dd, J=10.0, 10.2 Hz, 1H,
H-6ax), 3.80 (dd, J=1.5, 3.2 Hz, 1H, H-2), 3.85 (ddd, /=
4.7, 9.4, 10.2 Hz, 1H, H-5), 3.90 (dd, /=3.2, 10.1 Hz, 1H,
H-3), 4.00 (dd, /=4.7, 10.0 Hz, 1H, H-6eq), 4.25 (dd, J=
9.4, 10.1 Hz, 1H, H-4), 4.55 (d, /=12.2 Hz, 1H, OCHPh),
4.67 (d, J=12.0 Hz, 1H, OCHPh), 4.73 (d, J=12.2 Hz, 1H,
OCHPh), 4.74 (d, J=12.0 Hz, 1H, OCHPh), 5.57 (s, 1H,
CHPh), 5.88 (dd, J=1.5, 6.4 (Jy_p) Hz, 1H, H-1), 7.11-7.20
(m, 6H, Ar-H), 7.25-7.37 (m, 17H, Ar-H), 7.46-7.48 (m,
2H, Ar-H); >*C NMR (126