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Diisopropylsilyl ethers were activated with N-bromosuc-
cinimide, and reacted with a fluorous-tagged alcohol, to yield
tethered substrates for ring-closing metathesis reactions.

The use of temporary tethers between reactants is an extremely
valuable approach in synthetic organic chemistry.! The approach
can promote selective reaction between the tethered components,
often under much milder conditions than the corresponding inter-
molecular process. Furthermore, reactions between the tethered
components often proceed with stereoselectivities that comple-
ment, or improve on, those observed in intermolecular reactions.

Silicon tethers can control the cross-metathesis of pairs of allylic
or homoallylic alcohols (e.g. 1 and 2, Scheme 1). After tethering
of the reactants (e.g. — 3), a ring-closing metathesis reaction gives
a cyclic silaketal; silaketal cleavage (e.g. 4 — 5) then yields the Z
isomer of net cross-metathesis of the components. The approach
has been used in target’ and library® synthesis, for example in
the synthesis of attenol A,* mucocin,” and the epothilones.*
Furthermore, tethering metathesis reactions can lead to long-
range diastereoselection.*
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Scheme 1 Net Z-selective cross-metathesis of an allylic and a homoallylic
alcohol.
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A number of methods*** have been developed for the selec-
tive synthesis of the required unsymmetrical silaketals. Usually,
one of the alcohols is reacted with an excess of a volatile
dichlorosilane.>®* Alternatively, reaction of the anion of one of
the alcohols with a dichlorosilane can give the monosubstituted
reagent needed to prepare selectively the unsymmetrical product.*
In this communication, we describe an improved efficient and
selective method for preparing unsymmetrical silaketal substrates
for ring-closing (including macrocycle-closing) metathesis reac-
tions.

We required an efficient method for the formation of unsymmet-
rical silaketals from the fluorous-tagged alcohol® 6 (Scheme 2). The
key design features of the fluorous-tagged linker 6 are summarised
in Scheme 3. A fluorous tag was incorporated to facilitate the
purification by fluorous-solid phase extraction’ (F-SPE) of the
required silaketals 7 from excess reagents used. The linker 6 was
designed® such that metathesis of the unsymmetrical silaketals (e.g.
7d) would release the required cyclic products (e.g. 9) from the
fluorous tag, thus facilitating purification by F-SPE. Subsequent
cyclisation of 10 (— 11) would then regenerate the catalytically
active methylene complex.®
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1. HPr,SiOR, NBS, CH,Cl,
2. 6, Et;N, DMAP, CH,Cl,

(see Table 1)

TS\)L/
N O\/:\/O ,OR
FuCs s
'Pr,
7
Scheme 2 Synthesis of fluorous-tagged unsymmetrical silaketals 7a-l.
See Fig. 1 for definitions of the R groups.

To start with, we investigated Malacria’s method for the forma-
tion and activation of diisopropylsilyl ethers (entry 1, Table 1).°
Hence the alcohol 12 was silylated, activated with NBS, and the
resulting bromosilane reacted with the fluorous-tagged alcohol 6.
Unfortunately, only a trace of the required silaketal was isolated,
and the fluorous-tagged alcohol was recovered in >98% yield.

We therefore re-investigated the activation of the racemic
diisopropylsilyl ether rac-13d with NBS. NBS was added to a
sample of the silyl ether 13d in CDCI;, and the reaction was
monitored by 500 MHz '"H NMR spectroscopy (see Fig. 2). Within
15 min, the silyl ether 13d had been consumed, and had been
converted cleanly into the corresponding bromosilane.
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Table 1 Synthesis of fluorous-tagged silaketals 7a-1 (Scheme 2)

Entry Substrate Method* Product Yield (and purity) after F-SPE only (%)” Yield of purified product (%)*
1 124 A ent-7g — Trace®
2a 13a B Ta 98 (65) —

2b rac-13d B rac-7d — 56

3a 13a C Ta 94 (98) —

3b 13b C b >98 (98) —

3c 13c¢ C Tc >98 (98) —

3d rac-13d C rac-7d — 56

3e 13e C Te 55(93) —

3f rac-13f D rac-7f >98 (76) —

3g 13g C Tg 96 (85) —

3h rac-13h C rac-Th — 54

3i rac-13i C rac-Ti 93 (67) 59

3j rac-13j C rac-Tj — 32

3k rac-13k C rac-7k — 64

31 131 C 7 95 (>85¢) —

“Methods: A: (i) 12 (0.5 M), ‘Pr,HSiCl (1 eq.), Et;N (1.1 eq.), DMAP (0.1 eq.), CH,Cl,, 0 °C — rt; (ii) NBS (1 eq.); (iii) 6 (1 eq.), Et;N (1.1 eq.), DMAP
(0.1 eq.), CH,Cl,, 0 °C — rt; B: (i) 13 (3.5 eq., 0.2 M), NBS (3 eq.), CH,Cl,, 0 °C — rt, 15 min; (ii) add to 6 (1 eq., 40 mM), Et;N (15 eq.), DMAP
(10 mol%), CH,Cl,, 0 °C — rt; (iii) F-SPE; C: (i) 13 (3.5 eq., 0.2 M), NBS (3 eq.), CH,Cl,, 0 °C — rt, 15 min; (ii) inverse addition of 6 (1 eq., 0.25 M),
DMAP (50 mol%), Et;N, 0 °C — rt; (iii) F-SPE; D: (i) 13 (5.5 eq., 0.2 M), NBS (5 eq.), CH,Cl,, 0 °C — rt; (ii) inverse addition of 6 (1 eq., 0.25 M),
DMAP (50 mol%), Et;N, 0 °C — rt; (iii) F-SPE. ® Yield of product after F-SPE; the purity, determined by analytical HPLC, is given in parentheses.
¢Yield of product after purification on Florisil®. ¢ An alcohol was used as the substrate; method A involves the synthesis of the diisopropylsilyl ether
in situ. © The fluorous-tagged alcohol 6 was recovered in >98% yield. / In the absence of DMAP, an 86% yield of material with 56% purity was obtained.

¢ Determined by 500 MHz 'H NMR spectroscopy.
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Scheme 3 Design of the fluorous-tagged linker 6 illustrated for the
proposed synthesis of the cyclic silaketal 9.

With a method for the activation of a diisopropylsilyl ether in
hand, we investigated the formation of unsymmetrical silaketals
from the silyl ethers 13a and 13d (entries 2a-b, Table 1). The
silyl ethers (3.5 eq., 0.2 M in CH,Cl,) were treated with NBS
(3 eq.) and, after 15 min, were added to a solution of the fluorous-
tagged alcohol 6 (1 eq., 40 mM) and DMAP (10 mol%) in CH,Cl,.
Unfortunately, neither of the reactions proceeded to completion:
in each case, following F-SPE, both the fluorous-tagged alcohol
6 and the required silaketal 7 were found in the fluorous fraction.
Although the silaketals could be purified by filtration through a
short pad of Florisil®, the method was not sufficiently efficient for
application in parallel synthesis.
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Fig. 1 Substrates, including the diisopropylsilyl ethers H'Pr,SiOR (13),
used in this study.
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Fig.2 Activation of the diisopropylsilyl ether rac-13d. 500 MHz'H NMR
spectra of the silyl ether 13d in CDCl; (a) before treatment with NBS (SiH:
0 =4.2 ppm); and (b) 15 min after treatment with NBS.

We increased the efficiency of the transformation by developing
a protocol in which the concentration of the fluorous-tagged
alcohol 6 was higher (entries 3a-1, Table 1). The diisopropylsilyl
ethers 13a-1 were prepared by silylation of the corresponding
alcohols, and were used without further purification. The modified
procedure involved inverse addition of a solution of the fluorous-
tagged alcohol 6 and DMAP in triethylamine to a solution of the
activated silyl ether in CH,Cl,. Following evaporation, addition of
pentane and filtration, the crude reaction mixtures were dissolved
in DMEF, purified by F-SPE, and the fluorous fractions analysed,
usually by HPLC. In some cases, the unsymmetrical silaketal
products 7 were purified by filtration through a Florisil® pad.

The reactions of the silyl ethers 13a—¢, derived from unhin-
dered primary alcohols, were highly efficient: the unsymmetrical
silaketals 7a—c were obtained in high yield (entries 3a—c, Table 1).
With the silyl ethers 13d-g, derived from secondary alcohols, good
yields of the corresponding silaketals 7d—g were obtained (entries
3d-f). We investigated more hindered bridged (13h—j) and cyclic
substrates (13k-l) (entries 3h-1). Even when the reaction was not
highly efficient, reasonable yields of the required silaketals were
obtained after filtration through a Florisil® pad.

The chemoselectivity of our method for the activation of
diisopropylsilyl ethers is remarkable. The silyl ethers 13a-1 contain
a range of functional groups that may react with NBS: alkenes,
including strained substrates (13h-i); electron-rich aromatic rings
(13d) and an alkyne (13a). We never observed any brominated
products.

The ring-closing metatheses of five unsymmetrical fluorous-
tagged silaketals (7d, 7f, 7h, 7j and 71) were investigated (Table 2).
The silaketals 7 were treated with 3 mol% portions of Grubbs’
first generation catalyst (8) until the reactions were judged to be

Table 2 Ring-closing metathesis reactions of fluorous-tagged silaketals 7

complete by TLC. Work-up involved treatment with P(CH,OH);,
Et;N and silica, filtration through Celite,'* and evaporation. The
products of the metathesis reactions described in Table 2 are shown
in Fig. 3.

Treatment of the silaketal 7d with the catalyst 8 triggered
the release of the stable cyclic silaketal 9 from the fluorous
tag (entry 1, Table 2). In the case of 7h, however, both the
expected silaketal 16 and the corresponding diol 15 were obtained
after chromatography (entry 3a). In later experiments, therefore,
the crude cyclic silaketals were treated with HF-pyridine before
purification. Using this protocol, the silaketals 7f, 7h and 71 yielded
the diols 14, 15 and 18 (entries 2, 3b and 5).

iPrz
o/Si o MeO

__ Ph
H O/\_/Y

OMe

Fig.3 Products of the ring-closing metathesis reactions.

For the substrates 7d, 7f, 7h and 71, the initial metathesis
product was a seven- to nine-membered cyclic silaketal. Similar
ring-closing metatheses are well known.** However, in the case of
the silaketal 7§, the outcome of the metathesis reaction was remark-
able: the diol 17 was isolated as a 55 : 45 E : Z mixture (entry 4).
The fate of 7j is consistent with the macrocycle-closing metathesis
reaction (— 20) which is described in Scheme 4. Cyclisation of
19 to form a six-membered ring was not observed: presumably
six-membered ring formation is reversible, and macrocyclisation
(19 — 20) allows more efficient release from the fluorous
tag.

In summary, we have developed an efficient method for the form-
ation of unsymmetrical silaketals, which we applied in the synthesis
of the fluorous-tagged metathesis substrates 7a-1. The method is

Entry Substrate Method* Catalyst® (mol%) Time/days Product (yield®)

1 7d A 8(3x3) 0.3 9 (71%)

2 7t B 8(5x3) 7 14 (19%)

3a 7h A 8(4 x3) 1.1 15 (8%), 16 (23%)“
3b 7h B 8(4 x3) 1 15 (21%)*

4 ] B 8(2x3) 0.3 17 (35%)%,°

5 7 B 88 x3) 13 18 (21%)

“Methods: A: (i) 7 (1 mM), CH,Cl,, 45 °C; (ii) P(CH,OH); then Et;N; (iii) F-SPE; B: (i) 7 (1 mM), CH,Cl,, 45 °C; (ii) P(CH,OH); then Et;N;
(iii) F-SPE; (iv) HF -pyridine then Me;SiOMe. ® The catalyst was added at regular intervals in 3 mol% portions. ¢ Yield of products (see Fig. 3) purified
by column chromatography. ¢ The product was purified by preparative HPLC. ¢ 55 : 45 E : Z isomers mixture.
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Scheme 4 Macrocycle-closing metathesis of the silaketal 7j.

remarkably chemoselective, and can be used to prepare silaketals
with alkenyl and electron-rich aromatic substituents. We also
observed a macrocycle-closing metathesis reaction that proceeded
via a 13-membered cyclic silaketal. Through the use of a temporary
silicon connection, therefore, it was possible to effect the net
cross-metathesis of an unsaturated alcohol in which the reacting
alkene was rather remote from the tether. Similar macrocycle-
closing metathesis reactions may be useful in the synthesis of
other compounds in which an alkene is remote from a potential
tethering point.
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A small parallel library of peptoid macrocycles with natural-product-derived side chains of biological
importance was produced by Ugi-type multiple multicomponent macrocyclizations including
bifunctional building blocks (Ugi-MiBs). Diverse exocyclic elements of high relevance in natural
recognition processes, i.e., all functional amino acid residues (e.g., Cys, Arg, His, Trp) and even sugar
moieties, can be introduced in a one-pot process into different types of peptoid-containing macrocyclic
skeletons. This is exemplified by the use of a diamine/diisocyanide combination of Ugi-MiBs and
N-protected a-amino acids or carboxy-functionalized carbohydrates as source for the
natural-product-like exocyclic elements. Employed as the acid components of the multiple Ugi
reactions, they appear as N-amide substituents on the macrocyclic cores. The use of different diamines
and diisocyanides allows an easy variation of the N- to C-directionality and therefore of the position of

the exocyclic elements.

Introduction

Natural macrocycles are increasingly important in medicinal
chemistry as active principles or as lead structures for drug
discovery. Synthetic derivatives are either based on rational design
or on privileged structural elements incorporated in combinatorial
libraries."* Apart from the use of natural macrocyclic scaffolds,
in medicinal chemistry the cyclization of various skeletons is
widely employed with the aim to improve pharmacological
properties® and to decrease the entropy loss upon binding.* This is
especially relevant for cyclopeptides, wherein important properties
such as bioavailability and enzymatic stability are significantly
improved.'=* Cyclization is also used to introduce conformational
restrictions into specific peptide sequences that are known to
be recognized by biological receptors,***¢ e.g., RGD-containing
peptides.®

Natural amino acid-derived macrocycles are of special relevance
in the realm of biologically active compounds.’” They may be
found either as oligomeric sequences (e.g., cyclopeptides and
depsipeptides) or as hybrid skeletons including diverse endocyclic
chemical motifs alternating with the peptide sequences. Well-
known moieties include the biarylether unit,'**® 5,6-membered
heterocycles (e.g., oxazole and thiazole)'*® or lipophilic chains
(e.g., polyene and phenylene).'?*!* While endocyclic motifs are
known to be important for conformational constrains, rigidity and
shape, biological and structural studies have shown that exocyclic
elements are relevant for the overall biological profile, such as the
recognition and functional elements of macrocycles."**¢ This is
especially noteworthy in amino acid-derived macrocycles wherein

“Department of Bioorganic Chemistry, Leibniz Institute of Plant Biochem-
istry, Weinberg 3, D-06120, Halle/Saale, Germany. E-mail: wessjohann@
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the positioning of the appended functionalities (i.e., side chains
or exocyclic residues) is not only influenced by the amino acid
configuration but also by the overall conformation of the cavity.
In this sense, synthetic macrocyclic skeletons have been devised
either to seek desired arrangements of exocyclic functionalities or
to impose a specific conformation on oligopeptide chains (e.g,
B-turn mimics)."

Exocyclic elements that appear frequently in natural macro-
cycles are o-amino acid side chains, or heterocycles such as
oxazoles and thiazoles."*™ Another group, at least as frequent
in occurrence, are exocyclic carbohydrates. Each one of these
exocyclic motifs usually displays a specific biological role. The
function of (for example) exocyclic sugar moieties in macrocycles
such as the macrolides and glycopeptide antibiotics is a topic of
great interest, as their absence leads to the partial or complete
loss of the aglycon bioactivity.® It is well-known that the exocyclic
sugar units influence the overall recognition and transport (e.g.,
through higher water solubility) of active macrocycles,*'? even
in cases where they do not participate in the activation at the
target protein itself. It seems also that glycosylation is part of the
mechanism of self-protection of the antibiotic-producing bacteria
towards further modifications.®” The role of the exocyclic amino
acids, their side chains as well as the 5-membered heterocycles
definitely rests on their participation in the binding to the
biological target. Overall, depending on the mode of action of
the macrocycle, the exocyclic functionalities can have a higher
(protein binding) or lower (membrane activity) importance for
the recognition process compared to the endocyclic motifs role.

Herein we report on the use of the Ugi-MiB (MiB = multiple
multicomponent macrocyclization including bifunctional building
blocks) strategy'® to generate macrocycles with exocyclic natural
product resemblance. Of the various Ugi-MiBs available, the
diamine/diisocyanide combination was chosen as it does not
generate extra exocyclic elements by itself. Thus, typical natural
macrocycle appendages can be incorporated as the acid compo-
nent. The challenge is to include such side chains, which tend to be

This journal is © The Royal Society of Chemistry 2008
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problematic in the Ugi four-component reaction (Ugi-4CR), but
which are at the same time of dominant biological importance as
they bear specific recognition elements, e.g., amino, carboxylate,
guanidinium, imidazole groups, etc.

Results and discussion

The Ugi-MiB approach, ie. a MiB based on multiple Ugi-
4CRs, is a versatile strategy towards the rapid creation of
macrocycle libraries. It encompasses the use of two building blocks
bifunctionalized with Ugi-reactive groups which are allowed
to undergo a cyclodimerization process in the presence of the
other monofunctional Ugi-components. The resulting scaffolds
are macrocycles containing two peptoid moieties and assembled
through the formation of 8 new bonds in one pot."* Peptoids
(i.e., N-substituted oligoglycines) are an interesting family of
peptidomimetics exhibiting a wide variety of biological activities
and often improved pharmacological properties over peptides,
such as better bioavailability." Peptoid backbones previously have
been incorporated into steroid-based macrocycles and cryptand-
type skeletons with the aim of evaluating their molecular and ion
pair recognition capabilities.'3*!?

Recently, the creation of parallel and combinatorial libraries of
natural-like macrocycles by Ugi-MiBs has been reported.’® This
issue seems to be especially promising as the method relies on the
unification of both cyclization and amide N-substitution in order
to seek biologically active peptoid-containing macrocycles. These
previous studies have focused on structural requirements (e.g.,
length, flexibility) of the endocyclic moieties essential to achieve
a successful double Ugi-4CR-based macrocyclization.'*'¢ This
article aims to reveal which natural exocyclic elements can be in-
corporated in a reliable manner by using the diamine/diisocyanide
combination of Ugi-MiB, thus addressing one of the many
diversity elements that can be varied in one pot.

Initial efforts on the synthesis of natural-product-inspired
macrocycles were directed at the incorporation of a biarylether
moiety as the endocyclic element.’*? It was shown that diamines
that were either too rigid or too short were unable to undergo
the ring closure when used as counterparts of the rigid aryl-based
diisocyanides (e.g., 6)."“* Accordingly, it was decided to employ
long and more-or-less flexible diamines as counterparts of the
previously described diisocyanides 1 and 6. The use of hetero-
functionalized diamines was preferred to aliphatic ones, as the
latter not only give lower yields but also are unable to act as
binding motifs or control elements, e.g., with metal ions.

Scheme 1 shows the first examples of the creation of natural-
product-derived exocyclic appendages based on the use of N-
protected a-amino acids as the acid components. Paraformalde-
hyde was always employed as the oxo component to avoid the
formation of stereoisomers. The resemblance of these compounds
to macrocyclic natural products perfectly illustrates the potential
of the method to create libraries amenable to biological screening.

As usual in macrocyclization approaches, experiments were
carried out under pseudo-high-dilution conditions. These con-
sisted in the slow addition of the diisocyanide to a stirring
mixture of the other components, i.e., the acid and the diimine
formed from the diamine and paraformaldehyde. Although this
protocol does not ensure high dilution of the diamino building
block, the pre-formation of the corresponding iminium species

favours a faster completion of the Ugi-4CRs. Similar experiments,
wherein the diamine was also slowly added to a solution of
paraformaldehyde, were less successful despite the higher dilution
of each bifunctional building block. This confirms the advantage
of performing the imine-condensation prior to the addition of
the other components, a process that is fairly slow at least with
paraformaldehyde. Another practical issue to be optimized was
the flow rate of addition of the diisocyanide via syringe pump.
The aim was to achieve a compromise between good yields
and short reaction times. Thus, the optimized protocol, which
involves reaction times of ca. 30 hours, leads to isolated total
yields ranging from ca. 40 to 50%. Under these conditions, small
amounts of acyclic oligomers were sometimes detected by ESI-
MS analysis, though they were significantly more polar than the
cyclized compounds and easy to separate. Slower addition rates
increased the macrocycle yields, but for significant improvements
the reaction times required are too long (i.e., several days or weeks)
and therefore unsuitable to create macrocycle libraries.

One of the main goals of this study was to explore which a-amino
acids could be employed as the acid components in Ugi-MiBs, and
if they needed side chain protection or not. Priority was given to
natural building blocks possessing recognized binding capabilities
derived from the functional groups present in their side chains. The
set of a-amino acids shown in Scheme 1 demonstrates that many
biologically relevant functional side chains (i.e., those of serine,
histidine, glutamine, and cysteine) do not require protection when
the amino acid is employed as the acid component in an Ugi-
MiB. Of course, Ugi-reactive groups, such as amino groups at the
a-position or in the side chain (as in lysine), or any other carboxylic
acid group present (as in aspartic and glutamic acid), must be
protected to avoid their uncontrolled participation in the Ugi-MiB.

The successful conversion of unprotected cysteine as the acid
component is unexpected, as its alternative use as the amino
component (i.e., in the C-protected form) in the Ugi-4CR is
completely ineffective. This latter case is known to be due to the
inactivation of the pre-formed imine by formation of a thiazolidine
derivative. As the disulfide exchange is a highly useful process for
conjugation and in dynamic combinatorial chemistry, this example
can be considered as an interesting entry to future applications
based on disulfide exchange.

However, our investigation afforded undesired results with
regard to other a-amino acid side chains that can interfere with the
normal course of the double Ugi-4CR-based macrocyclization.
For example, the use of tri-protected arginines (viz., No,Ns,N,,-
tri-Boc-L-arginine and tri-Cbz-L-arginine), was completely inef-
fective. No Ugi-product, cyclic or otherwise, could be identified in
the reaction crude of the guanidinium carbamates. Considering the
mechanism of the Ugi four-component reaction, this failure may
have two different reasons:***'7 i) the impossibility of the “normal”
a-adduct to be formed, or ii) the deviation of the normal Mumm
rearrangement by an intramolecular acylation of the guanidinium
instead of the nitrogen of the former Ugi-amino component. This
second choice seems to be more plausible as the a-adduct is a strong
acylating agent'” and the guanidinium group is a nucleophile, even
if protected as the carbamate.

The dominant role of guanidinium groups in many molecular
recognition processes of biological relevance required the search
for a suitable protection that allows their reliable incorporation
into macrocycles via the Ugi-MiB. Eventually, it was found
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Scheme 1 Ugi-MiB approach towards natural-product-like macrocycles with appended a-amino acids (Ser, His, Cys, Gln).

that protection with 2,4-dimethoxybenzyl (Dmb) and 2,2,5,7,8-
pentamethylchromane-6-sulfonyl (pmc) at the nucleophilic centers
does not affect the normal course of an Ugi-4CR.*®

As depicted in Scheme 2, a short and practical route was em-
ployed to synthesize the guanidinium-containing building block
13 from amino acid 9. This includes the protection with Dmb of the
primary amine followed by formation of the guanidinium group
utilizing 1H-pyrazole-1-carboxamidine 11 as the guanylating
reagent.” This pmc-protected reactant (11) has been previously
described for the guanylation of amines,® and proved equally
suitable for the synthesis of compound 12 in 76% overall yield
from 9. Finally, methyl ester cleavage under mild conditions
afforded acid 13, which was employed in the double Ugi-4CR-
based macrocyclization without further purification.

Scheme 2 shows the syntheses of diisocyanides 15, 16, and 17
from commercially available diamino building blocks to enhance
the diversity of Ugi-MiB libraries. The straightforward standard

procedure of formylation and dehydration for aliphatic amines*
gave the diisocyanides on a multi-gram scale. Scheme 3 illustrates
their use in combination with suitably protected tryptophane and
glutamic acid, as well as a guanidinium and a carbohydrate-
containing building block.

Macrocycle 19 illustrates access to arginine-like side chains by
application of N-protected 6-guanidinium butyric acid 13. The
employed protecting groups are also suitable to introduce natural
arginine itself, as this amino acid is known to be accessible from
ornithine by the same guanylation approach.”

Macrocycles 19 and 20 were also designed to exemplify the
easy fine-tuning of the positioning of the exocyclic elements
derived by variation of the peptoid N-to C-terminal directionality.
The two compounds were obtained from the same type of
bifunctional building block core as macrocycles 5 and 3 (cf.
Scheme 1 vs. Scheme 3), respectively, but with the Ugi-reactive
functional groups interchanged between the building blocks. This
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Scheme 2 Synthesis of mono- and bifunctional building blocks for Ugi-MiBs.

was possible by using diamine 18 (the precursor of diisocyanide
1) as the counterpart of diisocyanides 16 and 17 (arising from
diamines 2 and 4), thus resulting in macrocycles having the
same size, hybridization and functional groups, but in a different
orientation and with the appended functionalities attached at
different positions. This idea can be used to more rapidly access
QSARs of bioactive compounds, as the fine-tuning of the positions
of the side chains is available with only very few synthetically
related building blocks.

The synthesis of macrocycle 22 highlights the use of natural
amino acids not only as exocyclic elements, but here also as part
of the endocyclic framework.

The last part of this work deals with the one-pot incorporation
of carbohydrate moieties as exocyclic elements of macrocycles.
Typical sugar units found in natural macrocycles can have
deoxy centers, methyl, or amino or carboxylate substituents
along with residual hydroxy groups.®'? This feature provides a
mixed hydrophilic/hydrophobic nature that seems to be crucial
in the delivery and/or recognition of the natural product to
the biological target. The incorporation of these natural sugar
moieties has been described as a great challenge in total synthesis.'
Therefore, rather than devoting much effort to the synthesis of such
carbohydrates, our aim is simply to illustrate the possibility of
incorporating amino-sugars as exocyclic elements of natural-like
macrocycles. To accomplish this, they need to be functionalized
with any of the Ugi-reactive groups. To remain in the context of
this paper, the protected amino-glucose (GlcN)-derived carboxylic
acid 23 was used along with the biaryl ether diisocyanide 6 and
diamine 14 in the synthesis of macrocycle 24. Considering that
carbohydrates have been employed as any of the four components
of an Ugi-4CR in acyclic systems,* their use in the MiB strategy
may be devised also for any of the six other principal combinations
of Ugi-MiBs."

The lower yield of compound 24 (35%) compared to the earlier
macrocycles is not a result of the sugar moiety used. The ring
closure step in smaller macrocycles is more problematic with
two aryl bifunctional building blocks forming a cyclophane.
This was proven by further synthetic studies utilizing the same
bifunctional building blocks and simpler acid components under
the same pseudo-high-dilution conditions. With the rigid arylene
moieties, conditions that are suitable for more flexible diamines
now did result in the formation of large amounts of acyclic
products. Interestingly, when p-xylylenediamine (18) was used as
the counterpart of diisocyanide 6, no macrocyclic product could
be obtained. This supports previous reports from our laboratory
concerning the endocyclic structural requirements needed to
succeed with Ugi-MiBs for the assembly of peptoid-containing
macrocycles. 36

The NMR analysis of the macrocycles obtained suggests the
existence of various conformers at room temperature. This is
typical for peptoid-based compounds, as the N-alkylation of the
amide bond reduces the energy barrier between the s-cis and the
s-trans configuration, thus allowing easier isomerization. The fact
that the appended functional side chains are directly attached
to the N-substituted amide and not at the a-carbon as in other
cyclopeptides may be seen as a unifying concept of the approach
presented here. With respect to skeletal mobility, peptoids as
(cyclic) peptide mimics are related to N-methyl (cyclo)peptides. A
recent literature survey revealed that in biologically active macro-
cycles, methylation is the most common N-alkylation reaction
used by nature (as well as by medicinal chemists) in order to
address physiological stability, lipophilicity, and conformational
changes based on amide bond isomerization.'” However, an
intentional relocation of exocyclic elements with natural binding
capabilities to substitute N-methylation and side chain at the same
time has not yet been explored in detail.
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(GIcN) moieties.

This type of macrocycle, available by the MiB method or similar
approaches,'»¥"131¢ is expected to combine the pharmacological
advantages of cyclopeptides and peptoids (i.e., improved bioavail-
ability and physiological stability) in a single structure. Addition-
ally, the occurrence of various low-energy conformations of these
macrocyclic frameworks comprises the generation, and therefore
screening, of a larger conformational space of exocyclic function-
alities compared to those accessible by locating the side chain at
an o-carbon atom with predefined stereochemistry. Finally, it must
be mentioned that this method is not restricted to macrocycles
including N-substituted glycines; prochiral oxo-compounds can
also be employed with similar success. This gives rise to an even
larger chemical space, including all possible stereoisomers.

Conclusions

The Ugi-MiB strategy proved suitable for the rapid and efficient
generation of diverse macrocycles with exocyclic substituents
resembling (cyclopeptide) natural products. This was exemplified
by the diamino/diisocyanide combination of bifunctional building

blocks and the incorporation of natural-product-type side chains
as acid components of the Ugi-4CR-based macrocyclizations.
The study proved that, with the exception of arginine, all other
proteinogenic amino acids containing functional side chains can
be introduced as exocyclic elements in one pot. The only structural
requirement is that any amino or carboxy functionality that
is desired in addition to the reacting functionality, must be
protected during the macrocyclization. A solution for the incor-
poration of arginine-like moieties required a special combination
of guanidinium protective groups. Finally, a promising route to
the straightforward incorporation of carbohydrate moieties as
appended functionalities of macrocycles has been presented.

Experimental

Melting points were determined on a Leica DM LS2 apparatus
and are uncorrected. '"H NMR and "C NMR spectra were
recorded on a Varian Mercury 300 spectrometer at 300.2 MHz
and 75.5 MHz, respectively. Chemical shifts (6) are reported in
ppm relative to TMS ("H NMR) and to the solvent signal (*C
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NMR). IR spectra were obtained on a Bruker FT-IR spectrometer.
High resolution ESI mass spectra were obtained from a Bruker
Apex IIT Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometer equipped with an Infinity™ cell, a 7.0 Tesla
superconducting magnet, an RF-only hexapole ion guide and an
external electrospray ion source (Agilent, off-axis spray). ESI-MS
was recorded on a Finnigan TSQ 7000, LC-Tech Ultra Plus pumps,
Linear UV-VIS 200 detector, Sepserve Ultrasep ES RP-18, 5 um,
1 x 100 mm column, flow 70 pl min~'. Flash column chromatog-
raphy was carried out using Merck silica gel 60 (0.015-0.040 nm)
and analytical thin layer chromatography (TLC) was performed
using Merck silica gel 60 F,s, aluminium sheets. The solid com-
pounds were recrystallized from selected solvents for the melting
point measurements. All commercially available chemicals were
used without further purification unless stated differently. Diiso-
cyanides 1 and 6 were obtained as described in refs. 15 and 16. Acid
23 was prepared according to the procedure described in ref. 22a.

General procedure for the double Ugi-4CR-based
macrocyclizations

A solution of the diamine (0.5 mmol) and paraformaldehyde
(1.0 mmol) in MeOH (150 mL) was stirred for 2 h at room
temperature. The acid (1.0 mmol) was then added and the stirring
continued for 30 min. A solution of the diisocyanide (0.5 mmol)
in MeOH (20 mL) was slowly added to the reaction mixture
using a syringe pump (flow rate 0.5 mL h™'). After addition
was completed, the reaction mixture was stirred for 8§ h and
concentrated under reduced pressure to give a crude product,
which was purified by flash column chromatography.

Macrocycle 3

Diisocyanide 1 (78 mg, 0.5 mmol), diamine 2 (100 mg, 0.5 mmol),
paraformaldehyde (30 mg, 1 mmol), and N-Boc-L-serine (205 mg,
1 mmol) were reacted according to the general macrocyclization
procedure. Flash column chromatography purification (CH,Cl,—
MeOH 10 : 1) afforded macrocycle 3 (170 mg, 43%) as a white
solid. R; = 0.25 (CH,Cl,-MeOH 3 : 1). m.p. (from EtOAc): 172—
173 °C. IR (KBr): 3402, 3322, 3073, 2944, 1695, 1682, 1668, 1232,
1217, 1157, 1051. "H NMR (CDCl;): § = 7.35 (m, 4H, Ph); 5.67
(m, 1H, NH); 5.57 (m, 1H, NH); 5.16 (br. s, 2H, NH); 4.40-
4.37 (m, 4H, CH,); 4.33 (d, 4H, J= 6.7 Hz, CH,); 4.27-4.23 (m,
4H, CH,); 3.64-3.60 (m, 4H, CH,); 3.39 (m, 4H, CH,); 2.48-2.44
(m, 8H, CH,); 2.37 (m, 4H, CH,); 1.60 (m, 4H, CH,); 1.43 (s,
18H, (CH;);C). "C NMR (CDCl;): 6 = 169.7, 169.3, 168.9, 168.6,
155.8, 154.0, 137.5, 136.3, 128.5, 128.2, 128.1, 128.0, 80.8, 54.6,
55.6, 52.7, 51.6, 50.5, 46.7, 42.6, 42.1, 39.7, 29.6, 28.8, 28.6, 28.5,
24.8. HRMS (ESI-FT-ICR) m/z: 791.4677 [M + HJ*; calcd. for
CyHg0,Ny: 791.4662.

Macrocycle 5

Diisocyanide 1 (78 mg, 0.5 mmol), diamine 4 (74 mg, 0.5 mmol),
paraformaldehyde (30 mg, 1 mmol), and N-Boc-L-histidine
(158 mg, 1 mmol) were reacted according to the general macro-
cyclization procedure. Flash column chromatography purification
(CH,C1,-MeOH 10: 1) afforded the macrocycle 5 (163 mg, 39%) as
a white solid. R; =0.41 (CH,Cl,-MeOH 3: 1). m.p. (from EtOAc):
137-139 °C. IR (KBr): 3336, 2976, 2930, 1698, 1692, 1679, 1653,

1540, 1249, 1166. '"H NMR (CDCl,): 6 = 7.51 (s, 2H, CH-imid.);
7.28 (s, 4H, CH-Ph); 6.82 (s, 1H, CH-imid.); 6.79 (s, 1H, CH-
imid.); 5.49-5.46 (m, 2H, NH); 4.69-4.66 (m, 2H, CH); 4.26-4.16
(m, 4H, CH,); 3.61-3.56 (m, 4H, CH.,); 3.39 (m, 4H, CH.); 3.33—
3.31 (m, 4H, CH,); 3.24-3.20 (m, 4H, CH,); 3.11 (m, 2H, CH,);
3.06 (m, 2H, CH,); 2.96 (dd, 4H, J= 14.4/4.3 Hz, CH,); 1.43 (s,
18H, (CH;);C). B\CNMR (CDCl;): 6 = 172.9, 169.0, 155.0, 138.4,
135.6, 128.2, 128.1, 80.2, 77.4, 69.8, 68.3, 58.2, 53.1, 51.4, 50.7,
48.7, 42.8, 28.4. HRMS (ESI-FT-ICR) m/z: 839.4424 [M + H]*;
caled. for C4HsO,0Nyo: 839.4410.

Macrocycle 7

Diisocyanide 6 (110 mg, 0.5 mmol), diamine 4 (74 mg, 0.5 mmol),
paraformaldehyde (30 mg, 1 mmol), and N-Boc-L-cysteine
(221 mg, 1 mmol) were reacted according to the general macro-
cyclization procedure. Flash column chromatography purification
(CH,C1,-MeOH 15 : 1) afforded the macrocycle 7 (167 mg, 40%)
as a white solid. R; = 0.43 (CH,Cl,-MeOH 5 : 1). m.p. (from
EtOAc-heptane): 183-186 °C. IR (KBr): 3322, 3058, 2971, 1694,
1691, 1641, 1463, 1234, 1209, 1171. '"H NMR (CDCl;): 6 = 9.38
(br.s, 2H, NH); 9.12 (br. s, 2H, NH); 7.63 (d, 2H, J = 8.8 Hz, m-
PhNH); 7.54 (d, 2H, J= 8.9 Hz, m-PhNH); 6.97 (d, 2H, J = 9.0 Hz,
0-PhNH); 6.89 (d, 2H, J = 9.0 Hz, 0o-PhNH); 5.21 (br. s, 2H, NH);
4.51-4.46 (m, 4H, CH,); 4.22-4.06 (m, 4H, CH,); 3.78-3.75 (m,
4H, CH,); 3.53-3.49 (m, 4H, CH,); 3.76-3.74 (m, 4H, CH,); 1.44
(s, 18H, (CH;);C). *C NMR (CDCl;): 6 = 173.0, 172.4, 168.3,
166.9, 156.1, 133.6, 133.3, 121.2, 120.6, 119.8, 119.5, 80.8, 70.3,
63.5,54.2,53.2,51.8,51.4,47.7,31.4,28.8,28.4,28.1. HRMS (ESI-
FT-ICR) m/z:857.3187 [M + NaJ*; caled. for C;sHs,NaO,;N,S,:
857.3183.

Macrocycle 8

Diisocyanide 6 (110 mg, 0.5 mmol), diamine 2 (100 mg, 0.5 mmol),
paraformaldehyde (30 mg, 1 mmol), and N-Cbz-L-glutamine
(280 mg, 1 mmol) were reacted according to the general macrocy-
clization procedure. Flash column chromatography purification
(CH,Cl,-MeOH 10 : 1) afforded 8 (191 mg, 38%) as a white
solid. R; = 0.21 (CH,Cl,-MeOH 3 : 1). m.p. (from MeOH): 207-
208 °C. IR (KBr): 3317, 3064, 2953, 1697, 1693, 1635, 1467, 1248,
1211, 1168. '"HNMR (CDCl;): 6 =9.72 (br. s, IH, NH); 9.58 (br. s,
1H, NH); 7.66 (d, 2H, J = 8.8 Hz, m-PhNH); 7.57 (d, 2H, J =
8.9 Hz, m-PhNH); 7.35 (m, 10H, Ph-Cbz); 6.94 (d, 2H, J = 9.2 Hz,
0-PhNH); 6.87 (d, 2H, J = 9.1 Hz, 0-PhNH); 5.50 (br. s, 2H, NH);
5.10 (m, 4H, CH,); 4.94-4.89 (m, 2H, CH,); 4.60-4.56 (m, 2H,
CH,); 4.37-4.31 (m, 4H, CH,); 4.21-4.18 (m, 2H, CH,); 4.05 (m,
2H, CH,); 3.71-3.64 (m, 4H, CH,); 3.20 (m, 4H, CH,); 2.40-2.21
(m, 8H, CH,); 1.60 (m, 4H, CH,). "C NMR (CDCl;): 6 = 173.8,
172.6, 168.1, 166.9, 156.6, 156.2, 136.4, 130.1, 128.4, 128.0, 122.3,
121.7, 120.5, 120.1, 66.6, 55.0, 53.6, 52.3, 52.2, 51.4, 40.0, 31.8,
29.6,22.6,22.4,14.0. HRMS (ESI-FT-ICR) m/z: 1105.4767 [M +
H]*; caled. for C5,Hg;0;Nyo: 1105.4761.

N-Protected 4-guanidinium butyric ester 12 and acid 13

A solution of methyl 4-aminobutanoate hydrochloride 9 (306 mg,
2.0 mmol), Et;N (0.28 mL, 2.0 mmol) and 2,4-dimethoxy-
benzaldehyde (276 mg, 1.7 mmol) in MeOH (20 mL) was stirred
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for 2 h at room temperature. NaBH, (114 mg, 3.0 mmol) was
added to the reaction mixture in small portions and the reaction
mixture was stirred for additional 2 h. The solution was diluted
with diethyl ether (20 mL) and treated carefully with 10% aqueous
NaOH (10 mL). Then the organic layer was separated, washed
with water (2 x 10 mL) and brine (10 mL) and dried over
anhyd. Na,SO, to afford the amine 10. A solution of this crude
product in DMF (2.5 mL) was treated with N-pmc-1-H-pyrazole-
1-carboxamidine 11 (800 mg, 2.1 mmol) and the reaction mixture
was stirred at 130 °C for 24 hin a sealed tube. After cooling to room
temperature, the solution was diluted with EtOAc (30 mL), washed
with saturated aqueous NH,Cl (10 mL) and brine (10 mL), dried
over anhyd. Na,SO, and concentrated under pressure to furnish
a crude product. Flash column chromatography purification (n-
hexane-EtOAc 1 : 1) afforded the pure compound 12 (874 mg,
76%) as a white solid. m.p. (from CH,Cl,—n-hexane): 145-146 °C.
'"H NMR (CDClL,): 6 = 7.01 (d, 1H, J = 8.4 Hz, CH); 6.61 (br. s,
1H, NH); 6.41 (s, IlH, CH); 6.34 (d, |H, J =7.2 Hz, CH), 4.41 (s,
2H); 3.77 (s, 3H, CH;0); 3.76 (s, 3H, CH;0); 3.64 (s, 3H, CH;0);
3.29 (m, 2H, CH,); 2.61 (t, 2H, J = 6.8 Hz, CH,); 2.57(s, 3H,
CH.,);2.56(s,3H, CH;);2.26 (t,2H, J = 6.6 Hz, CH,); 2.09 (s, 3H,
CH,;); 1.80 (m, 2H, CH,); 1.30 (s, 6H, CH;). "C NMR (CDCl;):
0 = 173.2, 160.4, 157.6, 155.4, 153.0, 135.3, 134.6, 133.9, 130.0,
123.6, 117.6, 104.2, 98.4, 73.4, 60.3, 55.4, 51.8, 46.6, 45.6, 32.9,
30.4, 30.3, 26.8, 22.4, 21.4, 18.5, 17.5, 14.3, 12.0. HRMS (ESI-
FT-ICR) m/z: 598.2571 [M + Na]*; calcd. for C,,H, N;NaO,S:
598.2567.

LiOH (233 mg, 3.7 mmol) was added to a solution of ester 12
(850 mg, 1.48 mmol) in THF-H,O (2 : 1, 50 mL) at 0 °C. The
reaction mixture was stirred at 0 °C for 2 h and then acidified with
10% aq. NaHSO, to pH 3. The resulting phases were separated
and the aqueous phase was further extracted with EtOAc (2 x
60 mL). The combined organic phases were dried over anhyd.
Na,SO, and concentrated under reduced pressure to afford the
acid 13 (814 mg, 98%) as a white solid. The product (identified
by ESI-MS) was used in the macrocyclization without further
purification and characterization.

m,m’-Diisocyanoxylene (15)

A solution of m-xylylenediamine 14 (3.0 g, 22.0 mmol) in ethyl
formate (200 mL) was stirred at reflux for 20 h. The resulting
precipitate was filtered under reduced pressure, washed with cold
EtOAc (2 x 30 mL) and dried at 60 °C to furnish the corresponding
diformamide. This product was dissolved in 150 mL of dry
CH,Cl,, then Et;N (40 mL) was added and the solution was
cooled to —60 °C. A solution of POCI; (6.6 mL, 72 mmol) in
30 mL of CH,Cl, was added dropwise under argon atmosphere
and the resulting reaction mixture was stirred overnight at room
temperature. The mixture was poured into cold water (200 mL) and
extracted with CH,Cl, (2 x 100 mL). The organic layer was washed
with sat. aq. NaHCO; (100 mL), brine (100 mL), then dried over
anhyd. Na,SO, and concentrated under reduced pressure. The
crude product was purified by column chromatography (CH,Cl,)
to afford the diisocyanide 15 (2.84 g, 83%) a pale yellow oil. R; =
0.58 (CH,Cl,). IR (ATR, cm™"): 2123. "H NMR (CDCl;): § = 7.45
(t, IH, J = 6.6 Hz, CH-Ph); 7.35 (d, 2H, J = 6.8 Hz, CH-Ph);
7.32 (s, 1H, CH-Ph); 4.68 (s, 4H, CH,). *C NMR (CDCl;): 6 =
157.8, 157.8, 133.0, 129.5, 126.5, 124.6, 45.3, 45.1. ESI-MS m/z:

156.8 [M + HJ*; caled. for C,,H,N,: 157.0. The compound should
be stored at 4 °C to avoid decomposition.

1,4-Bis(3-isocyanopropyl)piperazine (16)

Diamine 2 (3.6 g, 22.0 mmol) was treated in a similar way as
described for the synthesis of 15 to afford the diisocyanide 16
(4.01 g, 84%) as a pale yellow solid. R; = 0.37 (CH,Cl,-MeOH
10 : 1). m.p. (from EtOH): 79-81 °C. IR (KBr, cm™"): 2814, 2153,
1462, 1283, 1159, 1143. '"H NMR (CDCl,): 6 = 3.47 (tt,4H, J =
6.6/1.9 Hz, CH,); 2.47 (t, 4H, J = 6.8 Hz, CH,); 2.46 (m, 8H,
CH,);3.47(qt,4H,J =6.7/2.0 Hz, CH,). "C NMR (CDCl;): 6 =
155.7, 155.6, 54.4, 53.1, 39.6, 39.5, 39.4, 26.5. HRMS (ESI-FT-
ICR) m/z: 243.1578 [M + Na]*; calcd. for C,H,NaN,: 243.1580.

1,8-Diisocyano-3,6-dioxaoctane (17)

Diamine 4 (5 g, 24 mmol) was treated in a similar way as described
for the synthesis of 15 to afford the diisocyanide 17 (3.91 g,
69%) as a pale brown oil. R; = 0.47 (CH,Cl,-MeOH 10 : 1). IR
(ATR, cm™): 2927, 2151, 1254, 1206, 1178, 1159, 1103. '"H NMR
(CDClLy): 6 = 3.74-3.71 (m, 8H, CH,); 3.60 (t, 4H, J = 5.8 Hz,
CH,). "CNMR (CDCl): § = 157.0, 156.9, 70.7, 68.6, 41.9, 41.8,
41.7. HRMS (ESI-FT-ICR) m/z: 191.0788 [M + Na]*; calcd. for
CsH;NaN,0,: 191.0790. The compound should be stored at 4 °C
to avoid decomposition.

Macrocycle 19

Diisocyanide 17 (84 mg, 0.5 mmol), diamine 18 (68 mg,
0.5 mmol), paraformaldehyde (30 mg, 1 mmol), and N-protected
J-guanidinium butyric acid 13 (561 mg, 1 mmol) were reacted ac-
cording to the general macrocyclization procedure. Flash column
chromatography purification (CH,Cl,-MeOH 15 : 1) afforded the
macrocycle 19 (276 mg, 38%) as a pale yellow solid. R; = 0.43
(CH,Cl,-MeOH 10 : 1). m.p. (from EtOAc): 187-190 °C. IR
(KBr): 3021, 2918, 2850, 1728, 1626, 1541, 1506, 1463, 1258, 1209,
1107, 759. '"H NMR (CDCl;): 6 = 7.26 (m, 4H, CH-Ph); 7.01 (d,
1H,J =8.4Hz, CH-Ph); 6.43 (s,2H, CH); 6.37 (m, 2H, J=7.2 Hz,
CH-Ph), 5.37-5.32 (m, 2H, NH); 4.47-4.42 (s, 4H); 4.32-4.25 (m,
4H); 3.78 (s, 6H, CH;0); 3.76 (s, 6H, CH0); 3.62-3.57 (m, 4H);
3.39-3.28 (m, 6H); 3.31-3.27 (m, 4H, CH,); 3.25-3.20 (m, 4H,
CH,); 3.06-2.07 (m, 4H, CH,); 2.62-2.60 (m, 4H); 2.56 (s, 6H,
CH,); 2.54 (s, 6H, CH); 2.31-2.28 (m, 4H); 2.11 (s, 6H, CHy);
1.31 (s, 12H, CH;). *C NMR (CDCl;): 6 = 171.7, 170.9, 169.7,
169.6, 169.3, 160.4, 160.2, 157.8, 155.3, 153.4, 153.2, 138.7, 135.9,
135.4,134.1,133.7,131.2, 128.4, 128.2, 123.4, 123.3, 117.7, 177.5,
104.2,98.2, 73.6, 60.1, 55.8, 51.6, 50.5, 48.7, 46.8, 45.3, 42.9, 33.1,
30.7, 30.5, 26.9, 22.5, 21.2, 18.7, 18.6, 17.5, 17.3, 14.3, 14.2, 12.2,
12.1. HRMS (ESI-FT-ICR) m/z: 1473.6825 [M + Na]*; calcd. for
CH N ;yNaO,,S,: 1473.6812.

Macrocycle 20

Diisocyanide 16 (110 mg, 0.5 mmol), diamine 18 (68 mg,
0.5 mmol), paraformaldehyde (30 mg, 1 mmol), and N-Boc-L-
tryptophan (304 mg, 1 mmol) were reacted according to the
general macrocyclization procedure. Flash column chromatog-
raphy purification (CH,C,-MeOH-Et;N 10 : 1 : 0.1) afforded

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1787-1795 | 1793





the macrocycle 20 (213 mg, 43%) as a light yellow solid. R; =
0.33 (CH,Cl,-MeOH-Et;N 5: 1: 0.1). m.p. (from EtOAc): 174
175°C. IR (KBr): 3313, 3011, 2941, 1652, 1540, 1457, 1254, 1215,
1166, 1011, 750. "H NMR (CDCl;): § = 9.54 (br. s, 1H, NH);
8.94 (br.s, 1H, NH); 7.77-7.74 (m, 2H, CH-indole); 7.59-7.56 (m,
2H, CH-indole); 7.43 (d, 2H, J = 7.3 Hz, CH-Ph); 7.32 (d, 2H,
J =7.4Hz, CH-Ph); 7.15-7.00 (m, 6H, CH-indole); 6.56 (m, 1H,
NH); 6.29 (m, 1H, NH); 5.64 (br. s, IH, NH); 5.48 (br. s, 1H,
NH); 5.38-5.33 (m, 2H, CH,); 5.24-5.18 (m, 2H, CH,); 4.83-4.80
(m, 4H, CH,); 4.59-4.54 (m, 2H, CH,); 4.48-4.45 (m, 2H, CH,);
4.39-4.34 (m, 2H, CH); 4.22-4.08 (m, 4H, CH,); 3.36-3.28 (m,
4H, CH,); 1.47,1.44, 1.43 (s, 18H, (CH;);C). "C NMR (CDCl;):
0 = 1729, 172.3, 171.5, 170.7, 155.3, 155.0, 136.1, 134.9, 130.8,
129.8, 129.6, 129.1, 128.7, 128.4, 128.1, 127.2, 127.0, 126.5, 123.8,
123.5,121.6,121.4,119.6, 119.2, 118.7, 117.6, 111.5, 111.2, 109.8,
109.6, 105.5, 80.6, 80.4, 77.2, 61.3, 58.4, 56.5, 56.1, 55.4, 54.9,
52.6, 52.0, 50.8, 47.5, 46.2, 37.4, 29.7, 29.4, 28.6, 28.5, 28.4, 23.3,
18.5. HRMS (ESI-FT-ICR) m/z: 989.5599 [M + HJ*; calcd. for
CssH;304N : 989.5607.

Macrocycle 22

Diisocyanide 15 (78 mg, 0.5 mmol), L-lysine ethyl ester dihy-
drochloride (124 mg, 0.5 mmol), Et;N (0.128 mL, 1 mmol),
paraformaldehyde (30 mg, 1 mmol), and N-Boc-L-glutamic acid
S-benzyl ester (337 mg, 1 mmol) were reacted according to the
general macrocyclization procedure. Flash column chromatogra-
phy purification (CH,Cl,-MeOH 15 : 1) afforded the macrocycle
22 (206 mg, 40%) as a white solid. R, = 0.33 (CH,Cl,-MeOH
10 : 1). m.p. (from n-hexane-CH,Cl,): 82-84 °C. IR (KBr): 2979,
2944, 1732, 1697, 1654, 1522, 1454, 1248, 1167, 1029, 751. 'H
NMR (CDClL): 0 = 7.88 (m, 1H, NH); 7.79 (m, 1H, NH); 7.35
(m, 5H, Bn); 7.34-7.33 (m, 6H, Bn + CH-Ph); 7.23 (s, 1H, CH-Ph);
7.19 (d, 2H, J = 6.9 Hz, CH-Ph); 5.32 (d, IH, J = 8.0 Hz, NH);
5.25(d, 1H,J =7.9 Hz, NH); 5.15 (m, 2H, CH,-Bn); 5.11 (m, 2H,
CH,-Bn); 4.89-4.86 (m, 1H, CH); 4.72-4.67 (m, 1H, CH); 4.50—
4.40 (m, 3H, CH, + CH); 4.18-4.07 (m, 4H, CH,); 2.55-2.44 (m,
4H, CH,); 1.44 (s, 9H, (CH5);C); 1.40 (s, 9H, (CH;);C); 1.21 (t,
3H,J=7.1Hz, CH;). *CNMR (CDCl,):6 = 173.2,172.7,170.7,
168.4, 168.3, 167.9, 167.6, 156.4, 156.1, 138.9, 138.4, 135.5, 128.4,
128.2, 128.1, 128.0, 80.4, 80.1, 66.6, 61.9, 61.5, 58.0, 50.8, 50.0,
49.3,43.7,43.4,43.0, 29.6, 29.2, 28.6, 28.4, 28.3, 27.2, 26.9, 23.4,
14.2. HRMS (ESI-FT-ICR) m/z: 1051.5008 [M + Na]*; calcd. for
Cs,H;,0,,NaNg: 1051.4999.

Macrocycle 24

Diisocyanide 6 (110 mg, 0.5 mmol), diamine 14 (68 mg, 0.5 mmol),
paraformaldehyde (30 mg, 1 mmol), and the aminosugar-derived
acid 23 (489 mg, 1 mmol) were reacted according to the gen-
eral macrocyclization procedure. Flash column chromatography
purification (CH,Cl,-MeOH 10 : 1) afforded the macrocycle 24
(232 mg, 35%) as a pale brown solid. R; = 0.37 (CH,Cl,-MeOH
5:1). m.p. (from EtOAc): 231-233 °C. 'H NMR (CDCl;): 6 =
9.65 (br.s, 1H, NH); 9.54 (br.s, IH, NH); 7.63 (d, 2H, J = 8.9 Hz,
m-PhNH); 7.54 (d, 2H, J = 8.9 Hz, m-PhNH); 6.92 (d, 2H, J =
9.1 Hz, o-PhNH); 6.84 (d, 2H, J = 9.0 Hz, o-PhNH); 7.31 (t,
1H, J = 7.6 Hz, CH-Ph); 7.29 (s, IH, CH-Ph); 7.19 (d, 2H, J =
7.2 Hz, CH-Ph); 5.27 (t, 2H, J = 9.9 Hz, CH); 5.00 (t, 2H, J =

9.4 Hz, CH); 4.75 (d, J = 8.5 Hz, 2H, CH); 4.54-4.49 (m, 4H,
CH,); 4.30 (dd, 2H, J = 12.3/4.5 Hz, CH); 4.13 (dd, 2H, J =
12.4/2.3 Hz, CH); 4.04 (td, 2H, J = 10.1/5.9 Hz, CH); 3.84-3.79
(m, 4H, CH,); 2.57-2.54 (m, 4H, CH,); 2.06 (s, 6H, CH,CO): 2.00
(s, 6H, CH,CO); 1.96 (s, 6H, CH;CO). *C NMR (CDCl): 6 =
173.1, 172.6, 171.8, 171.1, 170.8, 169.1, 168.4, 157.7 (q, J = 38
Hz), 157.4 (q, J = 38 Hz), 143.8, 136.3, 130.2, 128.3, 128.2, 128.0,
127.9, 115.5(q, J = 288 Hz), 114.8 (q, J/ = 288 Hz), 101.3, 101.2,
73.5,73.1, 69.9, 66.8, 63.2, 55.9, 45.9, 44.2, 40.9, 35.7, 20.9, 20.6,
20.4. HRMS (ESI-FT-ICR) m/z: 1349.3819 [M + Na]*; calcd. for
CssHgNaF,0O,;Ng: 1349.3818.
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The behaviour of two cyclen-based bismacrocycles linked by aromatic spacers as receptors of adenosine
monophosphate (AMP), adenosine diphosphate (4DP) and adenosine triphosphate (47TP) anions is
explored. The two bismacrocycles differ from one another by the nature of their spacers, which are
respectively 1,3-dimethylbenzene (BMC), or 2,6-dimethylpyridine (BPyC). Potentiometric
investigations supported by'H and *'P NMR measurements were performed over a wide pH range to
characterize and understand the driving forces implicated in the supramolecular assemblies. A
comparison is also carried out with the results presented in this work and those obtained previously
with these two ligands and inorganic phosphates. The comparison exhibits the importance of
n-stacking capability of the organic anions in the binding and hydrogen-bonding network. For BPyC,
NMR studies highlight two coordination schemes depending on the protonation of the nitrogen atom
of the pyridinyl spacer, which acts in acidic media as a supplementary anchoring point.

Introduction

The chemistry of anion recognition has rapidly grown in recent
decades to become an important area of supramolecular chemistry
owing to the presence of multiple and various anionic species
in both inorganic applications and biological systems." For
instance, a large variety of substrates and cofactors engaged in
biological processes such as nucleotides are negatively charged
and present specific properties that have to be taken into account
in order to propose adequate receptors. The strategies developed
to obtain efficient “host—guest” interactions with anions mainly
consists in the use of coordinative interactions with metal ions
included in the ligand or, alternatively, vie non-covalent inter-
actions with binding sites of the receptor, namely coulombic
forces, hydrogen bonding and n-stacking interactions. In this last
case, polyammonium groups have proved to be very efficient,
and among them, polyprotonated macrocycles behave as effective
receptors for polycharged phosphate anions in aqueous solutions:
they strongly associate to nucleotides via multiple interactions with
the negatively charged polyphosphate chain.®*® Another important
requirement consists in the correspondence between the binding
sites of the receptor and those of the substrate. Consequently, the
favourable arrangement of the different components involved in
the recognition process constitutes a fundamental condition for
high binding constants.
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T Electronic supplementary information (ESI) available: Distribution
diagrams for ternary systems with AMP and ADP; logarithm recognition
constants and experimental 'H chemical shifts with the corresponding
inorganic phosphates; crystal structure data for BPyCH,* (CCDC
reference number 671278). See DOI: 10.1039/b719514a

In previous papers, we demonstrated that protonated cyclen-
based bismacrocycles as BMC and BPyC (Fig. 1) are able to
form very stable ternary species with inorganic polyphosphate
anions, particularly the triphosphate, due to the localization of
the nitrogen atoms concerned with the ternary species formation
and, among others, the participation of the pyridinyl linker.!!
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Fig. 1 The two studied host ligands (top) and ATP (bottom).

We present here a study of the recognition phenomena that
take place between the BMC and BPyC bismacrocycles and
adenosine monophosphate (4 MP), adenosine diphosphate (4 DP)
and adenosine triphosphate (ATP) anions, based on potentio-
metric equilibrium methods. In order to obtain supplementary
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structural information on the ternary species, 'H and 3'P NMR
measurements were performed over a wide pH range.

Experimental
Materials

The previously described ligands BMC and BPyC were prepared
as white polychloride salt powders according to previously pub-
lished procedures.” Elemental analyses were performed at the
Service de Microanalyse, CNRS, 91198 Gif sur Yvette, France.
Reagents were purchased from Acros Organics and from Aldrich
Chemical Co.

Potentiometric titrations

Potentiometric measurements were performed in a jacketed cell
thermostatted at 25.0 °C, kept under an inert atmosphere of
purified argon, using an automatic titrator (Metrohm, DMS
Titrino 716) connected to a microcomputer. The free hydrogen
concentrations were measured with a glass-Ag/AgCl combined
electrode (Metrohm) filled with 0.1 M NaCl. The electrode was
calibrated in order to read —log[H"], designated as pH, by titration
of a small quantity of diluted HCI by standardized 0.02 M
NaOH at 25 °C (and determining the equivalent point by Gran’s
method) followed by adjustment of the meter so as to minimize the
calculated pH vs. observed values. LogK,, for the system, defined
in terms of log([H*][OH"]), was found to be —13.78 at the ionic
strength employed and was kept fixed during refinements.* As
used in previous work, NaCl was employed as the supporting
electrolyte to maintain the ionic strength at 0.10 M.

Potentiometric measurements of solutions containing
equimolecular amounts of azaligands and the appropriate
phosphate anion were made at about 1 mM in concentration and
ionic strength g = 0.10 M (NaCl). Each titration utilised at least
10 points per neutralisation of a hydrogen ion equivalent and
titrations were repeated until satisfactory agreement was reached.
A minimum of three sets of data was used in each case to calculate
the overall stability constants and their standard deviations.
The standard deviations obtained for the different recognition
constants are reported in Tables 1 and 2. The range of accurate
pH measurements was considered to be 2-12. Equilibrium
constants and species distribution diagrams were calculated by
using HYPERQUAD 2003.%

The stability constants K, were noted with respect to ternary
species A,L;H, where a, / and % are respectively the stoichiometric
numbers of the anion (A) ligand (L) and the proton (H).

Table 1 Logarithms of protonation constants of related bismacrocycles
and nucleotides. (H,O; I = 0.1 M (NaCl); T = 25.0 £+ 0.2 °C; [L],oc =
1073 M)”

BMC BPyC  AMP  ADP  ATP
[LH]/[L][H] 11.25(5) 11.08(1) 6.41(1) 6.56(2) 6.76(2)
[LEL)/[LHJH]  10.02Q2) 10.14Q2) 3.75(1) 4.11(1) 4.31(2)
[LH,J/[LH,JH]  8.904)  8.97(4) — — —
[LHL/[LILIH]  7.972)  7.84(5) — - —
[LH,/[LHJH] 2072  2.30(5) — — —

“ Charges are omitted from the formulae for clarity; numbers in parentheses
are standard deviations in the last significant figure.

Table 2 Logarithm recognition constants, logK;, for the two bismacro-
cycles with AMP, ADP, and ATP (I = 0.1 M (NaCl); T =25 °C)"

AMP ADP ATP
BMC
A+LH=ALH
A+LH, = ALH, 3.18(5) 2.44(1)
AH + LH = ALH,
A+LH, = ALH, 3.45(4) 2.59(3) 2.98(3)
AH + LH, = ALH,
A+LH, = ALH, 3.91(4) 3.30(3) 3.73(4)
AH + LH; = ALH,
A+ LH, = ALH,
AH + LH, = ALH,; 3.65(4) 2.91(3) 2.93(4)
AH + LH, = ALH;
AH,+LH, = ALH, 4.11(4) 3.31(2) 3.26(4)
AH,+LH; = ALH, 5.14(5) 3.65(4) 4.10(4)
BPyC
A+LH=ALH 2.93(2)
A+LH, = ALH, 3.43(2) 3.41(2) 3.34(4)
AH + LH = ALH,
A+LH, = ALH, 3.82(5) 4.06(6) 4.64(3)
AH + LH, = ALH,
A+LH, = ALH, 4.17(4) 4.89(4) 5.64(3)
AH + LH, = ALH,
A+ LH, = ALH,
AH + LH, = ALH; 3.94(4) 5.01(4) 6.79(4)
AH + LH; = ALH;
AH,+LH, = ALH, 4.10(5) 4.10(5) 4.10(5)
AH,+LH; = ALH, 431(4) 5.76(3) 10.26(3)

“Charges omitted for clarity; numbers in parentheses are standard
deviations in the last significant figure.

NMR measurements

'H and *P NMR spectra in D,O solutions at different pH values
were recorded at 298 K with Bruker spectrometers. In '"H NMR
spectra, the reported peak positions are relative to HOD at
4.79 ppm. '"H-'H and 'H-"*C 2D correlation experiments were
performed to assign the signals. Small amounts of 0.01 M NaOD
or DCI solutions were added to a solution of the chlorhydrated
ligand to adjust the p[D]. The pH was calculated from the
measured p[D] values with the following relationship: p[H] =
p[D] — 0.40.%

Model study

The potential of the interaction of BPyC with ATP was modelled
with the Spartan 2004 software (Semi-empirical/PM3 calcula-
tion).

X-Ray investigations

Single-crystal X-ray diffraction data were collected by Frangois
Michaud (Université de Bretagne Occidentale) at 170 K on an X-
CALIBUR-2 CCD 4-circle diffractometer (Oxford Diffraction)
with graphite-monochromatized MoKao radiation (4 = 0.71073
A). Analysis of compound BPyC: colourless rod-shaped crystals
were obtained from an evaporated aqueous solution. Crystal data
and structure refinement are summerized in Table 3. Unit-cell
determination and data reduction, including interframe scaling,
Lorentz, polarization, empirical absorption and detector sensi-
tivity corrections, were carried out using programs attached to
Crysalis software (Oxford Diffraction).'” The structure was solved
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Table 3 Crystal data® and structure refinement for [BPyCH,]™*

C;Hg, CI,N,O;: (C3Hs,Ny)™ 7CI- - 6H, O
826.98

0.34 x 0.14 x 0.05 mm

Monoclinic, P2,

Empirical formula
Formula weight/g mol~!
Sample dimensions/mm
Crystal system, space group

V4 2
a/A 7.5917(5)
b/A 17.7280(11)
c/A 14.9620(10)
al® 90

B/° 98.148(6)
y/° 90

V/A3 1993.3(2)
T/K 170(2)

/A 0.71073
4/mm™! 0.547
D,/Mgm™ 1.378

15281
7739; 5927 with I > 26(I)

Measured reflections
Unique reflections

F(000) 880

0 2.94° < 0 < 27.48°
R 0.0339

h -8—9

k -22 21

I} —-19— 16

0.0482 and 0.0639
0.1238 and 0.1323

R, [I > 20(1) and all data]
WR, [I > 26(I) and all data]

S 0.972
w I > 20(I)] 1/[6*+ (0.0715P)2
AP/ A 1.146

Apmn/e A3 —0.282

“ Refinement on all F?, 436 parameters, 17 restraint, 7739 reflections with
I>20(I)." P =(F,} +2F.2)/3

by direct methods and refined by the full-matrix least-squares
method on F? with, respectively, the SIR92"® and SHELXL 97*
suites of programs. The hydrogen atoms were identified at the
last step and refined under geometrical restraints and isotropic
U-constraints.

Results and discussion
Ligand and substrate protonation

Potentiometric investigations. Protonation constants and
species distribution diagrams of the ligands were reported and
discussed in our previous paper' (Table 1 and ESI}). The two
ligands contain four amino nitrogen atoms which behave as strong
to moderate bases, and one which behaves as a weak base. The
other protonation constants are not detected in the investigated
p[H] range (2-12). It was deduced from potentiometric and
NMR data that the first four protons occupy alternate positions
separated either by a non-protonated amine group or by the linker.
Moreover, the simultaneous downfield shift of the resonances of
all the aliphatic protons indicates that on the NMR timescale the
overall positive charges have an average homogeneous distribution
over all the nitrogen atoms.

As regards the bis-2,6-pyridinylcyclen BPyC, it presents a
different protonation scheme below p[H] = 3 : the protonation
of the nitrogen atom of the pyridine was evidenced in the
BPyCH;** species, whereas in the BPyCH,** form, the six protons
are symmetrically shared between the two macrocyclic subunits.
Additionally, the crystal structure of the BPyC heptachlorhydride

(Fig. 2, Table 3) shows, in the solid state, the further protonation
of the nitrogen atom of the pyridine in the BPyCH,™* species.

&

Fig. 2 ORTEP structure of [BPyCH,]™* with 50% probability ellipsoids.

Protonation constants (Table 1) of the nucleotides, measured
according to our experimental conditions, are in good agreement
with those of the literature. Species distribution diagrams for
substrates AMP, ADP and ATP, deduced from their protonation
constants, are presented in the ESIF.

Formation of ternary species

Potentiometric investigations. The potentiometric data of a
solution containing equimolar amounts of ligand and anion
are resolved, giving the logK,, values for the species present in
solution. Computer analysis by the HYPERQUAD" program
furnished the overall equilibrium constants S, of the complexes
formed by the adenosine-monophosphate, -diphosphate and -
triphosphate (A) with the ligands (L), according to reaction (I)
(charges omitted for simplicity). Once the number i of protons
bound to the bismacrocyclic ligands (L) in the general A,L,H,
complex is known, we can write the complexation reaction (II),
according to the actual protonation state (charges omitted) and
calculate log K ;.

aA + L + hH = A,LH, B @

AH;_, + LH, = ALH, K, (ID)

Table 2 presents the logarithm of recognition constants, logK
for the ligands BMC and BPyC with the three nucleotide anions;
P NMR spectroscopy experiments showed that only complexes
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with 1 : 1 anion-bismacrocycle stoichiometry were obtained in
solution with AMP, ADP and ATP. The protonation constants of
the anionic guests provide other possible sets of equilibria available
to the formed ternary species; in each case, the most probable
equilibrium corresponding to the major species simultaneously
present is kept.

Fig. 3 presents plots of the logK,, versus hH for the different
ternary species with various degrees of protonation for selected
systems.

(a) 11
10

Log KaLH

(b) 11

Log KALH

7 hH

1 3 5

Fig. 3 LogK,, versus hH (the different ternary species with various
degrees of protonation) for (a) BMC-nucleotide and (b) BPyC—nucleotide
systems (AMP &, ADP [, ATP A).

The species distribution diagrams as a function of p[H] for the
six anion-ligand systems were carried out and are represented in
Fig. 4 for BMC—-, BPyC-ATP (for the others, see the ESI{), and
the percentage of complexed ALH, species in Fig. 5. In sharp
contrast to the BMC-nucleotide system, the BPyC-based species
always dominate over the p[H] range. One can note an increase
in the binding constants as the number of protons on the bis-
macrocycle increases to a maximum of seven, corresponding to a
penta-protonated host and a di-protonated guest. As observed for
the previously described inorganic phosphate-biscyclen systems,
the higher recognition constants are also obtained here for the
triphosphate species.''* It is evident that for the same degree of
protonation of the ligand, ATP presents more negatively charged
oxygen atoms for hydrogen bond formation. Except for BPyC-
ATP, a slight decrease was observed as the consequence of the
first protonation of the phosphate anion in ALH; species. The

(a) BMC/ATP/H+
<
=]
2
©
2
c
=}
T
£
8
2
BPyC/ATP/H+
L) 100 il
j ALH
< 6
e g ¥ ALHy A
_g j
7; 604 ALH, ALH/
c ]
'E 40‘-
& 204 ALH,
= i
0 T T
2 6 10

pH

Fig. 4 Species distribution diagrams for ATP with (a) BMC and (b)
BPyC as a function of p[H].

% A complexed

% A complexed

Fig. 5 Overall percentages of complexed ALH, species with BMC (top)
and BPyC (bottom) as function of p[H]. Percentages are calculated with
respect to anions.

high recognition constants reported for this system are certainly
related to the presence of the pyridine group, which interacts with
the guest over the whole p[H] range. More generally, from the
point of view of their recognition constants, the nucleotides and
phosphate anions bind to the ligands BMC and BPyC in a similar
manner, except AMP, which (compared to ADP and ATP) gives
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the best complexation constants with BMC, as already observed
with the orthophosphate anion and similar ligands."

Considering the overall percentages of complexed ALH, species
as a function of p[H] (Fig. 5), one can note the high complexation
rate of BPyC—-ATP up until p[H] 9, at which point it quickly
decreases as the number of ammonium sites becomes insufficient
to induce efficient host—guest interaction. One can note also that,
compared to BMC, the presence of the pyridinyl moiety in BPyC
constitutes in any case a benefit for the formation of ternary
species, certainly due to the possibility of supplementary hydrogen
bonding offered by the nitrogen atom of the linker.

NMR investigations

In order to localize the protonation sites of the anion, 'H and
3'P NMR spectra, as a function of p[H], were recorded in aqueous
D,0O/DClor NaOD solutions (Fig. 6). Special interest was focused
on the ATP anion, which gives the higher recognition constants.

(@)
8,61 A————A\A—A A
844 9o
82 \o—o O—®
£ 7 —o—HAT'
% 6,5- —0—HA8
—A—HA2
o —
6,0 r
2 4 6 8 10 12
p[H]
(b) _4-
AD
. A/A—A
12 BH—5: ézo——o—o-o-o
o
= -16- —O—«a
—A—y
204

p[H]

Fig. 6 (a) '"H NMR and (b) *'P NMR shifts of the ATP protons and
phosphorus atoms between p[H] 2 and 13 (D,O; T = 25 °C; 300.135 MHz
('"H NMR), 121.498 MHz (*'P NMR); [ATP] = 5.5 x 10-* M).

The first protonation of this nucleotide (K, = 6.76) was
observed on the *'P NMR spectra, which revealed a downfield shift
of the y phosphorus signal between p[H] 6 and 7 corresponding to
the protonation of the y terminal phosphate group. The second
one (K, = 4.31), appeared on the '"H NMR spectra, which
presented a downfield shift of signals attributed to the H,, and H g
protons of the adenine part between p[H] 4-6, while H, s remained
unchanged. This result is consistent with a proton shared between
the three nitrogen atoms Ny;, Ny, and Ny, of the adenine moiety,
except for Ny, which gives its electron pair to the aromatic system.
The other protonation constants are two low (<2) to be detected.

Anion complexation was also monitored by recording'H NMR
spectra on a solution containing host and guest in 1 : 1 molar ratio
at different p[H] values. Figs. 7 and 8 show the p[H] dependence
of the signals of the protons of the hosts, BMC and BPyC, free or

(a)
H1
74 |2 o S
H3
e e
E 44
a
H4
34 H8
H7
H5
H6
24 : : : : : :
0 2 4 6 8 10 12
pH
(b)
74 s H T
S e e e gapan
Fi s
H3
— e
44
N‘"L‘“\_‘_‘
34 16
H8
HS
24 T
[] 2 4 6 8 10 12
pH

Fig.7 Experimental 'H chemical shifts for the proton of the BMC ligand
(a) free and (b) in the presence of ATP (D,O; T = 25 °C; 300.135 MHz,
[A] =[L] = 0.02 M).

in presence of their guest ATP. For clarity, the p[H] dependence
of the signals of the protons of ATP, free and in the presence of
BMC and BPyC, are reported separately in Fig. 9.

Significant upfield displacements are observed for the reso-
nances of the adenine protons H,,, H,s, and the anomeric proton
H,, of the nucleotide (Fig. 9), as well as the aromatic protons
H,, H,, and H; (Figs. 7 and 8) of the bismacrocycle linkers in the
p[H] range 2-10. Moreover, this behaviour was not observed on
the aromatic protons of the bismacrocycle linkers with inorganic
triphosphate (see ESIT). These observations are consistent with
the participation of n-stacking interactions® between the aromatic
spacer and the adenine moiety in the stabilization of the ternary
species which would give a face-to-face disposition in the complex.
One can note also in the complex the upfield shift of the H;
signal (deprotonation of Nj), the downfield shift of H, signal
(protonation of N,), and to a lower extent H,, which indicates
that N, and N, are more implicated in the binding system of the
complex (Figs. 7 and 8).

The behaviour of BPyC—-ATP ternary species in acidic medium,
below p[H] 4, is remarkable (Fig. 8b): the strong downfield shifts
observed simultaneously for the aromatic H, and H, protons and
H, imply the strong participation of the linker in the structure of
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Fig.8 Experimental 'H chemical shifts for the proton of the BPyC ligand
(a) free and (b) in the presence of ATP (D,O; T = 25 °C; 300.135 MHz,
[A] =[L] = 0.02 M).

the complex. At the same time, one can observe the disappearance
of the upfield displacements of the adenine protons concerned by
the m-stacking interactions (Fig. 8b and Fig. 9b).

The changes of the *'P NMR chemical shifts of 4TP upon
complexation by BMC and BPyC present also some interesting
features (Table 4). The spectrum exhibits a triplet for the central
phosphorus atom (Py) and a two doublets for the lateral phospho-
rus atoms (P, and P,) around —21 ppm, —10 ppm and —5 ppm
respectively at p[H] 12.

One can assume that the supplementary upfield shift for the
triplet (P;) observed at p[H] 4 is certainly due to the insertion of
the anion inside the intercyclic space delimited by the two cyclen
moieties of BMC and BPyC in relation to the magnetic anisotropy
due to the aromatic moieties. As a matter of fact, the central

@ °
85 S
8 HA8

&
\

6

ppm
ke \\\\ [
3

pH

Fig.9 Experimental 'H chemical shifts for the H,, ., Hy, and H,g protons
of free ATP (dotted lines) and ATP in the presence of ligands (plain lines):
(a) BMC and (b) BPyC.

Table 4 AS Shifts (Oreeanion — Ocompiex) Of the *'P NMR signal of the ATP
anion, free or in the presence of the BMC or BPyC ligands at various p[H]

—Ad/ppm

pH] =1 p[H] =4 p[H] =10

BMC BPyC BMC BPyC BMC BPyC
P, 0.02 0 —0.04 0.06 0.03 0
P, 0.38 0.03 0.36 0.25 0.11 0.09
P, 0.02 0.01 0.05 0.04 0.05 0.01

phosphorus atom is well situated in front of the benzene ring and
therefore is fully exposed to its shielding zones, whereas the lateral
atoms (P, and P,) are subjected to a smaller effect.

These observations lead us to conclude that the phosphate
part lies in parallel between the two cyclen cores of the ligand
BMC or BPyC: P, and Py form hydrogen bonds with N, and
N, respectively and P, contributes to the stability of the structure
through supplementary n-stacking interactions due to its organic
aromatic moiety; hence Py is the more exposed to the shielding
zone of the aromatic part of the linker. It is noteworthy that above
p[H] 4 the behaviour of the two different linkers is very similar.
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At p[H] 1 this situation is maintained for BMC whereas for
BPyC the supplementary upfield shift for the triplet (Py) observed
at p[H] 4 disappears, in correlation with the protonation of the
pyridine nitrogen atom of the linker, clearly indicated by the shifts
of the aromatic protons of the linker and H, signal. One can
imagine that the protonation of the linker involves its participation
in the binding process by an additional point of attachment which
certainly concerns the neighbouring P,. This strong interaction,
corroborated by an enhanced recognition constant, implies the
rotation of the pyridine linker and consequently the disappearance
of the weaker m-stacking interactions. Moreover, the electrostatic
repulsions between protonated adenine and pyridine rings con-
tribute also to the non-stacked open structure adopted by the
adduct at acidic p[H]. In this new situation, Py (like P, and P,) is
not exposed to the shielding zone of the adenine part; the rest of the
complex remains certainly unchanged, as indicated by the weak
variations of the chemical shifts of the protons of the cyclen cores.

These results call for a comparison with our previous studies
concerning inorganic phosphate anion. We deduced from the
protonation sequence of the cyclen cores that for triphosphate
anion, the two lateral phosphorus atoms, which coordinate mainly
with N,, N; and N,, were the more implicated in the structure
of the complex. Subsequently, the protonated pyridine interacted
with the central phosphorus atom. Here, with ATP, the structure
of the ternary species is somewhat different and P, is more
probably involved with the supplementary binding site offered
by the protonated pyridine when protonated in acidic medium.

Possible host—guest networks can be deduced from this observa-
tion and are presented in Fig. 10. One can assume that they should
be also applicable to AMP and ADP, for which the protonation
of the linker involves also stronger recognition constants.

BMC-ATP (X = CH)
BPvC-ATP (X = N} for p[H] >3

BPyC-ATP for p[H] <3

Fig. 10 Proposed structure for BMC-ATP and BPyC-ATP complexes
depending on the p[H] range (H-bonds and charges with cyclen moieties
are omitted for clarity).

From the locations of protons suggested by NMR experiments,
we carried out computer-generated representations of the BPyC—
ATP complex (ALH;). Fig. 11 highlights the good ligand-
anion association and the benefit of a supplementary central
point of attachment. This model is in good agreement with our
experimental findings.

Fig. 11 Proposed model for the interaction of the protonated form of
BPyC with ATP (ALH,).

Conclusion

In this continuation of our previous work on inorganic phosphate
anions,'"? we have shown that cyclen-based bismacrocycles BMC
and BPyC also present interesting features in their interaction
with nucleotides AMP, ADP and ATP. Compared to inorganic
phosphates, supplementary mn-stacking interactions contribute
unambiguously to the recognition process; however, coulombic
interactions and hydrogen bonding constitute the driving forces for
high binding constants. Here also, at around p[H] 2, the additional
central anchoring group of BPyC allows the ligand to interact
more efficiently with the phosphate moiety of the AMP, ADP and
ATP nucleotide species.

Taking into account the results obtained with linear octaamines
and inorganic phosphates,’ it would be interesting to com-
pare these cyclen-based bismacrocycles with their open linear
octaamine analogues for nucleotide recognition.
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1-Deoxymannojirimycin (8¢) was synthesised from 2-amino-6-bromo-2,6-dideoxy-
D-mannono-1,4-lactone (7) by intramolecular direct displacement of the C-6 bromine employing
non-aqueous base treatment followed by reduction of the intermediate methyl ester. Likewise, using

aqueous base at pH 12, ring closure took place by 5-exo attack on the 5,6-epoxide leading to
2,5-dideoxy-2,5-imino-L-gulonic acid (9b), which was reduced to 2,5-dideoxy-2,5-imino-D-glucitol (9c¢).
The method was further applied to 2-amino-6-bromo-2,6-dideoxy-D-galacto- as well as
D-talo-1,4-lactones (14 and 15). However, only the corresponding six-membered ring 1,5-iminuronic
acid mimetics, namely (2R,3R,4S,5R)-3,4,5-trihydroxypipecolic acid (2,6-dideoxy-2,6-
imino-D-galactonic acid, 16) and (2S5,3R,4S,5R)-3,4,5-trihydroxypipecolic acid (2,6-dideoxy-2,6-
imino-D-talonic acid, 17), were obtained. The corresponding enantiomers, L-galacto- as well as
L-talo-2-amino-6-bromo-2,6-dideoxy-1,4-lactones ent-14 and ent-15, reacted accordingly to give the
D-galacto- and L-altro-1,5-iminuronic acid mimetics, (25,35,4R,5S)-3,4,5-trihydroxypipecolic acid
(2,6-dideoxy-2,6-imino-L-galactonic acid, ent-16) and (2R,3S,4R,5S5)-3,4,5-trihydroxypipecolic acids

(2,6-dideoxy-2,6-imino-L-talonic acid, ent-17), respectively.

Introduction

Iminoalditols, such as 1, 2 and 3 (Fig. 1), are sugar analogues
featuring a basic nitrogen instead of the oxygen in the endocyclic
position. Such compounds have gained immense importance' due
to the fact that they have been found to inhibit glycosidases and
other carbohydrate-processing enzymes. Consequently, they are
of great interest for a number of quite different applications,
which include mechanistic investigations?® of this class of enzyme
as well as medical purposes. Today their anti-viral, anti-cancer
and anti-diabetes properties are well known, and emphasis has
moved towards their use as analytical tools and diagnostics as
well as pharmaceutical drug candidates.* A few compounds are
available on the market,* while others are undergoing clinical
trials against various diseases.® In order to further elucidate their
potential regarding such applications, there is the need for short,
efficient and reliable synthetic methods that allow the production
of sufficient amounts for study.

Iminosugars having a carboxyl group as side chain at C-
2 can be considered mimetics of uronic acids, thereby pos-
sessing potential as glycuronidase inhibitors. The glucuronic
acid analogue, (25,3R,4R,55)-3,4,5-trihydroxypipecolic acid (2,6-
dideoxy-2,6-imino-L-gulonic acid, 4), isolated from seeds of
Baphia racemosa® and leaves of Baphiopsis parviflora’ and syn-
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Fig. 1

thesised by several groups,® has been shown to inhibit® human
liver B-D-glucuronidase and o-L-iduronidase and to have anti-
HIV' as well as anti-metastatic properties."! The corresponding
mannuronic acid mimic, (25,3R,4R,5R)-3.,4,5-trihydroxypipecolic
acid (2,6-dideoxy-2,6-imino-D-mannonic acid, 8b) was synthesised
by Fleet and co-workers®'? from D-glucose in 11 steps and
33% yield, as well as by Lee who started from D-glucono-6-
lactone.”® This iminoacid has not been isolated from Nature and
no biological activity has been assigned to this compound in
the literature thus far. Likewise, the D-galacto iminoacid ana-
logue ent-16, (25,3S,4R,5S)-3,4,5-trihydroxypipecolic acid (2,6-
dideoxy-2,6-imino-L-galactonic acid), was synthesised by Ganem
and co-workers' by chemoselective oxidation at C-6 of the
corresponding D-galacto-configured iminoalditol. Additionally,
a de novo approach® to ent-16 starting from building blocks
derived from glycine, D-valine and L-tartaric acid was introduced.
Furthermore, the synthesis of non-natural (2R,3R,4R,5R)-3,4,5-
trihydroxypipecolic acid with an L-ido configuration is known in
the literature.®® The synthesis of a five-membered ring species, a
polyhydroxylated pyrrolidine iminoacid derivative with the D-allo
configuration, has been reported by Davies and co-workers."”
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Scheme 1 Retrosynthetic strategy towards iminuronic acid derivatives by regioselective intramolecular ring closure reactions.

In connection with our work exploiting aldonolactones as
starting materials en route to various iminoalditols, we turned our
interest to investigating the options of synthesising six-membered
imino-2-carboxylic acids, which additionally allow for access to the
corresponding iminoalditols by simple reduction of the carboxylic
acid function.

Previously, the synthesis of 1,4-dideoxy-1,4-iminohexitols was
accomplished from 2,6-dibromohexonolactones by treatment with
ammonia.”® The favoured product was formed by an intramolec-
ular 5-exo opening at C-3 by attack of the primary C-6 amino
group on the intermediary 2,3-epoxide. This way, the nitrogen was
introduced exclusively at C-3, affording the 3,6-cyclised products
in high stereoselectivities.

In order to synthesise 2,6- or 2,5-iminoacids along with
the corresponding iminoalditols, we investigated the regioselec-
tive ring closure of 2-amino-6-bromo-2,6-dideoxy-1,4-lactones
(Scheme 1).* The retrosynthetic strategy was based on regiose-
lective introduction of a nitrogen function at C-2 in the readily
available 1,4-aldonolactones. It was clear that we could start from
2,6-dibromo-2,6-dideoxyhexonolactones (available from aldono-
lactones by treatment with HBr-HOAC), following the discovery
of a regiospecific introduction of an azide at C-2, avoiding
substitution of the primary bromine.? This gave access to 2-amino-
6-bromo-2,6-dideoxy-1,4-lactones as a suitable starting material.
From our experience with the reaction of bromolactones with
base,*! we expected rapid formation of the terminal oxirane, which
could either migrate (Payne rearrangement) or be opened by
an intramolecular nucleophile. In compounds having a 2-amino
group, the epoxide might be opened at C-5 by the amino group
by a 5-exo opening according to Baldwin’s rules or at the primary
C-6 (6-endo attack) by a direct displacement reaction, depending
on the reaction conditions employed.

This concept was used for the 2-amino-6-bromo-2,6-dideoxy-
D-1,4-mannonolactone (7), with the aim of extending it to other
lactones for the stereoselective synthesis of specific molecules such
as the interesting 2,6-dideoxy-2,6-imino-L-galactonic acid (ent-
16), a mimic of the pectin monomer D-galacturonic acid.

Results and discussion

2-Azido-6-bromo-2,6-dideoxy-D-mannono-1,4-lactone (6) was
prepared from easily accessible 2,6-dibromo-2,6-dideoxy-D-
mannono-1,4-lactone (5, 40% in one step from D-glucono-8-
lactone)* with retention of configuration at C-2.%° Catalytic hy-
drogenation in the presence of hydrochloric acid gave the 2-amine

hydrochloride 7, which could be obtained crystalline (52%)
(Scheme 2).

H H
Br: Br:
o] a 0]
—_—
HO Br HO R
R

5 N 16,76 %

b 3 ’
L~ NH,HCI : 7, 52 %

Scheme 2 Reagents and conditions: a) NaNj, acetone, reflux;*® b) H,
(1 atm, rt), Pd/C, MeOH, H*.

Treatment of 7 with strong aqueous base (5 eq. of KOH, pH 12)
resulted in regioselective ring closure at C-5. The reaction proceeds
via the 2-amino-5,6-epoxide, by an intramolecular nucleophilic
exo-opening according to Baldwin’s rules® to give the pyrrolidine
ring 9a, which was obtained as the corresponding potassium
salt as the only product according to *C NMR spectroscopy.
Purification by ion-exchange chromatography gave the crystalline
2,5-dideoxy-2,5-imino-L-gulonic acid (9b) in 77% yield. Formation
of the pyrrolidine product was in agreement with previous results,
where the five-membered ring was favoured over the six-membered
ring."”® Reduction of the corresponding carboxylic ethyl ester to
the primary alcohol employing sodium borohydride in ethanol
gave the known glucosidase inhibitor 2,5-dideoxy-2,5-imino-D-
glucitol 9¢*** in 63% yield (Scheme 3). This method allows one
to obtain 9c¢ in gram amounts from dibromomannonolactone 5
using inexpensive reagents without the need for protecting group
manipulations.

H H H
Br: N
HO b 0] a OH
- —_— N
Hd  BH HO  OH

HO NH,-HCI

R
{E_,coocm:s;. 7
d COOH :8b,93%
CH,OH :8c¢, 64 %

Scheme 3  Reagents and conditions: a) 5 eq. KOH, H,0, 0 °C; b) 3 eq.
Et;N, MeOH, 0 °C; ¢c) Amberlite IR-120 H*, aq. NH;; d) NaBH,, EtOH,
0°C.

[:COOK 9a

[o]

o [ COOH 9,77 %
CH,OH : 9¢, 63 %

In order to form the piperidine product 8b regioselectively, it
was necessary to avoid formation of the 5,6-epoxide. This was
achieved by keeping the pH value below 8 by addition of Ba(OH),
in H,O. Under these conditions direct substitution of the C-6
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bromide by the C-2 amine can take place. However, the reaction
was difficult: in order to maintain the pH value below 8 during the
whole reaction, addition of the base had to be slow and in small
portions, requiring three days for the completion of the reaction.
Even minor deviations from the procedure resulted in formation of
the pyrrolidine product 9b. The piperidine/pyrrolidine products
were obtained in a ratio of 7 : 1 as evident from "C NMR
data. Changing the base to KOH and slow addition, keeping
the pH at 8, favoured the piperidine in a ratio of 6 : 1, with
no significant difference between the two bases. The product
formation turned out to be solely dependent on the pH, and to
achieve full conversion it was difficult to eliminate formation of
the pyrrolidine as minor side product.

Therefore, a new method using a non-aqueous base was applied:
addition of three equivalents of Et;N to a solution of the
aminolactone 7 in MeOH at 0 °C afforded the 2,6-dideoxy-2,6-
imino-D-mannonic acid methyl ester (8a) as the only product
according to ®C NMR spectroscopy (Scheme 3). Purification of
the ester by acidic ion exchange chromatography gave the 2,6-
dideoxy-2,6-imino-D-mannonic acid (8b) in 93% yield, the methyl
ester being quantitatively hydrolysed under the acidic conditions
of the column. The NMR data were in accordance with those
reported.”” When sodium methoxide was added to the crude
methyl ester, triethylamine was liberated and could be evaporated
off. This left pure 8a (as seen by *C NMR), contaminated only
with sodium chloride and sodium bromide. The product was used
directly for reduction to 1-deoxymannojirimycin 8¢, which was
isolated in 64% yield; no protecting group manipulations were
needed during this synthetic approach.

Next we wanted to apply the concept of basic regioselective ring
closure to other configurations, such as 2-amino-6-bromo-2,6-
dideoxy-D-galactono- as well as -D-talono-1,4-lactones (14 and
15), easily available from 2,6-dibromo-2,6-dideoxy-D-galactono-
1,4-lactone (11), in order to obtain the 1,5-iminuronic acid
analogues 16 and 17b with L-galacto- and D-altro configuration,
as well as the five-membered 2,5-iminuronic acid mimetics 18
and 19 with the L-talo and D-allo configurations. Treatment of D-
talonolactone (10)* (obtained in quantitative yield by oxidation of
D-talose with Br,) with HBr in acetic acid by standard procedures
gave 2,6-dibromo-2,6-dideoxy-D-galactono-1,4-lactone (11, 72%
in two steps from D-talose).”® Regioselective introduction of the
azido group at C-2 was performed by treatment of 11 with NaN;
in refluxing acetone. The obtained product was an equilibrium
mixture of the C-2 epimers 12 and 13 (1.1 : 1), due to epimerisation
at C-2 in aldonolactones in the presence of base.” The product
mixture differs from the results obtained for the D-gluco- and D-
manno-isomers, which in both cases gave the D-manno-configured
2-azidolactone only."

The azidolactones 12 and 13 were easy to separate by crystalli-
sation of the D-talo lactone (13) from the mixture. Pure D-galacto
lactone 12 was obtained by column chromatography of the mother
liquor. The azidolactones 12 and 13 were thus obtained in 34% and
37% yield, respectively (Scheme 4).>

The azidolactones 12 and 13 were reduced to the aminolactones
14 and 15, respectively, by catalytic hydrogenation in MeOH and
aqueous hydrochloric acid in quantitative yield.

The 2-amino-2-deoxy-D-galactonolactone 14 was subjected to
strong aqueous base to investigate the favoured products. The re-
action was regioselective, giving the six-membered ring as the only

H H
Ho. 0. Br. 0.

R o a S o b

—_— —_—
HO OH HO Br
10 11
H H
Br: O o Br: O o
+
R HO R HO R

N, 12,34 %
NH,-HCI : 14, quant.

13,37 %
15, quant.

Schemed  Reagents and conditions: a) HBr, AcOH, rt;** b) NaNj, acetone,
reflux; ¢) H,, Pd/C, MeOH, HCI.

product. Reaction of 2-amino-6-bromo-2,6-dideoxy-D-galactono-
1,4-lactone (14) with 5 eq. of KOH in H,O at 0 °C afforded the
potassium salt of 16 within 5 min. The product 2,6-dideoxy-2,6-
imino-D-galactonic acid (16) was purified by acidic ion-exchange
chromatography and crystallised as colourless crystals in 57%
yield. Formation of the six-membered ring in strong aqueous
base limits formation of the five-membered ring 18 by this simple
method; thus no further efforts have been made to synthesise the
pyrrolidine 2,5-dideoxy-2,5-imino-L-altronic acid (18).

Similar reaction conditions applied to 2-amino-6-bromo-2,6-
dideoxy-D-talono-1,4-lactone (15) gave a mixture of the piperidine
and the pyrrolidine in the ratio 1 : 1. The reaction was complete
within 5 minutes and it was impossible to detect any intermediate
epoxide by *C NMR spectroscopy. In an attempt to synthesise
the five-membered ring 2,5-dideoxy-2,5-imino-L-allonic acid (19)
exclusively, various basic conditions were tried in order to control
the epoxide formation. Despite all efforts (viz. using KOH,
allowing the pH to rise from 8 to 12 over time, or employing
liquid NH; as base), mixtures of the piperidine and the pyrrolidine
were obtained. In our hands, it turned out to be impossible
to achieve good selectivity for one of the three modes of ring
formation: 5-exo, 6-endo or direct substitution at C-6 in the
different experiments.

Consequently, we decided to synthesise the six-membered ring
exclusively. Treatment of 15 with Et;N in MeOH at 0 °C resulted
in regioselective formation of the corresponding methyl ester of
2,6-dideoxy-2,6-imino-D-talonic acid 17a. The crude product was
purified by ion-exchange chromatography to remove the halide
salts of triethylamine and crystallised to give (2S,3R,4S,5R)-
3,4,5-trihydroxypipecolic acids (17b) in 88% overall yield from
13 (Scheme 5).

R
CH,:17a
d 3
L_>H 1 17b, 88 %

Scheme 5 Reagents and conditions: a) 5 eq. KOH, H,O0, 0 °C; b) 3 eq.
Et;N, MeOH, 0 °C; ¢) 25% NHj, rt; d) Amberlite IR-120 H*, aq. NH;.
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We concluded that steric crowding of 2,3,4-cis-arranged sub-
stituents in the D-galacto open-chain transition state (21) for
a S5-exo opening of the primary epoxide ring closure is much
less favourable than for the corresponding reaction in the D-
manno series (20), which has a 2,3,4-all-trans substituent pattern
(Fig. 2). Such unfavourable interactions in five-membered ring
systems were first described by Angyal and co-workers, who
postulated that substantial interaction of vicinal cis substituents in
furanoses cause disadvantageous dipolar interactions.” Therefore,
in the transition state 21, such unfavourable interactions could be
considered to be responsible for the 2,6-endo attack upon the six-
membered 1,5-iminuronic acid analogues 16. For the D-falo open-
chain transition state of substrate 15, the substituents at positions
2, 3 and 4 show a trans-cis pattern, which might allow for a 5-exo
opening, but due to one unfavourable cis orientation no selectivity
could be achieved for formation of the corresponding pyrrolidine
iminoacid derivative. The relative substituent pattern might be a
means of predicting the outcome of such ring closure reactions.

20: D-manno

21: D-galacto

Fig. 2 Steric crowding in the transition state of 2,3,4-cis-arranged
substituents in D-galacto compound 21 compared to the 2,3,4-all-trans-
D-manno compound 20.

Finally, the commercially available L-galactono-1,4-lactone'®
was isomerised at C-2 and brominated with HBr in acetic acid; the
azido group was then introduced at C-2, and subsequently reduced
to the corresponding C-2 amine, in order to obtain ent-14 and ent-
15, which were obtained in yields of 47% and 31% respectively
from ent-11 (obtained in 55% in two steps from L-talono-1,4-
lactone). These chiral starting materials resulted, after regios-
elective intramolecular ring closure, in the enantiomeric prod-
ucts (25,35,4R,5S)-3,4,5-trihydroxypipecolic acid (2,6-dideoxy-
2,6-imino-L-galactonic acid, ent-16, 66%) and (2R,3S,4R,5S)-
3,4,5-trihydroxypipecolic acid (2,6-dideoxy-2,6-imino-L-talonic
acid, ent-17, 75%), respectively (Scheme 6).

oH oH OH
: a Br- = o Br- = o
o e R HO R HO R

ent-11 N3 cent-12,47 % ent-13,31 %
b '—_> NH,, HCI : ent-14, quant. ent-15, quant.
lc, e l de

HOG HOC

HO HO

S on HO OH
ent-16, 66 % ent-17,75%

Scheme 6 Reagents and conditions: a) NaNj, acetone, reflux; b) H,
(1 atm), rt, Pd/C, MeOH, H*; ¢) 5 eq. KOH, H,O0, 0 °C; d) 3 eq. Et;N,
MeOH, 0 °C — rt; e) Amberlite IR-120 H*, aq. NH;.

Conclusions

The syntheses of the 1,5-dideoxy-1,5-iminuronic acid mimetics
with D-altro, L-altro, D-galacto, 1-galacto and D-manno configura-
tions and the regioselective synthesis of 2,5-dideoxy-2,5-imino-
L-gulonic acid from dibromoaldonolactones is reported. The
dibromohexonolactones were shown to be valuable precursors for
obtaining the iminoacid derivatives in only three steps without any
need for protecting groups.

The favoured mode of the ring closure reaction using strong
aqueous base was shown to be dependent on the relative configura-
tion of the respective 2-amino-6-bromo-2,6-dideoxy-1,4-lactone.
An all-trans pattern of the C-2,3,4 substituents, as in lactone 7,
gave the five-membered ring structure 2,5-dideoxy-2,5-imino-L-
gulonic acid (9b), in contrast to the lactone 14, which afforded
the six-membered ring iminoacid with an all-cis orientation of the
C-2,3.4 substituents. 2-Amino-6-bromo-2,6-dideoxy-1,4-lactones
having a cis-trans pattern of C-2,3,4 substituents (such as 15)
did not show selectivity for the pyrrolidine ring formation with
the reaction conditions employed. However, no general rule to
predict the outcome of this reaction can be outlined. Employing
Et;N in MeOH, the formation of the epoxide was avoided, and
the six-membered rings were formed regioselectively by direct
nucleophilic substitution of the bromine at C-6. In this case
the competition between the 5-exo and the 6-endo mode of
reaction was eliminated. Furthermore, by simple reduction of
the terminal carboxylic acid function, iminoalditols can easily
be obtained, which was demonstrated by the synthesis of 1-
deoxymannojirimycin (8¢) and 2,5-dideoxy-2,5-imino-D-glucitol
(9c¢) as representative examples.

Experimental

"H NMR spectra were recorded on a Bruker AM 500 instrument
and ®C NMR spectra on a Varian Mercury 300 instrument.
Chemical shifts were measured in ¢ (ppm) and coupling constants
J in Hz. For NMR spectra in deuterated solvents, the solvent peak
was used as the reference (CDCl;: 6 = 7.26 Hz for 'H, 76.93 for *C;
MeOH-d,: 6 = 3.31 for 'H, 49.00 for '*C). When necessary, NMR
data were assigned using H-H- and C-H-correlated spectra. Melt-
ing points are uncorrected. Specific rotations were measured on a
Perkin-Elmer 241 polarimeter. Elemental analyses were performed
by the Institute of Physical Chemistry, Vienna. HR-MS was
performed by BioCentrum, DTU. TLC was performed on Merck
60 F,s, precoated silica plates, and spots were generally detected
by spraying with a solution of 15% NH,Mo0,0,, 1% Ce(SO,),
and 10% H,SO,, followed by charring. Flash chromatography was
performed with silica gel 60 (Merck, 40-63 pm). Concentrations
were performed on a rotary evaporator at a temperature below
40 °C. All solvents were distilled before use. Celite refers to Filter
Aid from Celite Corporation.

2-Azido-6-bromo-2,6-dideoxy-D-mannono-1,4-lactone (6)

2,6-Dibromo-2,6-dideoxy-D-mannono-1,4-lactone (5)*%* (4.02 g,
13.22 mmol) and NaN; suspended in dry acetone (MgSO,) was
heated at reflux for 24 h. The suspension was cooled, filtered
and concentrated to a semicrystalline orange residue. Purification
by column chromatography (EtOAc—pentane 1 : 2) gave 6 as a
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colorless oil (2.67 g, 76%). Analytical data were in accordance
with the literature.*'®

2-Amino-6-bromo-2,6-dideoxy-D-mannono-1,4-lactone (7),
hydrochloride salt

2-Azido-6-bromo-2,6-dideoxy-D-mannono-1,4-lactone (6) (0.72 g,
2.71 mmol) was hydrogenated in MeOH (15 mL) in the presence
of 60 mg Pd/C (5%) and 1.5 mL conc. HCI at 1 atm for 24 h. The
catalyst was filtered off and the filtrate was concentrated and co-
evaporated with conc. HC1 (10 mL) and toluene (3 x 10 mL) to give
the hydrochloride salt of 7 as a crystalline residue in quantitative
yield. Recrystallisation from EtOH afforded an analytical sample
(52% yield); mp 208-210 °C (decomp.); [a]? EQ/S +48.6 (c 1.0,
H,0); found; C, 26.06; H, 4.01; N, 5.07; C1 12.70; Br 57.97 (total
halogen calc. as Br). Calc. for C;H,,NCIBrO,; C, 26.10; H, 4.07;
N, 5.00; Br 28.90; CI 12.82 (total halogen calc. as Br 57.80).% *C
NMR (50 MHz, D,0): é. 36.6 (C-6), 53.0 (C-2), 65.7, 67.0 (C-3,
C-5), 81.8 (C-4), 171.9 (C-1).

2,5-Dideoxy-2,5-imino-L-gulonic acid (9b)

The 2-amino-1,4-lactone 7 (0.74 g, 2.68 mmol) was dissolved in
H,O (5mL)and cooled to 0 °C. KOH (1.11 g, 19.78 mmol, 150 w%)
was dissolved in H,O (5 mL) and cooled to 0 °C. The two solutions
were mixed and stirred vigorously overnight. The solution was
acidified with conc. HCI and concentrated. The crude product 9a
was dissolved in H,O (30 mL) and applied to a column of ion-
exchange resin (Amberlite IR-120, H*, 36 mL), which was eluted
with aq. NH; (12.5%, 200 mL) and concentrated to give crystalline
9b (0.36 g, 77%) and recrystallised from H,O-EtOH; mp 216 °C
(decomp.); [a]¥ EQ/S —14.3 (¢ 1.0, H,0); found; C, 40.68; H,
6.22; N, 7.86. Calc. for C¢H,,O5N; C, 40.68; H, 6.26; N, 7.91. '"H
NMR (500 MHz, D,0O, HCI, pH 1): dy 3.98-4.05 (3H, m, H-1,
H-1’, H-5), 4.12 (1H, br s, H-4), 4.28 (1H, br s, H-2), 4.53 (1H,
br s, H-3); *C NMR (125 MHz, D,O, HCI, pH 1): 6. 58.1 (C-1),
64.2, 68.0 (C-2, C-5), 75.1, 79.2 (C-3, C-4), 171.4 (C-6).

2,5-Dideoxy-2,5-imino-D-glucitol (9c)

Ethyl 2,5-dideoxy-2,5-imino-L-gulonate®! (2.5 g, 12.2 mmol) was
dissolved in EtOH (50 mL), and NaBH, (1.5 g, 39.6 mmol) was
added at 0 °C followed by stirring at room temperature overnight.
For destruction of the excess NaBH,, the pH was adjusted to 5-6
by addition of 4 N HCI. The reaction mixture was concentrated
to a syrup, which was dissolved in water (50 mL), poured onto
a column of IR-120 H*, and eluted with aq. NH;, giving after
concentration of the eluent compound 9c in 63% yield. Analytical
data were in accordance with the literature.?**

(28,3R 4R ,5R)-3,4,5-Trihydroxypipecolic acid
(2,6-dideoxy-2,6-imino-D-mannonic acid) (8b)

The 2-amino-D-mannono-1,4-lactone 7 (2.01 g, 7.27 mmol) was
dissolved in MeOH (30 mL) and cooled to 0 °C. Et;N (3.0 mL,
21.28 mmol) was added at 0 °C and stirring was continued
overnight at rt. Concentration afforded a semicrystalline residue of
8a, which was dissolved in H,O (30 mL) and poured onto a column
of ion-exchange resin (Amberlite 120 H*, 30 mL). The column was
washed with H,O until neutral followed by eluting with aq. NH;

(6%, 300 mL). Treatment with active charcoal, concentration and
co-concentration with toluene afforded semicrystalline 8b (1.20 g,
93%): NMR data were identical with those reported in literature."
"THNMR (300 MHz, D,O, pH 8):,; 3.08 (1H, dd, J =13.6, 1.3 Hz,
H-1),3.31(1H,dd,J =13.6,4.0Hz,H-1"),3.35(1H, d,J=9.4 Hz,
H-5), 3.71 (1H, dd, J = 8.8, 3.1 Hz, H-3), 3.99 (1H, dd, J = 9.4,
8.8 Hz, H-4), 4.16 (1H, m, H-2); *C NMR (75 MHz, D,O, pH 8):
dc 47.0 (C-1), 62.7 (C-5), 67.0, 69.3, 73.1 (C-2, C-3, C-4), 174.1
(C-6).

Methyl 2,6-dideoxy-2,6-imino-D-mannonate (8a)

The 2-amino-1,4-lactone hydrochloride 7 (1.0 g, 3.62 mmol) was
dissolved in MeOH (10 mL) and cooled to 0 °C. Et;N (2.0 mL,
14.2 mmol) was added at 0 °C and stirring was continued overnight
at rt. Then a solution of sodium methoxide in methanol (0.7 M,
5mL) was added and stirred for 15 min. The reaction mixture was
concentrated to give quantitatively the methyl ester and sodium
bromide. The product was used directly for the reduction to 1-
deoxymannojirimycin (8¢). *C NMR: d 49.0 (C-1), 56.3 (CH;0),
61.0 (C-5), 66.1, 70.0, 73.2 (C-2, C-3, C-4), 170.6 (C-6).

1,5-Dideoxy-1,5-imino-D-mannitol (8c)

The methyl ester 8a (0.69 g, 3.62 mmol) was dissolved in ethanol
(15 mL) and cooled to 0 °C. Then NaBH, (1.0 g, 26.5 mmol)
was added over 5-10 minutes at 0 °C and stirring was continued
overnight at room temperature. Addition of methanol, filtration,
and concentration left a product which was co-concentrated with
MeOH-HCI three times. Column chromatography (EtOH-—conc.
NH; 7: 1) gave 8¢ (380 mg, 2.33 mmol, 64%). Analytical data were
found to be in agreement with the literature.'

2-Azido-6-bromo-2,6-dideoxy-D-galactono-1,4-lactone (12) and
-D-talono-1,4-lactone (13)

2,6-Dibromo-2,6-dideoxy-D-galactono-1,4-lactone (11)* (5.75 g,
18.92 mmol) was dissolved in dry acetone (130 mL, MgSO,). NaN;
(17.25 g, 3 w%) was added and the mixture was stirred vigorously
at reflux for 17 h. The mixture was cooled to r.t., filtered and
concentrated in vacuo (T, 30 °C). The residue was dissolved
in acetone (10 mL) and eluted through a short column of silica.
The combined fractions were treated with active charcoal, filtered
and concentrated to give a semicrystalline residue in quantitative
yield (C-2 epimers 12 and 13 in the ratio 5 : 4). Crystallisation
from 4 mL EtOAc afforded 1.37 g of 13 as colourless crystals.
The mother liquor was concentrated and further purified by flash
chromatography (EtOAc—pentane 1 : 2) to give the two crystalline
compounds: 12 (1.73 g, 34%, R; = 0.28) and 13 (0.43 g, R, =0.18,
total 37%). Overall yield 71%.

D-galacto epimer 12: mp 114-115 °C; [a]y EQ/S +31.2 (¢ 1.0,
EtOAc); Found; C, 27.41; H, 2.82; N, 16.01, Br; 29.22. Calc. for
C¢HsBrO,N;; C, 27.09; H, 3.03; N, 15.79; Br, 30.03; '"H NMR
(250 MHz, acetone-d¢): oy 3.55 (1H, dd, J = 10.0, 6.5 Hz, H-6),
3.61 (1H, dd, J = 10.0, 7.0 Hz, H-6), 4.06 (1H, ddd, J = 7.0,
2.0 Hz, H-5), 3.44 (1H, ddd, J = 9.0, 8.0, 5.5 Hz, H-3), 4.50 (1H,
dd, J = 8.0, 2.0, H-4), 4.70 (1H, d, J = 9.0 Hz, H-2), 4.94 (1H,
d, J = 7.0 Hz, OH-5), 5.50 (1H, d, J = 5.5 Hz, OH-3); *C NMR
(62.5 MHz, MeOH-d,): . 33.2 (C-6), 66.2 (C-2), 69.7, 73.0 (C-3,
C-5), 82.5(C-4), 172.2 (C-1).
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D-talo epimer 13: mp 154-155 °C; [a]¥ EQ/S —49.5 (c 1.02,
EtOAc); Found; C, 27.32; H, 2.77; N, 16.04; Br, 29.18. Calc. for
CsH;BrO,N;; C, 27.09; H, 3.03; N, 15.79; Br, 30.03; '"H NMR
(500 MHz, acetone-d¢): oy 3.47 (1H, dd, J = 10.0, 6.5 Hz, H-6),
3.59(1H, dd, J =10.0, 7.0 Hz, H-6'), 4.22 (1H, dddd, J = 7.0, 6.5,
5.5, 1.5 Hz, H-5), 4.50 (1H, d (br), J = 5.5 Hz, H-4), 4.68 (1H,
ddd, J = 5.5, 4.0, 0.5 Hz, H-3), 4.74 (1H, m, H-2), 5.25 (1H, d,
J = 5.5 Hz, OH-5), 5.33 (1H, d, J = 4.0 Hz, OH-3); *C NMR
(62.5 MHz, MeOH-d,): d. 32.6 (C-6), 61.8 (C-2), 71.9, 72.9 (C-3,
C-5), 87.5 (C-4), 174.3 (C=0).

1,3,4-Tri-O-acetyl-2-azido-6-bromo-2,6-dideoxy-D-galactose (12a)

2-Azido-6-bromo-2,6-dideoxy-D-galactono-1,4-lactone (12)
(0.20 g, 0.75 mmol) was dissolved in EtOH and H,O (1.5 and
3.5 mL) and ion-exchange resin (Amberlite IR-120, H*, 5 mL)
was added. The solution was cooled to 0 °C and NaBH, (ca.
5 eq.) was then added in small portions over 30 min, keeping the
pH at 5-6 by adding IR-120. Stirring was continued overnight.
The resin was filtered off and washed with MeOH. The filtrate
was concentrated and co-evaporated with MeOH (3 x 5 mL).
The residue was dissolved in Ac,O (2 mL) and pyridine (2 mL)
and stirred at r.t. overnight followed by concentration. The
residue was diluted with CH,Cl, (5 mL) and washed with H,O
(6 x 5 mL). The organic phase was dried (NaSO,), treated
with active charcoal, filtered over Celite and concentrated to
give a product mixture (166 mg), which was isolated by flash
chromatography (EtOAc—pentane 1 : 3), allowing separation of
the o~ and B-pyranoses. NMR spectroscopy indicated an a/f ratio
of 1:2.

a-12a: "H NMR (500 MHz, CDCl;): y 2.05-2.20 (3 x CH;),
3.23(1H,dd,J =11.0,8.0 Hz, H-6),3.32 (1H, dd, J = 11.0, 6.0 Hz,
H-6'), 3.91 (1H, dd, J = 11.0, 3.5 Hz, H-2), 4.23 (1H, ddd, J =
8.0, 6.0, 1.0 Hz, H-5), 5.33 (1H, dd, J = 11.0, 3.0 Hz, H-3), 5.66
(1H, dd, J = 3.0, 1.0 Hz, H-4), 6.30 (1H, d, J = 3.5 Hz, H-1); “C
NMR (62.50 MHz, CDCl,): o 20.7 (3 x CHjy), 27.2 (C-6), 56.5
(C-2),67.1,68.8,71.0 (C-3, C-4, C-5),90.3 (C-1), 168.4, 169.6 (3 x
C=0).

B-12: '"HNMR (500 MHz, CDCl,): dy; 2.05-2.20 (3 x CH3), 3.29
(1H, dd, J = 11.0, 8.0 Hz, H-6), 3.38 (1H, dd, J = 11.0, 6.0 Hz,
H-6'), 3.82 (1H, dd, J = 11.0, 8.5 Hz, H-2), 3.98 (1H, ddd, J =
8.0, 6.0, 1.0 Hz, H-5), 4.92 (1H, dd, J = 11.0, 3.0 Hz, H-3), 5.55
(1H, d, J = 8.5Hz, H-1), 5.57 (1H, dd, J = 3.0, 1.0 Hz, H-4); “C
NMR (62.50 MHz, CDCI;): . 20.5 (3 x CHs), 26.7 (C-6), 59.3
(C-2),66.5,71.2,73.8 (C-3, C-4, C-5),92.6 (C-1), 168.4, 169.7 (3 x
C=0).

2-Amino-6-bromo-2,6-dideoxy-D-galactono-1,4-lactone (14),
hydrochloride salt

2-Azido-D-galactono-1,4-lactone 12 (0.50 g, 1.88 mmol) was
hydrogenated in MeOH (10 mL) in the presence of 50 mg Pd/C
(5%) and 1 mL conc. HCI at 1 atm for 24 h. The catalyst was
filtered off and the filtrate was concentrated and co-evaporated
with toluene (3 x 10 mL) to give the hydrochloride salt of 14 in
quantitative yield; ®C NMR (62.50 MHz, D,0): . 34.9 (C-6),
57.7 (C-2), 70.1, 71.8 (C-3, C-5), 84.6 (C-4), 171.8 (C-1).

(2R,3R,4S,5R)-3,4,5-Trihydroxypipecolic acid
(2,6-dideoxy-2,6-imino-D-galactonic acid, 16)

2-Amino-D-galactono-1,4-lactone 14 (1.13 g, 4.09 mmol) was
dissolved in H,O (10 mL) and cooled to 0 °C. A solution of
5 eq. of KOH was added in 1.2 mL H,O (1.17 g, 20.43 mmol)
and stirring was continued for 2 h. The solution was acidified
with 4 N HCI and concentrated. The residue was dissolved in
H,O (10 mL) and poured onto a column of ion-exchange resin
(Amberlite IR-120, H*, 200 mL), which was eluted with H,O until
pH 7, followed by 12.5% aq. NH; (250 mL). The NH;-eluate was
concentrated to give a crystalline residue in quantitative yield,
which on recrystallization from H,0O-MeOH gave 16 (412 mg,
57%): mp 292 °C (decomp.); [a]¥ EQ/S —16.9 (¢ 0.6, H,0); found;
C, 36.88; H, 6.68; N, 7.10. Calc. for C,H,;,OsN-H,O0; C, 36.92; H,
6.71; N, 7.18; MS (FAB+); m/z 178.0709 M + H+) (C4H,,OsN
requires 178.0715); '"H NMR (500 MHz, D,0): 6, 2.67 (1H, dd,
J =125, 11.5 Hz, H-1,,), 3.30 (1H, dd, J = 12.5, 5.5 Hz, H-1,,),
3.50 (1H, dd, J = 10.0, 3.0 Hz, H-3), 3.66 (1H, d, J = 2.0 Hz,
H-5), 3.88 (1H, ddd, J = 11.5, 10.0, 5.5 Hz, H-2), 4.29 (1H, dd,
J =3.0,2.0 Hz, H-4); "*C NMR (62.50 MHz, D,O, pH 7): 6. 44.7
(C-1), 61.5(C-5), 63.9, 68.1, 72.7 (C-2, C-3, C-4), 170.6 (C-6).

2-Amino-6-bromo-2,6-dideoxy-n-talono-1,4-lactone (15),
hydrochloride salt

2-Azido-D-talono-1,4-lactone 13 (0.50 g, 1.88 mmol) was hydro-
genated in MeOH (10 mL) in the presence of 50 mg Pd/C (5%)
and 1 mL conc. HCl at 1 atm for 24 h. The catalyst was filtered off
and the filtrate was concentrated and co-evaporated with toluene
(3 x 10 mL) to give the hydrochloride salt of 15 in quantitative
yield: "\CNMR (62.50 MHz, D,0): 6 34.4 (C-6), 53.2 (C-2), 70.5,
72.0 (C-3, C-5), 90.6 (C-4), 174.9 (C-1).

Methyl 2,6-dideoxy-2,6-imino-D-talononate (17a)

2-Amino-D-talono-1,4-lactone 15 (0.47 g, 1.70 mmol) was dis-
solved in MeOH (8 mL) and cooled to 0 °C. Et;N (0.7 mL,
5.11 mmol) was added at 0 °C and stirring was continued overnight
at rt. Concentration gave a residue, which was characterised by '*C
NMR as the methyl ester 17a: *C NMR (62.5 MHz, D,0): 6 45.7
(C-6), 53.5 (CO,CH5;), 59.9 (C-2), 69.2, 69.3, 71.8 (C-3, C-4, C-5),
174.0 (CO,CH;).

(28,3R,45,5R)-3,4,5-Trihydroxypipecolic acid
(2,6-Dideoxy-2,6-imino-D-talonic acid) (17b)

A test sample of crude 17a was treated with KOH to remove
the hydrochloride salts of triethylamine. Evaporation gave pure
compound without Et;N but caused epimerisation of the product
according to *C NMR. The residue was dissolved in H,O and
acidified with 4 N HCl and poured onto a column of ion-exchange
resin (Amberlite IR-120, H*, 5 mL). The resin was eluted with H,O
until neutral followed by 12.5% NH; (2 x 20 mL). Evaporation of
the NHj;-eluate gave colourless crystals of 17b (30 mg, 88% yield).
BC NMR (62.5 MHz, D,0): § 45.0 (C-6), 60.6 (C-2), 66.2, 68.5,
70.8 (C-3, C-4, C-5), + signals for epimer. According to *C NMR
epimerisation had occurred. The ratio of the two C-2 epimers was
3:1.
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Compound 17b was also prepared from 2-azido-D-talono-1,4-
lactone 15 as described for the enantiomer ent-17: mp 155 °C;
[a]¥ EQ/S —9.48 (¢ 1.1, H,0); found; C, 36.91; H, 6.67; N, 7.06;
Calc. for CgH,,O,N,H,0; C, 36.92; H, 6.71, N, 7.18; '"H NMR
(500 MHz, D,0): éy4 3.16 (1H, dd, J = 13.2, 7.7 Hz, H-1), 3.36
(1H, dd, J = 13.2, 3.8 Hz, H-1"), 3.71 (1H, dd, J = 7.3, 2.6 Hz,
H-3), 3.89 (IH, d, J = 6.4 Hz, H-5), 4.05 (1H, ddd, J = 7.7,
7.3, 3.8 Hz, H-2), 4.34 (1H, dd, J = 6.4, 2.6 Hz, H-4); "C NMR
(75 MHz, D,0): o 44.8 (C-6), 60.3 (C-2), 65.7, 68.2, 70.6 (C-3,
C-4, C-5), 171.6 (C-1).

2-Azido-6-bromo-2,6-dideoxy-L-galactono-1,4-lactone (ent-12)
and -L-talono-1,4-lactone (ent-13)

2,6-Dibromo-2,6-dideoxy-L-galactono-1,4-lactone (ent-11)"®
(3.12 g, 10.27 mmol) and NaN; (9.3 g, 3 w%) in dry acetone
(60 mL, MgSO,) were stirred vigorously under reflux for 17 h.
Work-up as described for the enantiomers 12 and 13 gave a
semicrystalline product in quantitative yield (ent-12 and ent-13
in the ratio 1 : 1.2 according to *C NMR). Crystallisation from
5SmL EtOAc afforded 0.49 g of ent-13 as colourless crystals. Flash
chromatography (EtOAc—pentane 1 : 2) of the residue gave: ent-12
(1.27 g, 47%, Ry = 0.28) and ent-13 (0.36 g, R; = 0.18, total 31%).
Overall yield 78%. ent-12: mp 110-112 °C; found; C, 27.36; H,
2.87; N, 15.58; Br, 29.94; Calc. for C¢HgBrO,N;; C, 27.09; H, 3.03;
N, 15.79; Br, 30.03; NMR data were identical with those reported
for the enantiomer: "C NMR (62.5 MHz, acetone-dy): dc 33.5
(C-6), 65.2 (C-2), 69.1, 72.5 (C-3, C-5), 81.7 (C-4), 170.9 (C=0).
ent-13: mp 153-155 °C; NMR data were identical with those
reported for the enantiomer: *C NMR (62.5 MHz, acetone-d,):
dc 33.2 (C-6), 61.2 (C-2), 71.6, 72.6 (C-3, C-5), 86.7 (C-4), 172.7
(C=0).

(285,35,4R,55)-3,4,5-Trihydroxypipecolic acid
(2,6-dideoxy-2,6-imino-L-galactonic acid) (enz-16)

2-Azido-6-bromo-L-galactono-1,4-lactone (ent-12) (0.53 g,
1.97 mmol) was hydrogenated in MeOH (10 mL) in the presence
of 50 mg Pd/C (5%) and 0.5 mL conc. HCI at 1 atm for 16 h.
The catalyst was filtered off and the filtrate was concentrated
and co-evaporated with conc. HCl and toluene (3 x 5 mL)
to give the hydrochloride salt of ent-14 in quantitative yield.
2-Amino-L-galacto-1,4-lactone ent-14 (0.78 g, 2.82 mmol) was
treated with KOH and worked up as described above for the
enantiomer to give ent-16 (0.33 g, 66%) after crystallisation; mp
270 °C (decomp.); [a]? EQ/S +18.7 (¢ 1.0, H,0); found; C, 37.03;
H, 6.71; N, 7.08; Calc. for C;H,,;OsN,H,O; C, 36.92; H, 6.71;
N, 7.18; (FAB+): m/z 178.0717 (M + H*) (C¢H,,OsN requires
178.0715); NMR data were identical with those reported for
the enantiomer 16. The compound has been reported,” but no
spectral and analytical data were given.

(2R,35 4R ,55)-3,4,5-Trihydroxypipecolic acid
(2,6-dideoxy-2,6-imino-L-talonic acid) (ent-17)

2-Azido-6-bromo-L-talonolactone ent-13 (0.38 g, 1.41 mmol) was
hydrogenated in MeOH (8 mL) in the presence of 40 mg Pd/C (5%)
and 0.8 mL conc. HCl at 1 atm for 16 h. The catalyst was filtered
off and the filtrate was concentrated and co-evaporated with conc.
HCI and toluene (3 x 5 mL) to give the hydrochloride salt of enz-
15 in quantitative yield. The 2-amino-L-talo-1,4-lactone ent-15

was dissolved in MeOH (3 mL) and cooled to 0 °C. Et;N (0.6 mL,
4.23 mmol) was added at 0 °C and stirring was continued overnight
at rt. Concentration gave a light yellow crude product, which
was dissolved in H,O (5 mL) and poured onto a column of ion-
exchange resin. The column was eluted with aq. NH; (6%, 80 mL,
12.5%, 60 mL) and the eluate concentrated to give crystalline ent-
17 (0.19 g, 75%). Recrystallisation from H,O-EtOH afforded an
analytical sample of ent-17 (79 mg, 32% yield): mp 208-210 °C
(decomp.); [a]?® +10.3 (¢ 0.57, H,0); found: C, 36.96; H, 6.63;
N, 7.11; Cale. for C4H,;,OsN-H,0; C, 36.92; H, 6.71, N, 7.18; 'H
NMR (500 MHz, D,O, pH 7): 6, 3.21 (1H, dd, J = 12.8, 7.7 Hz,
H-1),3.40 (1H, dd, J = 12.8, 3.8 Hz, H-1"), 3.76 (1H, dd, J = 7.3,
2.4 Hz, H-3), 3.94 (1H, d, J = 6.0 Hz, H-5), 4.10 (1H, ddd, J =
7.7, 7.3, 3.8 Hz, H-2), 4.39 (1H, dd, J = 6.0, 2.4 Hz, H-4); *C
NMR (75 MHz, D,0O, pH 7): 6. 44.6 (C-1), 60.1 (C-5), 65.5, 68.0,
70.4 (C-2, C-3, C-4), 171.4 (C-6).
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The scope and regioselectivity of the Bischler (or Bischler-Mohlau) reaction between aromatic amines
and o-bromoketones has been studied by computational and experimental techniques. It has been
found that in many cases the reaction yields are improved under microwave irradiation and working in
the absence of solvent. When di- and trisubstituted amines are used as substrates the regioselectivity of
the reaction is different to that obtained with the corresponding primary anilines. The reaction between
benzene-1,2-diamine and o-bromoacetophenones under the same conditions yields 2-substituted
quinoxalines instead of indoles. Finally, when pyridin-2-amines and pyrimidine-2-amines are allowed to
react with the corresponding a-bromoacetophenones, the corresponding imidazo[1,2-a]pyridines and

imidazo[1,2-a]pyrimidines are obtained, respectively.

Introduction

1H-Indoles are among the most important families of
heterocycles.! These bicyclic compounds have been included in
the category of “privileged structures™ since, according to the
definition proposed by Evans,® indoles constitute a “molecular
framework able to provide ligands for diverse receptors”. There-
fore, there is a consensus in that indoles probably represent the
most important of all structural classes in drug discovery.»*

Among the different methods for the synthesis of 1 H-indoles,’
those that rely on the simultaneous disconnection of the NI1-
C2 and C3-C3a bonds are of special relevance in terms of
convergence and accessibility of the reactants (Scheme 1). The first
implementation of this approach is the well-known Fischer indole
synthesis,® which has been extensively used since its discovery in
1883.7 Within this approach, other methods based on related [3,3]
sigmatropic rearrangements have been proposed.®

Another group of indole synthesis is based on the reaction
between ortho-iodo anilines and alkynes catalyzed by transition
metals (Scheme 1, entry b). The most prominent example of
this approach is the Larock synthesis® and related methods.'*"
Alternatively, ketones can be used as electrophiles in this kind of
reaction (Scheme 1, entry c),’* thus complementing the Fischer
method.

Finally, another method based on the above-mentioned dis-
connection consists of the Bischler’®* (or Bischler-Mdhlau'*)

“Kimika Fakultatea, Kimika Organika I Saila, Universidad del Pais Vasco —
Euskal Herriko Unibertsitatea, Manuel de Lardizabal Etorbidea 3, 20018,
San Sebastian-Donostia, Spain. E-mail: fp.cossio@ehu.es; Fax: +34 943
015270; Tel: +34 943 015442
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T Electronic supplementary information (ESI) available: Temperature
profiles for the reaction between 1d and 2¢; NMR spectra; experimental
procedures and characterization data; computational data; crystal struc-
ture data for compound 3e (CCDC reference number 605924). See DOI:
10.1039/b719641e

H
: ﬁi AL
e o
|
X
b) + H -
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X |
c) + /I/i N
TH 0
H X
d) + :I/i J—
TH 0

Scheme 1 Main indole syntheses based on the disconnection of the
N1-C2 and C3-C3a bonds. Substituents at the various positions are
unspecified, unless indicated.

indole synthesis. This reaction takes place between an ortho-
unsubstituted aniline and an o-halogenated ketone (Scheme 2).
Other suitable electrophiles can be o-diazo-B-ketoesters,” o-
hydroxyketones'® and a-aminoketones."’

Although the reactants for the Bischler reaction are readily
available, two issues have hampered further developments: first,
the yields of the isolated indoles are usually low, and second, the
regiochemistry of the reaction is not predictable (Scheme 2). Very
recently, and during the studies described in this paper, it has
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Scheme 2 General reaction between anilines and a-haloketones.

been shown that the outcome of the reaction between anilines
and o-bromoketones can be improved by means of microwave
irradiation.'®

Within this context and in view of the above-mentioned previous
work, the aim of the present work has been to improve our
knowledge of the Bischler reaction in order to understand the
reason for its regioselectivity and to explore the scope of this
interesting reaction, which has otherwise been largely ignored in
the recent indole literature. 2+

Results and discussion
Mechanistic considerations

Despite its formal simplicity, the mechanism of the Bischler
reaction is not clear because many pathways can be operating
at the same time. Thus, the carbonyl group of the o-haloketone
2a can react with one equivalent of base or with the aniline 1a
to yield imino intermediates, whose 5-exo-tet Sy2-type cyclization
(Scheme 3, steps A,B) should lead to 2-substituted-1H-indole 3a.

An alternative general mechanistic pathway consists of the inital
S\2 reaction between aniline 1a and a-haloketone 2a to yield
2-aminoketones, which can then cyclize by 5-exo-trig processes
to yield 3-substituted-1H-indole 4a (Scheme 4, path C). In
addition, the above-mentioned 2-aminoketones can rearrange to
the corresponding aldehydes both under acid catalysis® or neutral
conditions.”® Reaction of these rearranged carbonyl compounds
by 5-exo-trig cyclization should yield the 2-substituted-1H-indoles
3 (Scheme 4, path D).

In order to test the feasibility of the S-exo-tet and S-exo-trig
cyclizations, we selected the model reactions shown in Scheme 5.
These reactions incorporate the main features of the cyclizations
A-D shown in Schemes 3 and 4. The main geometric data
of the corresponding transition structures TS1-4 are shown in
Fig. 1. According to our results, 5-exo-tet cyclizations are clearly
disfavoured, the activation energies associated with both Sa—6a
and 5b—6a being considerably higher than those found for the
alternative 5-exo-trig cyclizations of type 5¢—6b and 5d— 6¢
(Scheme 5, Fig. 1).

In particular, the lowest calculated activation energy is for the
5d— 6¢ transformation via TS4. This saddle point is earlier than
TS3, and the calculated activation energy is ca. 4 kcal mol~! lower
than that computed for the 5¢— 6b transformation. This result is
in line with the higher electrophilicity of aldehydes with respect
to related ketones. Therefore, if only the cyclization step of the

N
H
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Scheme 3 Mechanistic proposals based on 5-exo-tet cyclizations.
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Scheme 4 Mechanistic proposals based on 5-exo-trig cyclizations. For
further details on the rearrangement prior to the cyclization steps C and
D, see Scheme 6.
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TS1
AE_=26.1 kcal/mol

TS2
AE;=47.0 kcal/mol

TS3
AEg=17.1 kcal/mol

TS4
AE_=13.0 kcal/mol

Fig.1 Fully optimized structures (at the B3LYP/6-31G* level of theory)
associated with transition structures TS1-4 (Scheme 5). Bond distances
and angles are given in A and deg, respectively. The activation energies
have been computed at the B3LYP/6-31G*+AZPVE level.

reaction is considered, preferential or exclusive formation of 2-
substituted-1H-indoles is predicted, via structures similar to TS4.

However, these latter cyclizations require the rearrangement
indicated in Scheme 4. Intensive experimental work® led to the
mechanistic proposal shown in Scheme 6. According to this
proposal, the rearrangement requires the nucleophilic addition
of second equivalent of aniline to the cationic intermediate 7.
An intramolecular Sy2 reaction on intermediate 8 leads to a
protonated oxirane intermediate, the cleavage of the C—-O bond in
which yields the stabilized cation 10. Subsequent E1 reaction and
keto—enol isomerization leads to aldehyde 5d. This electrophilic
aldehyde is transformed into cyclic intermediate 6c via TS4.
Alternatively, an additional equivalent of aniline can directly yield
ketone Sc¢, 5-exo-trig cyclization of which should yield cation 6b
via TS3 and, finally, the unrearranged 3-phenyl-1H-indole 4a.

(‘BI’ TS2 6a
L=l s
-Br
NZ Ph
5b
+ H OH---NH;
Ph FO—-—HNHg
@5/14 TS3 Ph
—_—
N
N H
5c 6b
+ H OH---NH,
(‘0»--HNH3
~r " TS4
R — wPh
Ph N
N H
5d 6¢c

Scheme 5 Model cyclization steps computed at the B3LYP/6-31G* level.
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Scheme 6 Mechanistic proposals for the formation of rearranged and
unrearranged 1H-indoles.
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We have explored intensively the potential energy hypersurface
associated with this particular rearrangement and we have been
unable to locate and characterize the protonated epoxide 9, either
in the gas phase or in solution. Instead, all our attempts led to
the direct conversion of 8 to 10 via saddle point TS5 (Fig. 2). In
this transition structure the departure of the aniline group is more
advanced than the formation of the O1-C2 bond. The process
is exothermic and there is a strong resonance stabilization of the
C3 center. Thus, the C3-N5 bond distance in 10 is significantly
shorter than that computed for 8 (Fig. 2).

Fig. 2 Fully optimized structures (at the B3LYP/6-31G* level of theory)
associated with the 810 transformation (Scheme 6). Bond distances
are given in A. The relative Gibbs energies have been computed at the
B3LYP/6-31G*+AZPVE level and are given in kcal mol~'.

Another pathway for the formation of 2-substituted 1H-
indoles consists of the dehydration of intermediate 8 to yield
12.22 Tautomerization of this imine to isomeric intermediate 14
and subsequent 5-exo-trig cyclization leads to intermediate 16,
whose elimination of one equivalent of aniline yields the 2-
phenyl-1H-indole 3a (Scheme 7). Exploration of this mechanistic
pathway from intermediate 14 to zwitterion 15 did not result in
an energetically accessible transition structure, probably because
of the penalty associated with charge separation and the lower
electrophilicity of the neutral imine moiety. However, activation
of the imine with one equivalent of HBr resulted in saddle point
TS6-HBr (Fig. 3), in which the C1-H bond is slightly relaxed with
respect to precursor 14-HBr. Our calculations also show a direct
obtention of intermediate 16-HBr, in which the aromaticity lost in
15 is recovered. The activation barrier computed for this step is
comparable to those obtained for the Sc,d— 6b,c conversions via
TS3 and TS4 (Fig. 1), and significantly lower than the activation
energy associated with the 8—10 conversion via TS5 (Fig. 2).

Ph Ph Ph
HO
% — pa—
HN NHPh  -H,0 N NHPh HN NHPh
&) &)
8' 12 13
Ph NHPh Ph NPh Ph
HN HN HN C NPh
-— H |[—— H
7\
16 ‘\ 15 14
-PhNH,
TS6

3a

Scheme 7 Formation of 2-substituted indoles from intermediate imines.

Fig. 3 Fully optimized structures (B3LYP/6-31G* level theory) asso-
ciated with the 14— 16 transformation (Scheme 7). Bond distances and
angles are given in A and deg. The relative Gibbs energies have been
computed at the BALYP/6-31G*+AZPVE level and are given in kcal mol ™.

Therefore, we conclude that the mechanism shown in Scheme 7 is
the preferred one for the formation of 2-substituted 1H-indoles,
at least in the presence of an excess of aniline.

In summary, the kinetic 3:4 ratio obtained in the Bischler—
Mohlau reaction results from a complex process that depends
on the relative activation energies associated with the possible
S-exo-trig processes (the latter in its activated version shown in
Fig. 3). It is also noteworthy that the different steps described
in Schemes 4-7 involve very polar reaction intermediates and
transition structures. Therefore, the whole reaction is a suitable
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candidate for microwave-assisted acceleration, even in the absence
of solvents having large loss tangent values.?**

Microwave-assisted Bischler reaction between anilines and
a-bromoketones

We carried out the Bischler reactions shown in Scheme § in
order to test the mechanistic scheme that emerged from our
computational study on the key steps of this transformation.
First, we included anilines possessing an activating group such
as methoxy at different positions of the phenyl group. We also
tested different experimental conditions in order to compare the
outcomes obtained under dielectric and thermal heating. Thus,
method A (Scheme 8, Table 1) consisted of heating a mixture of
aniline 1, the a-bromoketone 2, and N,N-dimethylaniline in the
absence of solvent at 150 °C for 10 min and under microwave
irradiation, with a power of 100 W and under 20 psi. The
conditions of method B were chosen to reproduce the usual
experimental conditions under thermal heating at 170 °C using
xylene as solvent. Under these conditions, the reaction time
required for good conversions was 3 hours. Finally, the reaction
conditions of method C were chosen to be as close as possible
to those using heating by microwave irradiation. Therefore, the
reaction time was 10 min, no solvent was used, the temperature was
monitored with a fibre-optic probe, and the reaction carried out

R¢ Br. R®

R3 R8

R? NH, RS R7
R1 RG
1b: R'=R3=0Me; R2=R*=H 2b: R’=0Me; R®=R8=R8=R%=H
1c: R%=R*=0Me; R'=R%=H 2¢: R®=R8=0Me; R%=R®=R%=H
1d: R3=OMe; R'=R?=R*=H 2d: R%=R7=0Me; R®=R8=R%=H
1e: R2=0Me; R'=R3=R*=H 2e: R=R8=0Me; R®=R7=R%=H
2f: R%=R0=R7=R8=H; R%=Me

\ a,borc
R* RO R8
R3
O~
R2 N
R1 H R5 R6
3b-j

3,4b: R'=R3=R7=0Me; R?=R*=R5=R®=R8=R%=H
3,4c: R2=R*=R7=0Me; R'=R3=R%=R6=R8=R%=H
3,4d: R®=R%=R8=0Me; R'=R2=R*=R%=R"=R%=H
3,4e: R2=R*=R%=R"=0Me; R'=R%=R6=R8=R%=H
3,4f: R2=R*=R%=R8=0Me; R'=R%=R6=R7=R%=H
3,4g: R'=R%=R%=R8=0Me; R2=R*=R%=R"=R%=H
3,4h: R2=R*=R%=R8=0Me; R'=R%=R%=R"7=R%=H
3,4i: R%=R7=0Me; R'=R%=R*=R5=R®=R8=R%=H
3,4j: R2=R*=0Me; R'=R®=R%=R6=R7=R8=H; R%=Me

Scheme 8 Reagents and conditions: (a) Microwaves (WW), 100 W, 20 psi,
10 min, 150 °C (Method A). (b) Xylene, reflux, 170 °C, 180 min (Method
B). (c) 150 °C, 10 min (Method C).

Table1 Formation of indoles 3,4b—j from anilines 1b-d and o-
bromoketones 2b—e (Scheme 7) under dielectric heating (Method A) and
thermal heating (Methods B and C)*

Yield of 3 (%)° Ratio 3:4¢

Entry Reaction A B C A B

1 1b +2b — 3b 30 10 17 >98:2 >98:2
2 le+2b—3c+4c 52 53 31 68:32 77:23
3 1d + 2¢ — 3d 48 19 0 >98:2 >98:2
4 lc+2d —> 3e+4e 43 45 45 65:35 82:18
5 le+2e— 3f+4f 61 51 51 82:18 >98:2
6 1b + 2¢ — 3g 16 0 0 >98:2 —

7 le+2c—3h+4h 80 55 37 86:14 90:10
8 le +2b — 3i+4i 75 4 4 79:21 50:50
9 lc +2f - 3j+ 4§ 28 43 37 40: 60 65:35

“Method A: Microwaves, 100 W, 20 psi, 10 min, 150 °C. Method B: Xylene,
reflux, 180 min, 170 °C. Method C: 150 °C, 10 min. ® Yields of isolated
pure product 3. ¢ Ratio determined by 'H-NMR on the crude reaction
mixtures.

at 150 °C in a closed vessel identical to that used in the microwave
experiments. It was observed that under these conditions the
selected temperature was reached in ca. 3 min, whilst under
microwave irradiation this temperature was obtained after 23 s
(See Fig. S1, ESIT). The results obtained for the Bischler-Mohlau
reaction between anilines 1b—e and a-bromoketones 2b—f are
gathered in Table 1.

From these results, we conclude that when the starting amine has
favourable substituent effects, similar results are obtained under
microwave irradiation and thermal heating. For example, reaction
between aniline 1¢, which incorporates two favourably oriented
methoxy groups, and a-bromoketone 2e results in the formation of
1 H-indoles 3f and 4f with similar yields, the thermal reaction being
more regioselective (Table 1, entry 5). In contrast, when the aniline
incorporates the methoxy groups in an unfavourable orientation,
microwave irradiation is superior. For instance, the reaction
between a-bromoketone 2¢ and aniline 1b, which incorporates
two methoxy groups meta-oriented with respect to the C—C bond
to be formed, results in the formation of 1H-indole 3g with low
yield only when method A was used (Table 1, entry 6). These
results agree with the computational model in which the 5-exo-
trig cyclization step results in the formation of cyclic cations of
type 6 (Scheme 5). These cations can be stabilized by properly
located methoxy groups.

Our experimental results also indicate that the Bischler reaction
involving a-methyl-a-bromoacetophenone 2f is not regioselective.
Thus, reaction between aniline 1c¢ an 2f (Table 1, entry 9) results
in similar quantities of 3j and 4;.

This result is also in line with those obtained in the computa-
tional study of the cyclization step, since in this case the 5-exo-
trig process involves nucleophilic additions on ketones or imines
having similar electrophilicities.

The characterization of 1 H-indoles 3 and 4 was carried out by
means of NMR and X-ray diffraction analysis of compound 3e
(see ESIY). Using this compound as a reference, the structure of the
remaining compounds was determined by correlation analysis of
the "H-NMR and *C-NMR spectra (See Fig. S2-S5, ESIt). Thus,
the C-H groups at the C-3 position of molecules 3b—j generated
diagnostic signals at ca. 6.8 ppm and ca. 95.0 ppm in the 'H-NMR
and ®"C-NMR spectra, respectively. In contrast, the C-H groups
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Table 2 Microwave-assisted synthesis of indoles 3 and 4c in the presence
of different bases

Table 3 Microwave-assisted

synthesis

bromoacetophenone 2a and N-alkyl anilines 1a,f—i (Scheme 10)

of indoles 4a,k-n from o-

Entry  Base Ratio 1:2:base  Ratio 3c:4¢®  Yield (%)® Entry Reaction R 3a (%)” 4 (%)"
1 Et;N 2:1:3 35:65 40 1 la+2a— 3a+4a H 80 0

2 DIPEA 2:1:3 35:65 45 2 1f + 2a — 3a + 4k Me 35 47

3 DIPEA 1:1:3 0:100 36 3 1g + 2a — 3a+ 4l Et 25 57

4 Py 2:1:3 85:15 63 4 1h + 2a — 3a+4m i-Pr 30 34

5 Py 1:1:3 50 : 50 20 5 li+2a— 3a+4n -Bu 100 0

6 Methyl nicotinate  2:1:3 78 :22 22

“ Ratio determined by "H-NMR on the crude reaction mixtures. * Yield of
isolated pure major product.

at the C-2 position in regioisomers 4c—j appeared at ca. 7.00 ppm
and ca. 120.0 ppm in the respective 'H-NMR and “*C-NMR
spectra.

We also studied the effect of the base on the reaction. As model
system we selected the reaction between 1c and 2b to yield 3¢ and
4c (Table 1, entry 2; Scheme 9); the results are gathered in Table 2.
We observed that it is possible to modulate the regioselectivity of
the reaction. Thus, stronger bases such as triethylamine or DIPEA
(diisopropylethylamine) favour the formation of the unrearranged
product 4¢ (Table 2, entries 1-3), whereas in the presence of weaker
bases such as pyridine or methyl nicotinate the rearranged indole
3c is the major regioisomer (Table 2, entries 4-6). The obtention
of product 4c¢ as the major regioisomer in the presence of stronger
bases is consistent with a lower participation of the mechanism
outlined in Scheme 7 and Fig. 3, since in this case the acidic
activation of the intermediate imine during the 5-exo-trig step is
less efficient.

OMe Br
, O
MeO NH, OMe
1c 2c
OMe
150 °C

OMe

-
N N
MeO H MeO H

3c 4c

Scheme 9 Reaction between 1¢ and 2c¢ in the presence of different bases
(See Table 2).

The next step in our study was to analyze the regioselec-
tivity of the reaction between N-alkyl anilines la—i, and o-
bromobenzophenone 2a under microwave irradiation (Scheme 10,
Table 3). According to our results, when aniline 1a reacts with 2a,
only the rearranged 1H-indole 3a is obtained with good yields
under microwave irradiation. In contrast, the presence of N-alkyl
groups (Table 3, entries 2-4) results in the formation of variable
amounts of unrearranged 1-alkyl-3-phenyl-1H-indoles 4k—n. The
exception is the reaction with amine 1i, in which the presence
of the tert-butyl group results in the exclusive formation of the
rearranged 1 H-indole 3a in quantitative yield.

“Yields of isolated pure products.

We also studied the behavior of N,N-dimethylaniline 1j in
the presence of a-bromoaketones 2a,f~h (Scheme 11) and under
microwave irradiation. The results obtained are shown in Table 4.
We have found that in the presence of 1j only the unrearranged
N-methyl-1H-indoles 4k,o-r are obtained. Therefore, opposite

Ph
@\ 2a, uW, 100 W, 20 psi 3a + A\
NH 150 °C, 10 min. '\f
R R
1a: R=H 4a: R=H
1f : R=Me 4k: R=Me
19: R=Et 4l : R=Et
1h: R=i-Pr 4m: R=i-Pr
1i: R=t-Bu 4n : R=t-Bu

Scheme 10 Microwave-assisted synthesis of N-alkyl-1H-indoles from

N-alkyl anilines.
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3,4r: R'=Me; R2=Ph; R®=Me

Scheme 11 Microwave-assisted synthesis of N-alkyl-1H-indoles from
N,N-dialkyl anilines.
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Table 4 Microwave-assisted synthesis of indoles 3k,o-r and 4k,o0-r from
o-bromoketones 2a,f—h and amines 1a,j (Scheme 9)

Entry  Reaction R' R? R* 3 (%) 4 (%)
1 lj+2a—3k+4k Me Ph H 0 53
2 la+2g—>30+40 H CO,Et H 31 0
3 1j+2g—->3p+4p Me CO,Et H 0 34
4 1j+2b—3q+4q Me PMP* H 0 60
5 li+2f—->3a+4r Me Ph Me 0 51

“Yields of isolated pure products. * PMP: p-methoxyphenyl.

regiochemistries can be obtained depending on the substitution
pattern of the starting amine. For example, the reaction between
aniline 1a and o-bromoacetophenone 2a yields only 2-phenyl-1H-
indole 3a (Table 2, entry 1). In contrast, irradiation of N,N-
dimethylaniline 1j and 2a results in the exclusive formation of
1-methyl-3-phenyl-1 H-indole 4k (Table 3, entry 1). The same
outcome was observed in the reaction of ethyl 3-bromo-2-
oxopropanate 2g and amines 1a,j (Table 3, entries 2 and 3). Finally,
it is interesting to note that the same result was obtained with
racemic 2-bromopropiophenone 2f and amine 1j, and only the
unrearranged 1,2-dimethyl-3-phenyl-1H-indole 4r was obtained
(Table 3, entry 5), in contrast with the lack of regiocontrol observed
in the reaction between 2f and o-bromoaketone 1¢ (Table 1, entry
9, vide supra).

In a different series of experiments, we analyzed the outcome
of the reaction between N,N-dialkylamines 1k-m and 2a under
microwave irradiation (Scheme 12, Table 5). We observed that in
the case of amines 1k,l, comparable distributions of the possible
1-alkyl-1H-indoles 4k—m were obtained. In contrast, when amine
1m was irradiated in the presence of 2a, only 1-methyl-3-phenyl-
1 H-indole 4k was obtained.

Ph Ph

2a, uW, 100 W, 20 psi N\ N\

+

/RZ 150 °C, 10 min. N N

N \ \
R R R?

1k-m 4k,| 4m,n

1k: R'=Me; R2=i-Pr 4k: R'=Me 4m: R2=i-Pr
11 : R'=Et; R%=i-Pr 41: R'=Et 4n : R?=t-Bu

1m: R'=Me; R2=t-Bu

Scheme 12 Microwave-assisted synthesis of N-alkyl-1H-indoles from
N,N-dialkyl anilines.

These results indicate that trisubstituted anilines are much
more regioselective since only 3-substituted (i.e. unrearranged)
1H-indoles are obtained. This suggests that when only N,N-
dialkylanilines are present, the pathway shown in Scheme 7 and
Fig. 3 is not possible.”® Instead, the quaternary intermediates
17 are formed (Scheme 13). These intermediates evolve toward

Table 5 Microwave-assisted synthesis of indoles 4k—n from amines 1k—m
and a-bromoacetophenone 2a

Entry Reaction R! R? Isolated yield (%)
1 1k + 2a — 4k + 4m Me i-Pr 16 (4k) +30 (4m)

11+ 2a — 41 + 4m Et i-Pr 23 (41) +12 (4m)
3 1m + 2a — 4k Me t-Bu 44 (4k)

R4
RY _O
@ HO \_ge
N~ TR N
‘ R2
R2
18 4
-BrR1'
4
1j-m R o]
, R
2a,f-h N ~
R'" RZ Br
17
‘-BrRz
R4
R _O O
N~ "R® N
it R
19 4

Scheme 13  Possible pathways for the formation of N-alkyl-1H-indoles.

intermediates 18 and 19 to yield finally the corresponding 1H-
indoles 4. Our results also indicate that, in general, the distribution
of the intermediates 18 and 19 is shifted toward the formation of
the most substituted alkyl bromide.

We also explored the reaction between o-bromoketones 2 and
amines incorporating active substituents. We have found that when
1,2-phenylenediamine 10 was subjected to microwave irradiation
in the presence of o-bromoketones 2b,h the corresponding 2-
arylquinoxalines? 20a,b were obtained instead of 7-amino-2-aryl-
1H-indoles (Scheme 14). It is interesting to note that a similar
reaction in the absence of microwaves required overnight stirring
to proceed.”

We have also studied the reaction between amines 1p,q and
phenacyl bromides 2b,h in order to assess the role of additional
nitrogen atoms present in the aromatic ring. This reaction has
been studied by several authors under thermal conditions,”® and
very recently under microwave irradiation.”” In this latter case,
Dimauro et al.®® irradiated the reaction mixtures of phenacyl
bromide 2a and boronic esters derived from 2-aminopyridine
at 130 °C for 30 min using ethanol as solvent, whereas Cai
et al.®* carried out the reaction using titanium(1v) chloride as
a strong dehydrating agent. Since Ponnala et al.3° performed the
synthesis of these heterocycles using Al,O; as a solid medium, we
decided to test the same reaction under microwave irradiation. We
observed that under solvent-free conditions and in the presence
of ALO;, only 5 min was required to carry out the reaction
between compounds 1p,q and 2b,h (Scheme 15), working at 70 W,
70 °C and 20 psi. Therefore, these conditions appear to be very
convenient for the synthesis of 2-arylimidazo[1,2-a]pyridines (or
-pyrimidines) such as 21a,c (Scheme 15). We think that in these
cases the reaction proceeds by nucleophilic attack of the nitrogen
atom in the aromatic heterocycles, followed by ring closure of N-
alkylpyridinium (or -pyrimidinium) intermediates, according to
the mechanism proposed by Hand ez al.'
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10 2b,h R
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e |
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20a: R=OCH3 (61 %)
20b: R=NO, (37 %)

Scheme 14 Synthesis of quinoxalines from 1,2-phenylendiamine and
a-bromoketones.

X NH, (o]
R
1p.q 2b,h
1p: X=CH 2b: R=0OCHj,3
1g: X=N 2h : R=NO,
uW, 70 W, 20 psi

70 °C, Al,O3, 5 min.

)

A=y
21a-c

21a: X=CH, R=0OCHj; (70%)

21b: X=CH, R=NO, (61%)

21c: X=N, R=0OCHj3; (75%)

Scheme 15 Synthesis of 2-arylimidazo[1,2-a]pyridines (X = CH) and
2-arylimidazo[1,2-a]pyrimidines (X = N)

Conclusions

Microwave irradiation is a convenient method for the Bischler
reaction between aromatic amines and a-bromoketones. Only
ca. 10 min is required to carry out the reaction at 150 °C and
20 psi. The reaction takes place by 5-exo-trig cyclizations involving
intermediate aldehydes, ketones or imines. A 1,2-migration of an
hydroxyl group or, more likely, the formation of an intermediate
imine are critical to obtain rearranged 2-substituted 1H-indoles.
Further N-substitution allows the modulation of the regioselec-
tivity of the reaction, the unrearranged 3-substituted-1H-indoles
being the major or exclusive products. The presence of active
functional groups results in the formation of other heterocycles
like quinoxalines or imidazo[1,2-a]pyridines (or -pyrimidines).

Experimental
Computational studies

All the calculations reported in this paper were performed within
Density Functional Theory,*? using the hybrid three-parameter
functional commonly denoted as B3LYP.** The standard 6-31G*
basis set,** as implemented in the GAUSSIAN 03% suite of
programs, was used in all cases. All the stationary points were char-
acterized by harmonic analysis.3 Activation energies (AE,) and
reaction energies (AE,,,) were computed at the B3LYP/6-31G*
level including zero-point vibrational energy (ZPVE) corrections.

General

Microwave irradiations were conducted in a focused microwave
reactor CEM Discover, at the power and for the time indicated. All
melting points are uncorrected. NMR data were obtained using
TMS as an internal standard. Column chromatographies were
carried out with 230-400 mesh silica gel. Reagents were purchased
from commercial suppliers or prepared according to literature
procedures. N-tert-Butylaniline 1i was obtained following the pro-
cedure described by Canle et al.¥” N-Isopropyl-N-methylaniline
11 and N-methyl-N-fert-butylaniline 1m were prepared according
to the methods reported by Totah et al*® and Hunter et al,*
respectively. 2-Bromo-1-(3,5-dimethoxyphenyl)ethanone 8b was
prepared according to the method reported by Chen et al.*

General methods for the synthesis of 1H-indoles

Method A. A mixture of the aniline 1 (2.0 mmol), the a-
bromoketone 2 (1.0 mmol), and N,N-dimethylaniline (0.42 ml,
3.3 mmol) was irradiated with microwaves (150 W) at 150 °C
and 20 psi for 10 min. The resulting mixture was dissolved in
EtOAc and washed with 2 N HCL. After drying (Na,SO,), the
solution was evaporated and purified by flash chromatography
(ethyl acetate-hexanes) to yield the corresponding 1H-indoles,
which were crystallized from Et,O-hexanes.

Method B. A mixture of the aniline 1 (2.0 mmol), the o-
bromoketone 2 (1.0 mmol), and N,N-dimethylaniline (0.42 ml,
3.3 mmol) was refluxed in xylene at 170 °C for 180 min. The
treatment described above led to the corresponding pure products
3and 4.

Method C. A mixture of the aniline 1 (2.0 mmol), the o-
bromoketone 2 (1.0 mmol), and N,N-dimethylaniline (0.42 ml,
3.3 mmol) was heated in an oil bath at 150 °C (internal temperature
monitored by a fibre-optic probe) for 10 min. The treatment
described above led to the corresponding pure products 3 and 4.

4,6-Dimethoxy-2-(2,4-dimethoxyphenyl)-1H-indole (3e). White
solid, 43% yield; mp 171-172 °C; v,./cm™' (KBr) 3427, 1587,
1472, 1301, 1216, 1126; "H NMR (6/ppm, 500 MHz, CDCI;) 9.38
(s, 1H), 7.68 (d, 1H, J = 8.4 Hz), 6.77 (s, 1H), 6.57 (d, 1H, J =
8.7 Hz), 6.55 (s, 1H), 6.51 (s, 1H), 6.20 (s, 1H), 3.95 (s, 3H), 3.93
(s, 3H), 3.84 (s, 3H), 3.83 (s, 3H); *C NMR (6/ppm, 500 MHz,
CDCl;) 159.9,157.4,156.7,153.4,137.2,133.5,128.6, 114.5, 113.8,
106.0,99.5,95.5,91.7, 87.0, 56.0, 55.8, 55.6, 55.5. Anal. Calcd. For
CsHyNO,: C, 68.99; H, 6.11; N, 4.47. Found: C, 68.80; H, 6.11,
N, 4.62.
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4,6-Dimethoxy-3-(2,4-dimethoxyphenyl)-1H-indole (4e). Oil,
23% yield; Ve /cm™' (KBr) 3407, 1552, 1211, 1161 cm™'; "TH NMR
(0/ppm, 500 MHz, CDCl;) 8.02 (s, 1H), 7.32 (d, 1H, J = 8.2 Hz),
7.01 (d, 1H, J = 2.0 Hz), 6.57-6.51 (m, 2H), 6.49 (d, 1H, J =
1.3 Hz), 6.21 (d, 1H, J = 1.3 Hz), 3.87 (s, 3H), 3.85 (s, 3H), 3.77
(s, 3H), 3.73 (s, 3H); "C NMR (6/ppm, 500 MHz, CDCl;) 159.6,
158.7,157.5,155.2,137.8, 132.5, 120.9, 118.1, 113.4, 112.0, 103.5,
98.6,92.2,86.9, 55.7, 55.6, 55.5, 55.4.

Synthesis of quinoxalines 20

A mixture of ortho-phenylendiamine (0.227 g, 2.1 mmol), the
a-bromoketone (1.0 mmol), and N,N-dimethylaniline (0.42 ml,
3.3 mmol) was microwave-irradiated (150 W) at 150 °C and 20 psi
for 10 min. The resulting mixture was dissolved in EtOAc and
washed with 2 N HCI. After drying (Na,SO,), the solution was
evaporated and purified by flash chromatography (ethyl acetate—
hexanes) to yield the corresponding product, which was purified
by crystallization from Et,O-hexanes.

Synthesis of 2-arylimidazo[1,2-a]pyridines and
arylimidazo|1,2-a]pyrimidines 21

A mixture of pyridine-2-amine 1p or pyrimidine-2-amine 1q
(1 mmol), a-bromoketone 2 (1.0 mmol), and neutral AL,O; (1 g)
was microwave-irradiated (150 W) at 150 °C and 20 psi for 5 min.
After completion of the reaction, the contents were diluted with
chloroform (5 ml) and filtered through a Celite pad, washed with
2 ml of chloroform, and evaporated. The residue was purified by
chromatography on silica gel using hexane—cthyl acetate as eluent
to give the required product, which was purified by crystallization.
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Six bifunctional molecules containing biotin and various inositol phosphates were synthesized. These
compounds were designed on the basis of X-ray structures of the complexes of D-myo-inositol
1,4,5-triphosphates (IP;) and phospholipase C 8 pleckstrin homology domain (PLC3 PH) considering
the application to the biotin—avidin techniques. The building blocks of the inositol moiety were
synthesized starting with optically resolved myo-inositol derivatives and assembled to the biotin linker

through a phosphate linkage.

Introduction

D-myo-Inositol 1,4,5-triphosphate (IP;) plays a key role in the sig-
naling cascade that links extracellular messengers to intracellular
Ca* mobilization.! Upon stimulation of a certain receptor, the as-
sociated G protein or tyrosine kinase activates a membrane-bound
phospholipase C (PLC), which hydrolyzes phosphatidylinositol
4,5-bisphosphate (PtdIns 4,5-P,) into two second messengers, IP;
and diacylglycerol (DAQG), bifurcating the signaling pathway. The
hydrophilic IP; diffuses into the cytosol and activates the receptor
of a Ca? channel on the endoplasmic reticulum, resulting in the
release of Ca** from an internal store. Pleckstrin homology (PH)
domains are structural modules of around 120 amino acids with
sequence similarity to two regions in pleckstrin, the major protein
kinase C substrate in platelets.”* These domains are found in
more than 100 different proteins, and appear to be important
for membrane association of proteins involved in intracellular
signaling and the cytoskeleton,>® in some cases by binding specific
phosphoinositides and their head groups®™ As an example,
PLC3 PH domain is an IP;-binding region which sterospecifically
recognizes and binds to PtdIns 4,5-P, with high affinity (the
dissociation constant K, value is 1.7 uM).!! However, there have
been a few reports on binding analysis of the inositol phosphate
head groups and PH domains. Thus in order to study the relative
affinity and specificity in the binding of inositol phosphates and
diverse PH domains, we intend to prepare biotinylated inositol
phosphates. The biotin—avidin techniques> would address the
binding analysis of inositol phosphates and PH domains and
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the development of inositol phosphate mimetics that control PH
domains, and search for novel PH domains without resort to
radiolabels. We report here the synthesis of biotin derivatives of
six different inositol phosphates, i.e., D-1,4,5-1P;, L-1,4,5-1P;, D-
2,4,5-1P;, D-1-1P,, L-1-IP, and 2-IP, (Fig. 1).

o
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OH
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""OH H203PO/©\OH
OPO3H, OH OPOsH,
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HO:O;\OR HO,
HO . OH H,0;P0"

OH OPO3H,
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D-2.4,5-P5

D-2-IP,

Fig. 1 Biotin derivatives of six different inositol phosphates.

Results and discussion

Fig. 2 shows the design and synthetic strategy of biotinylated
inositol phosphates. The X-ray crystal structure of the IP;—
PLCS PH domain complex™ revealed that the inositol and 4,5-
phosphate groups of IP; are accommodated in the binding pocket,
therefore we thought that a biotin linker could be introduced
at the 1-phosphate or 2-phosphate (the latter is an artificially-
created derivative) of inositol without affecting the PH domain
binding. Our synthetic strategy is to differentiate the six hydroxyl
groups of D-myo-inositol through the optical resolution of diac-
etal intermediates™ to obtain a suitably protected intermediate
that could be coupled with the biotin linker by a bifunctional
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Fig. 2 Design and synthetic strategy of biotinylated D-miyo-inositol
1,4,5-triphosphate.

phosphorylating agent."> As the target molecules have a sulfur in
the biotin structure, our strategy does not end up with any benzyl
or related protecting groups that require hydrogenolysis to remove
them.

The syntheses of the D-1-IP, and L-1-IP, moieties were carried
out as shown in Scheme 1. The optically resolved alcohol D-
1-0O-benzyl-2,3:5,6-di-O-cyclohexylidene-myo-inositol (+)-1 was

o, w0Bn
HO” 7 Yo
0
()-1
‘ 0]
OR;
RO RO, : 20Bn
RO Ri0” Y TOR

OAc

AcO AcO,,, : WOH

AcO” aco” Y TOAc
OAc OAc
d4a 4b

Scheme 1  Reagents and conditions: (i) TFA, MeOH, rt; (i) Ac,O, DMAP,
Py, rt; iii) H,/10% Pd-C, CH;COOH, rt.

prepared as the starting material of the D-1-IP, moiety by the
method of Billington et al.** Hydrolysis of the cyclohexylidene
groups of (+)-1 with acid provided 2a, which was acetylated to
give fully protected 3a. Finally treatment with H,/10% palladium-
carbon gave the debenzylated D-1-IP; moiety 4a in 73% yield
(for 3 steps). The enantiomeric isomer L-1-O-benzyl-2,3:5,6-di-
O-cyclohexylidene-myo-inositol (—)-1 gave the L-1-IP, moiety 4b
by the same procedure.

The syntheses of the D-1,4,5-1P; and L-1,4,5-IP; moieties were
carried out as shown in Scheme 2. The starting material D-
1,2:4,5-di-O-cyclohexylidene-myo-inositol Sa was prepared by
hydrogenolysis of the benzyl group of (—)-1. Allylation of the
resulting alcohol 5a provided 6a, which was further treated
with p-toluenesulfonic acid and H,O to give deprotected 7a in
92% vyield (for 2 steps). The cis-1,2-diol of 7a was regioselec-
tively p-methoxybenzylated by means of the dibutyltin oxide
procedure.'*'” Thus the tin complex of the 1,2-diol was regios-
electively reacted with p-methoxybenzyl chloride in the presence
of caesium fluoride to give 8a exclusively in 97% yield. The intro-
duction of isopropylidene acetal to the 4,5-vicinal alcohol under
the usual conditions gave 9a in 85% yield. Isomerization of the allyl
groups of 9a followed by the treatment with HgO, HgCl, gave 10a
in 67% yield.”® Acetylation of the resulting alcohol provided 11a,
which was treated with p-toluenesulfonic acid and ethylene glycol
to give the intermediate 12a in 88% yield (for 2 steps), which
is ready for the next phosphorylation. Bis(B-cyanoethyl)-N,N-
diisopropylphosphoramidite, considered one of the most effective
phosphorylating agents, was prepared by the method of Uhlmann
and Engels.” The 4,5-dihydroxy compound 12a was converted to
the 4,5-bisphosphonate with phosphoramidite and 1H-tetrazole
and subsequent oxidation with MCPBA to afford 13ain 93% yield.
Oxidative cleavage of the p-methoxybenzyl group with CAN? gave
the D-1,4,5-1P; moiety 14a in 71% yield. The enantiomeric isomer
D-2,3:5,6-di-O-cyclohexylidene-myo-inositol gave the L-1,4,5-1P;
moiety 14b by the same procedure.

D-2,4,5-1P; moiety was prepared from the intermediate 7a as
shown in Scheme 3. The regioselective allylation'®'” at the 1-
hydroxyl group of 7a by the dibutyltin oxide method gave 15a
in 59% vyield. Introduction of isopropylidene acetal to the 4,5-
position of 15a provided 16a, which was further protected with
a p-methoxybenzyl group at the 2-hydroxyl position to give fully
protected 17a in 66% yield (for 2 steps). Deprotection of the allyl
groups'® provided 18a, which was acetylated to give 19a. Finally
the isopropylidene acetal was removed to afford 20a in 42% yield
(for 3 steps). Phosphorylation of the 4,5-hydroxyl groups gave
21a, which was treated with CAN? to give the D-2,4,5-IP; moiety
22a in 59% yield (for 2 steps). The 2-hydroxy pentaacetate 24a
was prepared by exhaustive acetylation of 20a, and removal of the
p-methoxybenzyl group in 64% yield (for 2 steps).

The connection of inositol and biotin moieties prepared by the
method of Pon?! was carried out as shown in Scheme 4. The biotin-
linker moiety was reacted with bifunctional phosphorylating agent
(B-cyanoethyl)-N,N,N',N'-tetraisopropylphosphoramidite”® and
1 H-tetrazole to give a rather labile phosphoramidite which was
immediately condensed with inositol moiety 4a, 14a, 4b, 14b,
22a, or 24a. Subsequent oxidation of the condensation products
with tert-BuOOH gave the fully protected biotinylated inositol
phosphates 25a (93% yield), 26a (78% yield), 25b (83% yield), 26b
(85% vyield), 27 (99% yield), and 28 (52% yield). The '"H NMR
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Scheme 2 Reagents and conditions: (i) allyl-Br, NaH, DME, rt; (i) TsOH, THF-MeOH, reflux; (iii) (a) Bu,SnO, toluene, reflux, 3 h; (b) CsF, MPM-CI,
DMF, —40 °C then rt; (iv) 2-methoxypropene, TsOH, DMF, rt; (v) (a) (Ph;P);RhCl, DABCO, EtOH-benzene-H,O, reflux, 5 h; (b) HgO, HgCl,,
acetone-H,O, rt, 5 min; (vi) Ac,O, DMAP, Py, rt; (vii) TsOH, ethylene glycol, CH,Cl,, rt, 10 min; (viii) (a) bis(B-cyanoethyl)-N,N-diisopropyl-
phosphoramidite, 1 H-tetrazole, CH,Cl,, rt, 1.5 h; (b) MCPBA, CH,Cl,, rt, 5 min; (ix) CAN, CH;CN-H,O, rt, | h.
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Scheme 3  Reagents and conditions: (i) (a) Bu,SnO, toluene, reflux, 3 h; (b) CsF, allyl-Br, DMF, —40 °C then rt; (ii) 2-methoxypropene, TsOH, DMF,
rt; (iii) MPM-Cl, NaH, DMF, rt; (iv) (a) (Ph;P);RhCl, DABCO, EtOH-benzene-H,O, reflux, 5 h; (b) HgO, HgCl,, acetone-H,O, rt, 5 min; (v) Ac,0,
DMAP, Py, rt; (vi) TsSOH, ethylene glycol, CH,Cl,, rt, 10 min; (vii) (a) bis(p-cyanoethyl)-N,N-diisopropylphosphoramidite, 1 H-tetrazole, CH,Cl,, rt,
1.5 h; (b) MCPBA, CH,Cl,, rt, 5 min; (viii) CAN, CH;CN-H,O0, rt, 1 h; (ix) Ac,O, DMAP, Py, rt; (x) H,/10% Pd-C, CH;COOH, rt.

and FABMS data of these compounds showed no oxidation of the
biotin sulfide.

The final stage of the synthesis was carried out as shown in
Scheme 5. After removal of trityl group of biotin with acid treat-
ment, all protecting groups were removed in one step by reaction
with NH; to give water-soluble biotinylated inositol phosphates.
The biotinylated mono or polyphosphates were efficiently purified
by anion-exchange chromatography with gradients of ammonium
formate as eluent to give biotinylated D-1,4,5-1P; (32% yield), D-
1-TP, (30% yield), L-1,4,5-TP; (35% yield), L-1-IP, (46% yield),
D-2,4,5-1P; (32% yield), and D-2-1P; (66% yield) (for 2 steps).

Biological study of the synthetic biotinylated inositol phos-
phates using streptavidin beads was carried out. The original PLCd
PH domain bound efficiently to the prebound beads of biotiny-
lated D-1,4,5-1P;. The dissociation constant K, of biotinylated D-
1,4,5-1P; binding of the PLC3 PH domain was 250 &= 20 nM, which
was comparable to that of non-tethered D-1,4,5-IP;.!"! The detailed
binding assay of the synthetic biotinylated inositol phosphates

against the PLCS PH domain or other PH domains will be reported
elsewhere.

Exprimental
Materials and methods

Chemicals were purchased from Aldrich, Fluka, Kanto Chemical,
Nacalai tesque, and Wako. Dehydrated CH,Cl, was distilled
from calcium hydride. Thin layer chromatography (TLC) was
performed on precoated plates (Merck TLC sheets silica 60 F,s,):
products were visualized by spraying phosphomolybdic acid in
EtOH, or basic potassium permanganate and heating at high
temperature. Chromatography was carried out on Silica Gel 60 N
(40-100 mesh). Anion exchange chromatography was performed
using Dowex 1 x 8 (Cl~, 50-100 mesh), eluting with ammonium
formate containing formic acid. Column fractions containing bi-
otinylated inositol polyphosphates were assayed for phosphate by
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the Briggs test.? The optically resolved D-1-O-benzyl-2,3:5,6-di-
O-cyclohexylidene-myo-inositol (+)-1 and L-1-O-benzyl-2,3:5,6-
di-O-cyclohexylidene-myo-inositol (—)-1 were prepared by the
method of Billington et al'* Treatment of the racemic 1 with
(R)-camphanic acid chloride gave a mixture of the diastereomeric
camphanate esters. Separation of the diastereomeric esters by
recrystallization and chromatography, and subsequent hydrolysis

of each ester gave the corresponding enatiomeric forms of the
alcohol 1 in quantitative yield. [a]Z = +23.32 and —23.16 (¢ 0.1,
CHCI,). (Diisopropylamino)dichlorophosphine was prepared by
the method of Uhlmann and Engels.” by adding two equivalents
of diisopropylamine to a solution of phosphorus trichloride in
dry ethyl ether at —78 °C. The crude product was purified by
distillation under reduced pressure and could be stored as a crys-
talline solid at —20 °C. Two equivalents of f-cyanoethanol in the
presence of diisopropylethylamine were reacted with the purified
product in dehydrated CH,Cl,, to afford bis(B-cyanoethyl)-N,N-
diisopropylaminophosphoramidite. The biotin-linker moiety was
prepared by the method of Pon* N-Hydroxysuccinimide-biotin
was reacted with 6-amino-1-hexanol to give biotinyl-6-amino-1-
hexanol, which was further converted into the dimethoxytrityl
derivative by silylation of the OH group, N'-protection with
a dimethoxytrityl group, and removal of the O-silyl group.
Specific rotations of enantiopure compounds were recorded by
JASCO Dip-1000. NMR spectra (JEOL INM-AL300MHz) were
referenced to SiMe,, or HDO. Infra-red spectra were recorded
on a JASCO FT/IR-410. The samples were prepared as KBr
discs, or thin films between sodium chloride discs. Microanalysis
was carried out by Yanaco MT-5S. Mass spectra (EI) and high
resolution mass spectra (HRMS) were recorded by a JEOL JMS-
DX303HF. HRMS were recorded by using positive and negative
fast atom bombardment (FAB) with 3-nitrobenzyl alcohol (NBA)
(containing HMPA or not) as the matrix.

The dissociation constants (K,) of biotinylated D-1,4,5-IP;
binding of the original PLCS PH domain were estimated based on
SDS-acrylamide gel electrophoretic analysis. 1 ml of streptavidin
beads which has binding capacity up to 85 nmol free biotin was
incubated with 5 nmol biotinylated D-1,4,5-IP; solution for 6 h
at 4 °C in 30 mM HEPES, 50 mM NaCl, 0.005% Tween20,
3 mM EDTA (pH 7.4). The beads were washed with the same
buffer and divided up into five different volumes (100, 50, 25, 10,
0 ul) in separate tubes, which volumes of beads were converted
to biotinylated D-1,4,5-1P; concentrations (1.00, 0.50, 0.25, 0.10,
0 uM), respectively. The divided beads were incubated with 500 pl
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of the PLCS PH domain (0.20 uM) for 10 min at 4 °C in the
same buffer. The beads were separated from the supernatant (S,
nonbinding fraction) by centrifugation at 1000 g for 1 min at
room temperature, the PLC3 PH domain was eluted from the
beads with 50 uM IP; to give the binding fraction (B). The
nonbinding fraction (S) and B were precipitated by addition of
an equal volume of 20% trichloroacetic acid and centrifugation,
and were quantified by analysis of 15% SDS-polyacrylamide gel
electrophoresis followed by CBB staining. The quantification of
each band was performed by analyzing the scaled gel data with
NIH image (version 1.6) software to integrate the intensity of the
dots of which each band was composed. The binding fraction Q =
[B]/([B] + [S]) for the PLCS PH domain to biotinylated D-1,4,5-IP;
was plotted against biotinylated D-1,4,5-IP; concentration. The
K, was derived from the best fit for a theoretical dissociation
equation; Qg = [biotinylated D-1,4,5-1P;]/(K, + [biotinylated D-
1,4,5-1P;]), where [biotinylated D-1,4,5-IP;] is the concentration of
biotinylated D-1,4,5-1P;.

D-1-O-Benzyl-myo-inositol (2a)

To a solution of D-1-O-benzyl-2,3:5,6-di-O-cyclohexylidene-myo-
inositol (+)-1 (861 mg, 2.0 mmol) in MeOH (30 ml) was added TFA
(30 ml), and the resulting mixture was stirred at room temperature
for 24 h. The mixture was concentrated under reduced pressure,
and the residue was washed with AcOEt to give 2a (443 mg, 82%)
as a white solid. 'H NMR (CD,0D) ¢ 3.03-3.22 (m, 3H), 3.52 (t,
J=9.5Hz, 1H), 3.67 (t,J =9.5Hz, 1H),4.01 (s, 1H),4.55(d, J =
11.7 Hz, 1H), 7.15-7.35 (m, 5H). *C NMR (CD;0D) ¢ 70.8, 73.0,
73.2, 73.7, 74.1, 76.5, 81.1, 128.6, 129.1, 129.3, 139.9. IR (KBr)
3350, 2850, 1730, 1360, 1200, 1060, 1030 cm~". MS (EI) m/z 271
(M + H)*. Anal. caled for C;;HsOq: C, 57.77; H, 6.71. Found: C,
57.80; H, 6.88.

D-1-0-Benzyl-2,3,4,5,6-penta-O-acetyl-myo-inositol (3a)

To a solution of 2a (432 mg, 1.6 mmol) in pyridine (40 ml)
was added acetic anhydride (1.51 ml, 16.0 mmol) followed by
4-dimethylaminopyridine (100 mg, 0.8 mmol), and the resulting
mixture was stirred at room temperature for 24 h. The mixture was
concentrated under reduced pressure, and the crude product was
purified by recrystallization (hexane-AcOEt) to afford 3a (730 mg,
95%) as a white solid. 'HNMR (CDCl;)d 1.60 (s, 3H), 1.98 (s, 3H),
1.99 (s, 3H), 2.01 (s, 3H), 2.20 (s, 3H), 3.60 (dd, J = 10.1, 2.9 Hz,
1H), 4.39 (d, J = 12.1 Hz, 1H), 4.66 (d, J = 12.1 Hz, 1H), 4.94
(dd, J =10.6,2.7 Hz, 1H), 5.08 (t, J = 9.9 Hz, 1H), 5.39-5.52 (m,
2H), 5.76 (s, 1H), 7.22-7.34 (m, 5H). *C NMR (CDCI;) ¢ 20.5,
20.7, 20.8, 66.6, 69.1, 69.5, 70.9, 71.1, 71.8, 74.4, 127.8, 128.1,
128.5, 136.9, 169.6, 169.7, 169.8, 169.9, 170.0. IR (KBr) 2900,
1740, 1360, 1210, 1130 cm™~'. MS (EI) m/z 480 (M + H)*. Anal.
caled for C,;H,O,,: C, 57.50; H, 5.87. Found: C, 57.46; H, 5.94.

D-2,3,4,5,6-Penta-O-acetyl-myo-inositol (4a)

To a solution of 3a (699 mg, 1.45 mmol) in acetic acid (30 ml) was
added 10% palladium-carbon (50 mg), and the resulting mixture
was stirred at room temperature under hydrogen for 10 h. The
mixture was filtered through a pad of celite and concentrated
under reduced pressure. The crude product was purified by column
chromatography (CH,ClL,-MeOH = 14 : 1) to afford 4a (525 mg,

93%) as a white solid. 'H NMR (CDCI,) 6 2.00 (s, 3H), 2.01 (s,
3H), 2.02 (s, 3H), 2.09 (s, 3H), 2.21 (s, 3H), 3.90 (dd, J = 10.1,
2.9 Hz, 1H), 4.97 (dd, J = 10.6, 2.7 Hz, 1H), 5.15 (t, / = 9.7 Hz,
1H), 5.31 (t, J = 9.9 Hz, 1H), 5.45 (t, J = 10.1 Hz, 1H), 5.59 (t,
J =29 Hz, 1H). B.C NMR (CDCl,) é 20.5, 20.7, 20.8, 68.7, 69.2,
70.4,70.8, 72.4, 169.7, 169.8, 169.9, 170.3, 171.0. IR (KBr) 3400,
1740, 1360, 1210, 1040 cm~'. MS (EI) m/z 391 (M + H)*. Anal.
caled for C(H,,0,;: C, 49.23; H, 5.68. Found: C, 48.93; H, 5.81.

D-3,6-Di-0-allyl-1,2:4,5-di-O-cyclohexylidene-myo-inositol (6a)

To a solution of (—)-1 (1.94 g, 4.50 mmol) in MeOH (50 ml)
was added 10% palladium-carbon (800 mg), and the resulting
mixture was stirred at room temperature under hydrogen for
2 days. The residue was purified by recrystallization (hexane—
AcOEt = 1 : 1) to afford 5a (1.45 g, 95%) as a white solid.
To a solution of 5a (2.00 g, 5.9 mmol) in DMF (30 ml) was
added NaH (576 mg, 24.0 mmol) followed by allyl bromide
(1.04 ml, 12.0 mmol), and the resulting mixture was stirred at room
temperature under argon for 24 h. The reaction was quenched
with MeOH, and concentrated under reduced pressure, and the
residue was diluted with AcOEt. The organic phase was washed
with H,O and saturated aqueous NaCl, dried over Na,SO,, and
then concentrated under reduced pressure. The crude product was
purified by column chromatography (hexane-AcOEt = 5 : 1) to
afford 6a (2.65 g, >99%) as a colorless oil. 'H NMR (CDCl;) §
1.38-1.76 (m, 20H), 3.31 (t, / = 9.9 Hz, 1H), 3.63 (dd, J = 10.6,
6.4 Hz, 1H), 3.77 (dd, J = 10.1, 4.2 Hz, 1H), 3.97 (t, ] = 9.9 Hz,
1H), 4.06 (t, J = 4.9 Hz, 1H), 4.22-4.37 (m, 4H), 445 (t, J =
4.4 Hz, 1H), 5.17-5.36 (m, 4H), 5.89-6.05 (m, 2H). *C NMR
(CDCly) 0 23.5, 23.7, 23.8, 23.9, 24.9, 25.0, 35.2, 36.3, 36.4, 37.6,
70.9, 71.2, 74.9, 76.0, 76.5, 78.4, 80.4, 80.8, 110.5, 112.6, 117.1,
117.8, 134.8, 134.9. IR (KBr) 2920, 2850, 1730, 1440, 1360, 1260,
1160 cm™'. MS (EI) m/z 420 (M + H)*. Anal. calcd for C,,H;,O4:
C, 68.54; H, 8.63. Found: C, 68.55; H, 8.77.

D-3,6-Di-O-allyl-myo-inositol (7a)

To a solution of 6a (2.65 g, 6.30 mmol) in a mixture of THF—
H,O (5: 1, 60 ml) was added p-toluenesulfonic acid monohydrate
(300 mg, 1.58 mmol), and the resulting mixture was refluxed for
3 h. The mixture was neutralized with Et;N, and concentrated
under reduced pressure. The crude product was purified by column
chromatography (CH,Cl, : MeOH = 7 : 1) to afford 7a (1.80 g,
>99%) as a white solid. "H NMR (CD;0D) 6 3.02-3.42 (m, 4H),
3.61 (t, J = 9.7 Hz, 1H), 3.98-4.13 (m, 3H), 4.22-4.24 (m, 2H),
5.02-5.25 (m, 4H), 5.82-5.99 (m, 2H). "C NMR (CDCl;) ¢ 71.0,
72.1, 73.1, 73.6, 75.1, 76.3, 80.7, 82.5, 116.7, 117.4, 136.6, 137.2.
IR (KBr) 3420, 2900, 1420, 1350, 1100, 1070, 930 cm™'. MS (FAB)
m/z 261 (M + H)*. Anal. calcd for C,,H,,Oq: C, 55.37; H, 7.74.
Found: C, 55.21; H, 7.80.

D-3,6-Di-0-allyl-1- O-(p-methoxybenzyl)-myo-inositol (8a)

A mixture of 7a (624 mg, 2.40 mmol) and dibutyltin oxide
(750 mg, 3.00 mmol) in toluene (50 ml) was refluxed for 3 h
in a Dean—Stark apparatus to remove water. The mixture was
concentrated under reduced pressure. To the residue was added
caesium fluoride (760 mg, 5.00 mmol), and the mixture was
suspended in heated DMF (30 ml). To the resulting suspension was
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added p-methoxybenzyl chloride (0.47 ml, 3.00 mmol) at —78 °C,
and the mixture was stirred at room temperature under argon
for 24 h. The reaction mixture was diluted with CHCI,, filtered
through a pad of celite, and concentrated under reduced pressure.
The residue was purified by column chromatography (CH,Cl, :
MeOH = 12 : 1) to afford 8a (800 mg, 88%) as a colorless oil. '"H
NMR (CDCl;) d 2.53 (bs, 1H), 2.88-2.95 (m, 2H), 3.14 (dd, J =
9.4,2.8 Hz, 1H), 3.31-3.40 (m, 2H), 3.63-3.93 (m, 5H), 4.07-4.44
(m, 5H), 4.63 (s, 2H), 5.16-5.33 (m, 4H), 5.87-6.04 (m, 2H), 6.88
(d, J =8.6 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H). *C NMR (CDCl;)
0 55.3,66.9,71.2,72.2,74.0, 78.8, 79.4, 80.0, 113.9, 116.9, 117.9,
129.5,129.9, 134.4, 135.1, 159.4. IR (KBr) 3450, 2900, 1510, 1250,
1100, 1040 cm~'. MS (FAB) m/z 381 (M + H)*. Anal. calcd for
CyHx0;: C, 63.14; H, 7.42. Found: C, 63.00; H, 7.44.

D-3,6-Di- 0-allyl-1- O-(p-methoxybenzyl)-4,5- O-isopropylidene-
myo-inositol (9a)

To a solution of 8a (1.43 g, 3.76 mmol) in DMF (30 ml) was added
2-methoxypropene (0.52 ml, 10.0 mmol) followed by dehydrated
p-toluenesulfonic acid (95 mg, 0.50 mmol). The resulting mixture
was stirred at room temperature under argon for 24 h. The mixture
was neutralized with Et;N and concentrated under reduced
pressure, and the residue was diluted with AcOEt. The organic
phase was washed with H,O and saturated aqueous NaCl, dried
over Na,SO,, and then concentrated under reduced pressure. The
crude product was purified by column chromatography (hexane—
AcOEt = 3 : 2) to afford 9a (1.23 g, 78%) as a colorless oil. 'H
NMR (CDCl;)0 1.38 (s, 3H), 1.39 (s, 3H), 2.73 (bs, 1H), 3.25-3.46
(m, 3H), 3.75-3.46 (m, 10H), 4.60 (d, J/ = 11.4 Hz, 1H), 4.67 (d,
J =11.4 Hz, 1H), 5.13-5.31 (m, 4H), 5.83-5.99 (m, 2H), 6.83 (d,
J = 8.6 Hz, 2H), 7.25 (d, J = 8.6 Hz, 2H). *C NMR (CDCl,) ¢
26.6, 26.7, 55.0, 69.3, 70.4, 72.1, 72.7, 75.9, 76.6, 77.8, 78.8, 80.4,
111.3, 113.6, 116.2, 117.2, 129.3, 134.4, 134.9, 159.1. IR (KBr)
3500, 3080, 3000, 2900, 1610, 1510, 1240, 1080 cm~'. MS (FAB)
m/z 421 (M + H)*. Anal. calcd for C;;H3,0,: C, 65.70; H, 7.67.
Found: C, 65.67; H, 7.76.

D-1-O-(p-Methoxybenzyl)-4,5-O-isopropylidene-myo-inositol
(10a)

To a solution of 9a (552 mg, 1.31 mmol) in a mixture of EtOH-
benzene-H,O (7:3: 1,22 ml) was added diazabicyclo[2.2.2]octane
(147 mg, 1.31 mmol) followed by triphenylphosphine rhodium(r)
chloride (121 mg, 0.13 mmol), and the resulting mixture was
refluxed for 5 h. The mixture was concentrated under reduced
pressure, and the residue was diluted with AcOEt. The organic
phase was washed with H,O and saturated aqueous NaCl, dried
over Na,SO,, and then concentrated under reduced pressure. To
a solution of the residue in a mixture of acetone-H,O (10 : 1,
5 ml) was added mercury(11) oxide (284 mg, 1.31 mmol). To the
resulting mixture was added dropwise a solution of mercury(ir)
chloride (355 mg, 1.31 mmol) in a mixture of acetone-H,O (10: 1,
5 ml). The resulting mixture was stirred at room temperature for
5 min. The mixture was neutralized with aqueous NaOH, filtered
through a pad of celite, and concentrated under reduced pressure,
and the residue was diluted with saturated aqueous NaCl. The
aqueous phase was extracted with CH,Cl,, and the organic phase
was dried over Na,SO,, and concentrated under reduced pressure.

The residue was purified by column chromatography (CH,Cl, :
MeOH = 12 : 1) to afford 10a (200 mg, 45%) as a white solid. "H
NMR (CD;0D) ¢ 1.31 (s, 3H), 1.35 (s, 3H), 3.16-3.21 (m, 2H),
3.54-3.86 (m, 6H), 3.98 (s, IH), 4.48 (d, J = 11.4 Hz, 1H), 4.55 (d,
J=11.4Hz, 1H), 4.78 (bs, 3H), 6.77 (d, J = 8.6 Hz, 2H), 7.25 (d,
J=28.44Hz, 2H). IR (KBr) 3350, 2900, 1520, 1250, 1070 cm~'. MS
(FAB) m/z 340 (M + H)*. Anal. calcd for C;H,;0, — 1/2H,0: C,
58.61; H, 6.94. Found: C, 58.63; H, 7.06.

D-2,3,6-Tri-O-acetyl-1-O-(p-methoxybenzyl)-4,5-O-
isopropylidene-myo-inositol (11a)

To a solution of 10a (390 mg, 1.15 mmol) in pyridine (10 ml) was
added 4-dimethylaminopyridine (25 mg, 0.21 mmol) followed by
acetic anhydride (0.47 ml, 5.00 mmol), and the resulting mixture
was stirred at room temperature for 12 h. The mixture was diluted
with toluene, the resulting azeotropic mixture was concentrated
under reduced pressure, and then the residue was diluted with
AcOEt. The organic phase was washed with H,O and saturated
aqueous NaCl, dried over Na,SO,, and then concentrated under
reduced pressure. The crude product was purified by column
chromatography (hexane-AcOEt = 1 : 1) to afford 11a (427 mg,
>99%) as a white solid. '"H NMR (CDCl;) 6 1.35 (s, 3H), 1.41 (s,
3H), 2.00 (s, 6H), 2.10 (s, 3H), 3.39-3.49 (m, 2H), 3.73 (s, 3H), 4.00
(t,J=10.1Hz,1H),4.24(d,J =11.7Hz, 1H),4.51 (d,J = 11.7 Hz,
1H),4.93 (dd, J =10.8,2.7 Hz, 1H), 5.35 (t, / = 9.9 Hz, 1H), 5.74
(s, 1H), 6.80 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H). *C
NMR (CDCl;) d 20.4, 20.5, 20.6, 20.8, 26.5, 26.6, 55.1, 67.7, 70.0,
70.7,71.6,74.6,76.5,77.2,112.5,113.7,128.9, 129.4, 159.3, 169.5,
170.0. IR (KBr) 3000, 1750, 1510, 1370, 1230, 1060 cm~'. MS
(FAB) m/z 467 (M + H)*. Anal. calcd for C,;H;,0,, — 1/5H,0:
C, 58.77; H, 6.52. Found: C, 58.88; H, 6.60.

D-2,3,6-Tri-O-acetyl-1-O-(p-methoxybenzyl)-myo-inositol (12a)

To a solution of 11a (360 mg, 0.77 mmol) in CH,Cl, (10 ml)
was added ethylene glycol (89 ul, 1.5 mmol) followed by p-
toluenesulfonic acid monohydrate (10 mg, 0.051 mmol). The
resulting mixture was stirred at room temperature for 10 min.
The mixture was neutralized with Et;N (0.1 ml, 0.72 mmol),
and concentrated under reduced pressure. The crude product was
purified by column chromatography (CH,Cl, : MeOH = 12 : 1)
to afford 12a (168 mg, 77%) as a white solid. '"H NMR (CDCl;) &
2.03 (s, 3H), 2.04 (s, 3H), 2.12 (s, 3H), 3.39-3.56 (m, 2H), 3.78 (s,
3H), 3.88 (s, 1H), 4.05 (bs, 2H), 4.29 (t, J = 11.7 Hz, 1H), 4.55 (d,
J =11.7Hz, 1H), 4.79 (d, J = 13.0 Hz, 1H), 5.16 (t, J/ = 9.9 Hz,
1H), 5.69 (s, 1H), 6.85 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 8.4 Hz,
2H). *C NMR (CDCl;) ¢ 20.6, 20.8, 55.0, 67.2, 70.8, 70.9, 71.0,
72.9,73.0,74.0, 113.6, 129.1, 129.2, 159.2, 170.1, 170.5, 170.9. IR
(KBr) 3430, 2900, 1740, 1370, 1230, 1030 cm™'. MS (FAB) m/z
427 (M + H)*. Anal. calcd for C, H0O,, — 1/2H,0: C, 55.17; H,
6.25. Found: C, 55.22; H, 6.01.

D-2,3,6-Tri-0-acetyl-1-O-(p-methoxybenzyl)-4,5-di- O-[bis (-
cyanoethyl)phosphoryl]-myo-inositol (13a)

To a solution of 12a (250 mg, 0.60 mmol) in CH,Cl, (10 ml)
was added bis(B-cyanoethyl)-N,N-diisopropylphosphoramidite
(0.77 ml, 3.00 mmol) followed by 1H-tetrazole (210 mg,
3.00 mmol). The resulting mixture was stirred at room temperature

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1822-1830 | 1827





for 1.5 h. To the mixture was added m-chloroperbenzoic acid
(863 mg, 5.0 mmol) in small portions, and the resulting mixture
was stirred for 5 min. The mixture was diluted with CH,Cl,, and
washed with saturated aqueous NaHCO;. The organic phase
was dried over Na,SO,, and then concentrated under reduced
pressure. The residue was purified by column chromatography
(CH,Cl, : MeOH = 13 : 1) to afford 13a (296 mg, 68%) as a
colorless oil. 'H NMR (CDCl;) ¢ 2.10 (s, 3H), 2.12 (s, 3H), 2.19
(s, 3H), 2.78-2.85 (m, 8H), 3.60 (dd, J = 10.2, 2.4 Hz, 1H), 3.79
(s, 3H), 4.25-4.47 (m, 9H), 4.50-4.58 (m, 2H), 4.80 (dd, J = 18.7,
9.3 Hz, 1H), 5.06 (dd, J = 10.1, 2.6 Hz, 1H), 5.38 (t, / = 4.9 Hz,
1H), 5.68 (s, 1H), 6.80 (d, J = 8.2 Hz, 2H), 7.15 (d, J = 8.2 Hz,
2H). *C NMR (CDCl;) ¢ 19.2, 19.3, 19.4, 19.4, 20.6, 20.9, 55.1,
62.6,62.7, 62.8, 62.9, 66.3, 68.5, 70.4, 71.4, 73.2, 76.5, 77.3, 113.7,
116.6,116.7,116.9, 117.0, 128.6, 129.3, 159.3, 169.7, 169.8, 170.0.
IR (film) 2970, 2250, 1740, 1510, 1510, 1410, 1370, 1240, 1030,
940 cm™~'. MS (FAB) m/z 799 (M + H)*.

D-2,3,6-Tri-O-acetyl-4,5-di- O-|bis(B-cyanoethyl)phosphoryl]-myo-
inositol (14a)

To a solution of 13a (296 mg, 0.37 mmol) in a mixture of CH;CN-
H,0 (9: 1, 10 ml) was added diammonium cerium(1v) nitrate, and
the resulting mixture was stirred at room temperature for 1.5 h. The
mixture was concentrated under reduced pressure, and the residue
was purified by column chromatography (CH,Cl, : MeOH = 10 :
1) to afford 14a (68 mg, 27%) as a colorless oil. 'H NMR (CDCl;)
0 2.08 (s, 3H), 2.18 (s, 3H), 2.19 (s, 3H), 2.90-2.97 (m, 8H), 3.97
(dd, J =10.1, 2.9 Hz, 1H), 4.30-4.41 (m, 8H), 4.68-4.86 (m, 2H),
5.21(dd, J =9.9,29Hz, 1H), 5.35 (t, J = 9.9 Hz, 1H), 5.50 (dd,
J =5.3,29 Hz, 1H). "C NMR (CDCl;) ¢ 20.1, 20.2, 20.2, 20.3,
20.8, 21.0, 21.5, 64.7, 64.8, 64.9, 68.1, 70.7, 71.7, 73.3, 78.4, 78.9,
118.6, 118.7, 118.8, 118.9, 171.5, 172.0, 172.2. IR (KBr) 3420,
2960, 1740, 1370, 1220, 1030 cm™'.

D-1,3,6-Tri-O-allyl-myo-inositol (15a)

7a (521 mg, 2.00 mmol) was allowed to react under the same
conditions as described for the preparation of 8a to give 15a
(356 mg, 59%) as a white solid. "H NMR (CDCl;) d 2.53 (s, 1H),
2.88-2.95 (m, 2H), 3.18 (dd, J = 4.8, 2.8 Hz, 1H), 3.27 (dd, J =
9.3, 2.8 Hz, 1H), 3.37 (t, J = 9.3 Hz, 1H), 3.65 (t, / = 9.3 Hz,
1H), 391 (t, J = 9.3 Hz, 1H), 4.11-4.42 (m, 7TH), 5.15-5.34 (m,
6H), 5.87-6.02 (m, 3H). IR (KBr) 3450, 2900, 1110, 1030, 990,
910 cm™'. Anal. calcd for C;sH,,Oq: C, 59.98; H, 8.05. Found: C,
59.96; H, 8.09.

D-1,3,6-Tri-0-allyl-4,5- O-isopropylidene-myo-inositol (16a)

15a (330 mg, 1.10 mmol) was allowed to react under the same
conditions as described for the preparation of 9a to give 16a
(340 mg, 91%) as a colorless oil. '"H NMR (CDCl;) § 1.42 (s,
3H), 1.43 (s, 3H), 2.62 (s, 1H), 3.29-3.36 (m, 2H), 3.53 (dd, J =
9.9,3.2Hz, 1H),3.82(dd, J =9.9,8.6 Hz, |H), 4.00 (t, / = 9.5 Hz,
1H), 4.13-4.38 (m, 7H), 5.14-5.34 (m, 6H), 5.87-6.02 (m, 3H). *C
NMR (CDCl;) 6 27.3,27.4,69.9,71.1,72.7,72.8, 76.5, 77.2, 78.3,
79.3,81.5,112.0,116.9, 117.9, 118.0, 134.9, 135.0, 135.5. IR (KBr)
3475, 3080, 3000, 2900, 1640, 1460, 1420, 1370, 1230, 1080, 1000,
920 cm™'. MS (FAB) m/z 341 (M + H)*. Anal. calcd for C3H,Oy:
C, 63.51; H, 8.29. Found: C, 63.27; H, 8.47.

D-1,3,6-Tri-O-allyl-(p-methoxybenzyl)-4,5-O-isopropylidene-myo-
inositol (17a)

To a solution of 16a (760 mg, 2.23 mmol) in DMF (30 ml) was
added NaH (240 mg, 3.00 mmol) followed by p-methoxybenzyl
chloride (0.44 ml, 3.00 mmol), and the resulting mixture was
stirred at room temperature for 24 h. The reaction was quenched
with MeOH, and concentrated under reduced pressure, and the
residue was diluted with AcOEt. The organic phase was washed
with H,O and saturated aqueous NaCl, dried over Na,SO,, and
then concentrated under reduced pressure. The crude product was
purified by the column chromatography (hexane—AcOEt =3: 1)
to afford 17a (748 mg, 73%) as a white solid. '"H NMR (CDCl;) &
1.42 (s, 3H), 1.43 (s, 3H), 3.23-3.33 (m, 2H), 3.46 (dd, J = 10.4,
2.8 Hz, 1H), 3.80 (s, 3H), 3.85-3.91 (m, 1H), 4.01-4.46 (m, 8H),
4.77 (s, 2H), 5.12-5.33 (m, 6H), 5.84-5.99 (m, 3H), 6.86 (d, J =
8.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H). "C NMR (CDCl;) 6 26.9,
27.0, 55.2,70.6, 72.3, 72.4, 74.7, 76.3, 77.1, 77.4, 78.0, 79.4, 82.0,
111.5,113.6,116.3, 116.6, 116.7, 129.5, 131.0, 134.8, 135.0, 135.3,
159.1. IR (film) 3030, 3000, 2900, 1610, 1460, 1370, 1220, 1100,
1030cm™". MS (EI) m/z461 (M + H)*. Anal. calcd for C,sH;,0, —
1/2H,0: C, 66.50; H, 7.94. Found: C, 66.80; H, 7.83.

D-2-O-(p-Methoxybenzyl)-4,5- O-isopropylidene-myo-inositol
(18a)

17a (290 mg, 0.63 mmol) was allowed to react under the same
conditions as described for the preparation of 10a to give 18a
(106 mg, 49%) as a colorless oil. 'H NMR (CD;0D) ¢ 1.41 (s,
6H), 3.26-3.30 (m, 2H), 3.65-3.67 (m, 1H), 3.78 (s, 3H), 3.83-3.96
(m, 2H), 4.09 (s, 1H), 4.58 (d, J/ = 11.4 Hz, 1H), 4.66 (d, J =
11.4 Hz, 1H), 6.88 (d, J/ = 8.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H).
BCNMR (CD;0D) 6 27.1,27.2,55.7,71.2,71.8, 72.1, 73.3, 78.8,
80.2, 83.0, 112.4, 114.7, 130.9, 131.7, 160.9. IR (KBr) 3350, 2900,
1510, 1250, 1070 cm™'. Anal. calcd for C;H,,0, — 1/3H,0: C,
58.95; H, 7.18. Found: C, 58.79; H, 7.16.

D-1,3,6-Tri- O-acetyl-2- O-(p-methoxybenzyl)-4,5-O-
isopropylidene-myo-inositol (19a)

18a (103 mg, 0.30 mmol) was allowed to react under the same
conditions as described for the preparation of 12a to give 19a
(140 mg, >99%) as a white solid. 'H NMR (CDCl;) d 1.35 (s, 3H),
1.41 (s, 3H), 2.00 (s, 6H), 2.10 (s, 3H), 3.39-3.49 (m, 2H), 3.73 (s,
3H), 4.00 (t, J = 10.1 Hz, 1H), 4.24 (d, J = 11.7 Hz, 1H), 4.51 (d,
J =11.7 Hz, 1H), 493 (dd, J = 10.8, 2.7 Hz, 1H), 535 (t, J =
9.9 Hz, 1H), 5.74 (s, 1H), 6.80 (d, J = 8.2 Hz, 2H), 7.11 (d, J =
8.2 Hz, 2H). *C NMR (CDCl;) é 20.3, 20.5, 20.6, 20.8, 26.5, 26.6,
55.1, 67.7, 70.0, 70.7, 71.6, 74.6, 76.5, 77.2, 112.5, 113.7, 128.9,
129.4, 159.3, 169.5, 170.0. IR (KBr) 3000, 1750, 1515, 1370, 1220,
1100, 1060, 1030 cm~'. Anal. caled for C,;H;,O,: C, 59.22; H,
6.48. Found: C, 59.04; H, 6.57.

D-1,3,6-Tri-O-acetyl-(p-methoxybenzyl)-myo-inositol (20a)

19a (115 mg, 0.27 mmol) was allowed to react under the same
conditions as described for the preparation of 13a to give 20a
(140 mg, 94%) as a white solid. '"H NMR (CDCl;) ¢ 1.98 (s,
3H), 2.04 (s, 3H), 2.05 (s, 3H), 3.49-3.56 (m, 1H), 3.67-3.75 (m,
2H), 3.79 (s, 3H), 4.00-4.06 (m, 2H), 4.53-4.63 (m, 2H), 4.78 (dd,
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J =10.3, 2.2 Hz, 1H), 492 (dd, J = 10.4, 2.6 Hz, 1H), 5.41 (t,
J = 9.7 Hz, 1H), 6.86 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.4 Hz,
2H). *C NMR (CDCL) § 20.6, 20.7, 20.8, 55.1, 71.2, 71.3, 72.0,
72.9,73.1, 74.6, 113.6, 129.5, 129.8, 159.2, 169.9, 170.6, 170.8. IR
(KBr) 3450, 2900, 1740, 1510, 1360, 1230, 1030 cm~". Anal. caled
for CoyHasOyo — 1/2H,0: C, 55.17; H, 6.25. Found: C, 55.47; H,
6.15.

D-1,3,6-Tri-O-acetyl-2- O-(p-methoxybenzyl)-4,5-di- O-[bis(f-
cyanoethyl)phosphoryl]-myo-inositol (21a)

20a (135 mg, 0.32 mmol) was allowed to react under the same
conditions as described for the preparation of 14a to give 21a
(256 mg, >99%) as a white solid. 'H NMR (CDCl;)d 2.11 (s, 3H),
2.13 (s, 3H), 2.20 (s, 3H), 2.71-2.85 (m, 8H), 3.42-3.62 (m, 2H),
3.80 (s, 3H), 4.10-4.59 (m, 10H), 4.80 (dd, J = 18.7, 9.3 Hz, 1H),
5.05(dd, J = 10.1, 2.6 Hz, 1H), 5.38 (t, / = 9.9 Hz, 1H), 5.68 (s,
1H), 6.86 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 8.4 Hz, 2H). IR (film)
2960, 2250, 1740, 1610, 1510, 1410, 1360 cm~'. MS (FAB) m/z 799
M + H)*.

D-1,3,6-Tri-O-acetyl-4,5-di- O-|bis(-cyanoethyl)phosphoryl]-myo-
inositol (22a)

21a (240 mg, 0.30 mmol) was allowed to react under the same
conditions as described for the preparation of 14a to give 22a
(120 mg, 59%) as a colorless oil. '"H NMR (CD;0D) ¢ 2.02 (s,
3H), 2.09 (s, 3H), 2.15 (s, 3H), 2.88-2.94 (m, 8H), 4.18-4.40 (m,
9H), 4.81-4.93 (m, 2H), 5.01 (dd, J = 10.4, 2.6 Hz, 1H), 5.14
(dd, J =9.7, 2.6 Hz, 1H), 5.56 (t, J = 10.1 Hz, 1H). *C NMR
(CD;0D) ¢ 20.1, 20.2, 20.3, 20.7, 20.9, 21.2, 21.3, 64.7, 64.8, 64.9,
68.4,70.8,71.9,72.1,78.4,78.9, 118.6, 118.8, 118.9, 119.0, 171.6,
171.8, 171.9. IR (KBr) 3400, 2950, 1740, 1360, 1220, 1030 cm™".

1,3,4,5,6-Penta-0-acetyl-2- O-(p-methoxybenzyl)-myo-inositol
(23a)

To a solution of 20a (115 mg, 0.27 mmol) in pyridine (15 ml) was
added 4-dimethylaminopyridine (30 mg, 0.25 mmol) followed by
acetic anhydride (0.15 ml, 1.60 mmol), and the resulting mixture
was stirred at room temperature for 12 h. The mixture was
diluted with toluene, and the resulting azeotropic mixture was
concentrated, and then the residue was diluted with AcOEt. The
organic phase was washed with H,O and saturated aqueous NaCl,
dried over Na,SO,, and then concentrated under reduced pressure.
The crude product was purified by column chromatography
(hexane-AcOEt = 1 : 1) to afford 23a (118 mg, 86%) as a white
solid. "TH NMR (CDCl;) ¢ 1.99 (s, 15H), 3.80 (s, 3H), 4.12 (s, 1H),
4.62 (s, 2H), 4.97 (dd, J = 10.3, 1.8 Hz, 2H), 5.14 (t, / = 9.5 Hz,
1H), 5.61(t,J =9.9 Hz,2H), 6.88 (d, J = 8.4 Hz, 2H), 7.25(d, J =
7.5 Hz, 2H). *C NMR (CDCl;) 6 20.3, 20.4, 20.4, 55.1, 70.0, 70.9,
71.1,74.1,74.6, 113.7, 129.4, 129.6, 159.3, 169.5, 170.0. IR (KBr)
2950, 1740, 1360, 1230, 1040 cm~'. Anal. caled for C,,H;,O,,: C,
56.47; H, 5.92. Found: C, 56.39; H, 5.93.

1,3,4,5,6-Penta-O-acetyl-myo-inositol (24a)

To a solution of 23a (110 mg, 0.21 mmol) in acetic acid (10 ml)
at room temperature was added 10% palladium-carbon (50 mg),
and the resulting mixture was stirred at room temperature under

hydrogen for 10 h. The mixture was filtered through a pad of celite
and concentrated under reduced pressure. The crude product was
purified by column chromatography (CH,Cl,-MeOH = 14 : 1) to
afford 24a (61 mg, 74%) as a white solid. "H NMR (CDCl;) § 2.01
(s, 9H), 2.10 (s, 6H), 3.12 (bs, 1H), 4.33 (s, 1H), 5.03 (dd, J = 10.3,
2.4 Hz, 2H), 5.20 (t, J/ = 9.7 Hz, 1H), 5.60 (t, J = 10.1 Hz, 2H).
BC NMR (CDCl;) 6 20.4, 20.5, 20.6, 68.2, 69.5, 70.7, 70.8, 169.7,
169.8. IR (KBr) 3420, 2950, 1740, 1370, 1230, 1040 cm™'. MS
(FAB) m/z 391 M + H)*. Anal. calcd for C,;H,,O,, — 1/3H,0:
C, 48.49; H, 5.76. Found: C, 48.53; H, 5.68.

D-2,3,6-Tri- O-acetyl-4,5-di-O-[bis(B-cyanoethyl)phosphoryl}-myo-
inositol 1-{[(4,4'-dimethoxytrityl)biotinyl-6-aminohexyl]
(B-cyanoethyl)phosphate} (25a)

To a solution of 1-N-(4,4-dimethoxytrityl)biotinyl-6-aminohexan-
I-ol (97 mg, 0.15 mmol) in CH,Cl, (5§ ml) was added
(B-cyanoethyl)-N,N,N’,N'-tetraisopropylphosphoramidite (48 pl,
0.15 mmol) followed by 1H-tetrazole (11 mg, 0.15 mmol), and the
resulting mixture was stirred at room temperature under argon for
1.5 h. To the mixture was added 14a (84 mg, 0.12 mmol) followed
by 1H-tetrazole (11 mg, 0.15 mmol), and the resulting mixture
was stirred at room temperature for further 2 h. To the mixture
was added tert-butylhydroperoxide (0.10 ml, 0.78 mmol), and the
resulting mixture was stirred at room temperature for a further
5 min, and concentrated under reduced pressure to half volume.
The residue was purified by column chromatography (CH,Cl, :
MeOH = 13 : 1, 0.5%Et;N) to afford 25a (45 mg, 38%) as a
colourless oil. "H NMR (CDCl;) ¢ 1.36-1.67 (m, 14H), 2.03-2.29
(m, 11H), 2.43-2.45 (m, 1H), 2.70-2.80 (m, 10H), 3.08-3.20 (m,
3H), 3.79 (s, 6H), 4.02-4.29 (m, 15H), 4.67-4.81 (m, 3H), 5.22—
5.26 (m, 1H), 5.49 (t, J = 9.7 Hz, 1H), 5.63-5.73 (m, 2H), 5.99
(bs, 1H), 6.80 (d, J = 8.4 Hz, 4H), 7.11-7.29 (m, 9H). IR (KBr)
3400, 2950, 1750, 1700, 1650, 1510, 1220, 1130 cm~'. MS (FAB)
m/z 1440 (M + H)*.

D-1-O-|(Biotinyl-6-aminohexyl) hydrogen phosphoryl]-myo-
inositol 4,5-bis(hydrogenphosphate):biotinylated D-myo-inositol
1,4,5-triphosphate

To a solution of 25a (45 mg, 0.031 mmol) in CH,Cl, (10 ml)
was added trichloroacetic acid (30 mg), and the resulting mixture
was stirred at room temperature for 30 min. The mixture was
concentrated under reduced pressure, and the residue was purified
by column chromatography (CH,Cl, : MeOH = 7 : 1) to afford
dimethoxytrityl-free crude compound. To a solution of crude
compound in MeOH (5 ml) was added 28% NH,OH (5 ml), and
the resulting mixture was stirred at 55 °C for 10 h. The mixture was
concentrated under reduced pressure, and the residue was purified
by anion-exchange chromatography to afford the ammomium salt
of biotinylated D-myo-inositol 1,4,5-triphosphate (23 mg, 32%)
as a white solid. '"H NMR (D,0) ¢ 1.22-1.58 (m, 14H), 2.09
(t, J = 7.1 Hz, 2H), 2.63 (d, J = 13.0 Hz, 1H), 2.85 (dd, J =
13.0, 4.9 Hz, 1H), 3.02 (d, J/ = 6.6 Hz, 2H), 3.15-3.21 (m, 1H),
3.58 (d, J = 8.1 Hz, 1H), 3.72-3.96 (m, SH), 4.11-4.29 (m, 3H),
4.33-4.48 (m, 1H). "C NMR (D,0) ¢ 27.3, 27.9, 28.4, 30.3, 30.5,
30.9, 32.4, 38.2,41.9, 42.3, 58.0, 62.9, 64.7, 69.1, 72.8, 73.4, 78.2,
79.7, 81.1, 168.0, 179.3. IR (KBr) 3400, 3200, 2900, 1700, 1400,
1030 cm™'. MS (FAB) m/z 746 (M + H)*. FABHRMS calcd m/z

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1822-1830 | 1829





for C,,H,N;O,,P;S 744.1370. Found: 744.1358 (M — H*). Anal.
caled for C,,H,,N; O,,P;S — 5/2NH; — 5/2H,0: C, 31.71; H,
6.59; N, 9.25. Found: C, 31.51; H, 6.64; N, 9.29. [a]¥ = —3.8 (¢
0.1, H,0).
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The reduction of 2-chloro-N-phenylpropanamide with LiAlH, has been re-examined. In contrast to
previous findings, we obtain in almost equal quantities two amines from this reaction, namely
N-propylaniline and the rearranged product N-isopropylaniline. 2-Methyl-N-phenylaziridine is an
intermediate in the reduction and can be isolated from reactions with less LiAIH,. Reduction of
2-methyl-N-phenylaziridine itself proceeds non-regioselectively to provide a mixture of propyl- and
isopropylanilines. Formation of the amines by reduction of the aziridine is much slower than formation
by reduction of the 2-chloropropanamide, which indicates that Lewis acid catalysis (by aluminium
chlorohydrides) facilitates the reduction of the aziridine. In addition, Lewis acid catalysis increases the
relative yield of the propylamine product. The reduction of 2-chloro-N-phenylpropanamide furnishes
2-phenylamino-1-propanol as a by-product, rather than the previously proposed

1-phenylamino-2-propanol.

Introduction

Reduction of amides with lithium aluminium hydride (LiAlH,)
is a textbook reaction that yields the corresponding amine by
reduction of the C=0 group to CH,; it was reported for the
first time in 1948 by Uffer and Schlittler.! This reaction is
normally straightforward for tertiary amides, but can be sluggish
for secondary and in particular primary amides.

Suzuki and co-workers® reported that the reduction of 2-
chloroalkanamides proceeds via rearrangement to provide o-
methyl aliphatic amines (Scheme 1). A mechanism was suggested
(Scheme 2) that involves initial formation of a 2-chloroamine,
which subsequently undergoes intramolecular nucleophilic sub-
stitution to give an aziridine or aziridinium intermediate.
Finally, reductive ring opening furnishes the o-methyl amine
product. Reduction of 2-chloro-N-phenylpropanamide provided
N-isopropylaniline in an isolated yield of 36%. No mention was
made of the possible formation also of N-propylaniline, the
expected product in the absence of rearrangement; the two amines
would be difficult to separate.

R' R3 Rt R

| LiAIH, |
.N — - 3
R? cl N R

.
T Tw
0

Scheme 1 Reduction of 2-chloropropanamides with LiAlH, according

to Suzuki.?

Despite the modest yield, the ring opening mechanism is
intriguing in view of the many reports that aziridines are formed
by LiAlH, reduction of suitable precursors. Subsequent ring
opening caused by the reducing agent does not seem to take
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Scheme 2 Proposed mechanism for the reductive rearrangement accord-
ing to Suzuki.?

place. For example, reduction of B-iodo azides provides a means
of obtaining aziridines, as reported by Hassner et al.* Reduction
of the primary iodide 2-azido-1-iodohexane gave, in addition
to 2-butylaziridine, also 2-aminohexane. The two products were
formed in a ratio of 1 : 1, and the amine was assumed to result
from direct hydrogenolysis of the carbon-iodine bond. Along
the same line, De Kimpe et al.* obtained an aziridine together
with two isomeric secondary amines (derived from aniline) as
by-products in the reduction of N-aryl o,o-dichloroalkyl aryl
ketimines. The ring opening of chloroaziridine intermediates with
LiAIH, was studied by De Kimpe,’ who proposed that the reaction
proceeds via an aziridinium intermediate that isomerized into an
o-imino carbenium ion intermediate. Nevertheless, direct non-
regioselective ring opening of aziridines was in fact proposed
by De Kimpe® in an early paper, in which the reduction of N-
2-(1,1-dichloroalkylidene)anilines was investigated. In this study,
reaction via reductive ring opening was supported by the isolation
of an aziridine in some cases, but otherwise no evidence for

This journal is © The Royal Society of Chemistry 2008
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this mechanism was reported. However, the possibility that
amines were in general formed by reductive opening of aziridines
was discarded in several studies, as aziridines were recovered
unchanged after refluxing in diethyl ether with LiAIH,.*” While
reduction of 2-chloronitriles was shown to afford only aziridines,*®
primary amines were the major products obtained from the
corresponding 2-bromonitriles.” However, reductive ring opening
was rejected as the route to the amines, because reduction of 2-
sulfonyloxynitriles gave the aziridines exclusively.” Aziridines have
also been obtained by reduction of 2-azido-1-tosylates,'® oximes,!
as well as 2-isoxazolines,'? with LiAlH,. None of these reports'**
suggest subsequent reductive ring opening of the aziridine; in fact,
LiAIH, has been used to reduce functional groups in compounds
incorporating an aziridine unit, but leaving it intact.’* However,
activated aziridines are known to undergo reductive ring opening
with a variety of hydride donors,** whereas the reaction appears
not to have been reported for non-activated aziridines.

With these possibly contradicting results in mind, we decided to
investigate the reduction of 2-chloroalkanamides in further detail,
with a view also to examine whether amines can be obtained by
direct reduction of simple aziridines using LiAlH, as reducing
agent. The scarcity of studies of the LiAIH, reduction of aziridines
is particularly striking in view of the large body of results available
with regard to their oxygen counterparts, the oxiranes. Reduction
of oxiranes with LiAIH, provides the corresponding alcohols by
ring opening.” This reaction is an Sy2 process, and cleavage
usually occurs so as to give the more highly substituted alcohol.
With regard to aziridines, the outcome of reduction by LiAIH,
can be deduced indirectly from the experiments of Suzuki® or
from those of De Kimpe,® in which aziridines were assumed to be
intermediates. We note that reductive ring opening of aziridines
with lithium has been reported,'® as has Pd-catalyzed reductive
ring opening by hydrogenolysis or by reaction with formic acid;"’
samarium(11) iodide has been employed as well to effect reductive
ring opening.’® In general, however, the chemistry of aziridines®
has not been as widely exploited as that of oxiranes, but aziridines
have in recent years attracted an increasing interest owing to their
biological activity.?

Suzuki® reports that 2-hydroxyalkylamines are formed as by-
products in the reduction of 2-chloroalkanamides. The formation
of these was taken to be the result of an intramolecular substitution
in the tetrahedral oxyanion intermediate followed by reduction
of the resulting oxirane with LiAlH, (Scheme 3). However, we
find that the aminoalcohol formed as a significant by-product
is a different isomer than that suggested.> Moreover, while our
results confirm the intermediacy of an aziridine in the reduction
of 2-chloroalkanamides, they do not support that the rearranged
amine is formed selectively as reported by Suzuki.? The formation
of 2-aminoalcohol by-products during aziridine synthesis, under
similar conditions, was also observed by De Kimpe and co-
workers.”*

R" R3 Re
LiAIH, F|<1 R3 R4
. —
R? Cl N
0o° Iéz R¢ R? OH

R R

Scheme 3 Proposed mechanism to explain formation of aminoalcohol
by-products according to Suzuki.?

We have chosen N-phenyl-2-chloropropanamide 1 as the key
compound for our investigations. The outcome of the reduction
of 1 under a variety of conditions is then compared to that
obtained for reduction of 2-methyl-N-phenylaziridine 3. We have
also investigated the corresponding tosylate 2, inspired by the
previous reductions® of related azides and nitriles containing a
sulfonyloxy group.

Cl OTs Ph
”% Hm/g |
Ph” Ph”
0 o] ~
1 2 3

Results and discussion
i. Reduction of 2-chloro-/N-phenylpropanamide (1)

First, the reduction was performed with three molar equivalents
of LiAlH, in Et,O (suspension) under conditions similar to
those employed by Suzuki® (refluxing for 20 h). According to
gas chromatography-mass spectrometry (GC-MS), three major
products were obtained, N-propylaniline 4, N-isopropylaniline
5, and 2-phenylamino-1-propanol 6 (Scheme 4) in the relative
amounts indicated in entry 1, Table 1. In addition, we ob-
served traces of 2-(phenylamino)propanal and two other uniden-
tified by-products. The expected®> aminoalcohol by-product, 1-
phenylamino-2-propanol 7, was not observed. Changing to THF
as solvent (entry 2) had only little influence on the product
distribution. In order to examine the influence of the exact amount
of reducing agent actually in solution, we instead added the amide
to a 1.0 M solution of LiAlH, (from Aldrich) (entries 3, 4), this
having only little influence on the product distribution. However,
the aziridine 3 was among the products isolated when the molar
ratio of LiAlH, to amide was reduced to 1 : 1 (entry 5). This
result implies that 3 is an intermediate in the reaction leading
to the two propylanilines. Corroborating evidence is obtained
from the outcome of reduction with LiAlD,, which yields the
two amines PhNH-CD,-CDH-CH; and PhNH-CH(CH;)-CD;
(identified from the MS and "H-NMR spectra).

H N
N U \( *
Cl
H LiAlH, 4 5
Ph/N _—
see Table 1 Ph

0

¥ |
1 Ph” Nj/\OH N
6 3

Scheme 4 Reduction of 2-chloro-N-phenylpropanamide with LiAlH,.

The GC trace of the reaction mixture from entry 3 (after
work-up as described in the Experimental) is shown in Fig. 1
together with the most important fragmentation reaction of the
ionic products as observed in the mass spectra. The identity
of the products was also confirmed by "H-NMR spectroscopy.
Our results are different from those previously reported® on two
counts. First, we find that propylaniline is formed alongside
isopropylaniline in almost the same amount. Suzuki et al* do
not elaborate on the by-products and possibly both amines
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Table 1 Products from reduction of 2-chloro-N-phenylpropanamide (1)

Product distribution (%)®

Entry Solvent LiAlH, Time 4 5 6 3

1 Et,O 3 equiv.* 20h 46.5 32.5 21 0
2 THF 3 equiv.? 18 h 40 39 21 0
3 THF 3 equiv.* 22h 44 37 19 0
4 THF 2 equiv. 22h 41 45 14 0
5 THF 1 equiv. 20 h 28 19 34 19

“ Reagents and conditions: reflux in the solvent indicated for the time shown,
using LiAlH,. ® Percentages according to GC-MS. The given products
correspond in all entries to ca. 95% of the total outcome of the reaction,
the remaining by-products being unidentified. ¢ Addition of solid LiAlH,
to the amide in Et,O. ¢ Addition of amide in THF to a suspension of
LiAlH, in THF. ¢ Addition of amide in THF to a solution of LiAIH, (1 m)
in THE.

H e

4'+ ,N\/\ '—> /H+
Ph - CH,CHs PRTS
4 m/z 135 m/z 106
5 Ny i "
7 — +
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Ph Y\OH - E:Hon Ph/NV
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time / min Ph” O LIS
- CH(OH)CH3,
m/z 151 m/z 106

Fig. 1 Gas chromatograph (GC) trace obtained from entry 3, Table 1,
and assignment of peaks to products according to fragment ions (base
peaks) observed in the mass spectra.

are formed in their experiments as well. They describe the
isolation of the pure product; however, we did not succeed in
separating the two anilines. Moreover, 2-phenylamino-1-propanol
6 was obtained in significant amount, rather than the isomeric
aminoalcohol 1-phenylamino-2-propanol 7. We synthesized the
isomeric aminoalcohol 7 according to a literature procedure.”
The mass spectra of these two aminoalcohols differ significantly
and allow for an unambiguous assignment (Fig. 1).

The aziridine is possibly a precursor for the 2-phenylamino-
I-propanol product 6 by reaction between the aziridine and
OH~ during alkaline hydrolysis of the reaction mixture. However,
methanolysis (with KOH dissolved in MeOH) did not produce the
corresponding methyl ether, which would arise after nucleophilic
attack by MeO~. We therefore take the alcohol to be formed during
the reduction of 1 in a competing reaction.

ii. Reduction of 1-(phenylcarbamoyl)ethyl tosylate (2)

The tosylate 2 was prepared by tosylation of 2-hydroxy-N-
phenylpropanamide 8 according to Shahak and Bergmann.?® The
alcohol 8 was prepared in two steps according to Scheme 5. The
chloride 1 was converted to the ester 9, which was then hydrolyzed
under mild conditions to afford 8.2

OAc Na;COs OH
NaOAc, DMF H dioxane/H,0 H
> P N - > pn N
reflux, 22 h reflux, 1h
86% 0o 100% 0o
9 8

Scheme 5 Synthesis of 2-hydroxy-N-phenylpropanamide.
OTs H
H LiAIH, (3 equiv.) H N

ph = N _~_"* P j(\
THF, reflux 19.5h  Ph

0 (0]

2 4 ratio 10:13 10

Scheme 6 Reduction of tosylate with LiAlH,.

Reduction of 2 in THF with 3 molar equivalents of LiAlH,
(using a 1.0 M solution) gave the propylamine 4 and the amide 10
in a ratio of 10 : 13 (GC-MS) (Scheme 6). The absence of any
isopropylamine product as well as any aziridine product indicates
that the tosylate is reduced before the amide. It is well-known that
tosylates are reduced faster than chlorides.”

iii. Reduction of 2-methyl-/V-phenylaziridine (3)

Reduction of the known aziridine 3*%* in THF with 3.5 molar
equivalents of LiAlH, (using a 1.0 M solution) (Scheme 7) yielded
the two amines4 and 5in aratio of ca. 1 : 2, together with unreacted
aziridine (Table 2, entry 1). The outcome of this experiment
illustrates that the reduction of aziridines by LiAIH, is a slow
reaction; 43% of the aziridine is unchanged after refluxing for
20 h. Moreover, the reaction is apparently not regioselective, in
contrast to the case for oxiranes.

o LiAIH, H H
N —_— N + - + 3)
% see Table 2 PR " Y
3 4 5

Scheme 7 Reduction of 2-methyl-N-phenylaziridine.

Considering that reduction of 2-chloropropanamide in all
likelihood involves an aziridine intermediate (vide supra) and that
it is complete under the same reaction conditions, it would appear
that a catalyst for the aziridine ring opening is generated in situ in
the amide reduction. Chloride ions are released as the aziridine
is formed, which opens the possibility that mixed aluminium
chlorohydrides are formed during the reaction and that these act
as Lewis acid catalysts. It is well-known that the reductive power
of mixed aluminium halohydrides is considerably lower than that
of aluminium hydride and that aluminium halides are stronger
Lewis acids than aluminium hydrides.®* In order to investigate

Table 2 Products from reduction of 2-methyl-1-phenylaziridine (3) with
and without AlICl;*

Product distribution (%)*

Entry Additive 4 5 3
1 None 21 36 43
2 AICl; 52 48 0

“ Reagents and conditions: reflux in THF for 20 h, using 3.5 equiv. of LiAlH,
and 0.3 molar equiv. of the additive. * According to GC-MS.
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Scheme 8 Possible routes leading to N-propylaniline 4 and N-isopropylamine 5. Y = chloride, hydride, alkoxide.

whether the reaction is facilitated by the presence of Lewis acids,
reduction of aziridine 3 was repeated in the presence of AICI,
(Table 2, entry 2). Complete conversion is observed, and the
propylamine/isopropylamine ratio is higher than in the absence
of Lewis acid catalyst; in fact it is similar to that obtained for
reduction of the amide 1. Formation of the propylamine is best
explained by a reductive ring opening of Sy 1 type promoted by the
Lewis acid. Reversal of the direction of ring opening is known to
occur also for substituted oxiranes in the presence of aluminium
halides.”* Reducing triphenyloxirane with a LiAlH, solution in
which one mole of allyl bromide had been reduced previously
to release bromide ions resulted in exclusive formation of 1,2,2-
triphenylethanol rather than 1,1,2-triphenylethanol.®® Similarly,
we find that the aziridine is converted more rapidly when the
reduction is performed after reduction (in the same reaction
mixture) of either -BuCl or AcCl, which would allow mixed
aluminium chlorohydrides to be generated in situ. The effect of
the presence of electrophilic catalysts on the rate of ring opening
agrees well with Tanner’s observation that aziridines activated by
tosylation are rapidly ring-opened by hydride reagents.'*

The presence of unreacted aziridine, but complete absence of
aminoalcohol products, confirms that the aziridine does not react
with OH~ during alkaline hydrolysis of the reaction mixture. To
examine if the aziridine would be a precursor for the aminoalcohol
6 by reaction with partly hydrolyzed LiAIH, as a possible oxygen
source, we added one to two molar equivalents of H,O (relative to
the aziridine) to the LiAlH, reducing agent. However, this addition
of H,O did not promote the formation of detectable amounts
of aminoalcohols. This observation suggests that intermolecular
ring opening of the aziridine intermediate by attack of oxygen
nucleophiles present in the reaction mixture during reduction of 1
does not occur.

iv. Revised mechanism

Inasmuch as the outcome of reduction of 2-chloro-N-
phenylpropanamide differs from that originally reported,* the
original mechanistic proposal (Schemes 2 and 3) has to be revised.
Indeed, the aziridine 3 appears to be an intermediate in the
reaction, but reduction of 3 yields both the propylaniline 4 and
the isopropylaniline 5. In Scheme 8, we have summarized possible

routes to the two amines. In addition to the aziridine route to
the propylaniline, a path involving initial reductive removal of the
chloride can be considered. The reduction of the corresponding
tosylate exclusively follows this path, with N-phenylpropanamide
10 as an intermediate. Generation of the isopropylaniline 5 is
likely to follow the original mechanism. The routes depicted in
Scheme 8 are in agreement with the outcome of the deuterium
labeling experiment.

Conclusions

We have shown that aziridines can be reductively ring-opened
by LiAlH, to furnish either of the two possible amine products.
Intriguingly, reduction of aziridines appears not to exhibit the
same high degree of regioselectivity as reduction of oxiranes.
Addition of AICl; as a Lewis acid speeds up the reduction
considerably and promotes cleavage at the most substituted
carbon, presumably via an Sy1-type pathway. Reductive aziridine
ring opening was in fact proposed in an early study by De Kimpe®
to account for the products obtained from reduction of N-2-(1,1-
dichloroalkylidene)aniline starting materials, but in later studies
on o,0-dichloroketimines, a mechanism involving an aziridinium
intermediate that isomerized into an o-imino carbenium ion was
adopted instead.’

We have identified an aziridine as intermediate in the reduction
of 2-chloro-N-phenylpropanamide, and in agreement to the
observed lack of selectivity in the reduction of aziridines, both the
propyl- and isopropylanilines are obtained as the final products
of reduction. The reduction is accompanied by the formation of
considerable amounts of a f-aminoalcohol that is easily separated
from the amines and that has been unambiguously identified as
the primary alcohol instead of the originally proposed isomeric,
secondary alcohol.

Experimental

General methods

Chemicals were purchased from Sigma-Aldrich, Merck, and
Fluka, and used as received. THF was distilled from sodium
or obtained from a Puresolv drying apparatus. Thin-layer
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chromatography (TLC) was carried out using aluminium sheets
pre-coated with silica gel 60F (Merck 5554). Column chromatog-
raphy was carried out using silica gel 60 (Merck 9385, 0.040-
0.063 mm). Melting points were measured on a Reichert melting
point apparatus equipped with a microscope and are uncorrected.
'H NMR (300 MHz) and "C NMR (75 MHz) spectra were
recorded on a Varian instrument. Samples were dissolved in CDCl,
purchased from Cambridge Isotope Labs. Gas chromatography—
mass spectrometry (GC-MS) was performed on an HP 5890
Gas chromatograph/5972 Mass Selective Detector or an HP
6890 Gas chromatograph/5973 Mass Selective Detector; RT =
retention time. Fast atom bombardment (FAB) spectra were
obtained on a Jeol IMS-HX 110 Tandem Mass Spectrometer in the
positive ion mode using 3-nitrobenzyl alcohol (NBA) as matrix.
Microanalyses were performed at the Microanalytical Laboratory
at the Department of Chemistry, University of Copenhagen.

Synthesis of 1-(phenylcarbamoyl)ethyl acetate (9)

To a solution of 2-chloro-N-phenylpropanamide 1 (5.46 g,
29.7 mmol) in DMF (60 mL) was added NaOAc (2.95 g,
36.0 mmol). The mixture was refluxed overnight, whereupon the
precipitate was filtered off and washed with DMF. The filtrate was
concentrated at reduced pressure using an oil pump. The residue
was subjected to column chromatography (SiO,, 5% MeOH in
CH,Cl,) to provide the product (5.3 g, 86%) as white solid. Mp
120-121 °C. '"HNMR (300 MHz, CDCl;): 6 = 1.57(d, J = 7.5 Hz,
3H),2.21(,3H),534(q,/J =7.5Hz, 1 H), 7.14 (t, ] = 7.9 Hz,
1 H), 7.34 (t, J = 7.9 Hz, 2 H), 7.54 (d, J = 8.2 Hz, 2 H), 7.81
(s, 1 H). "C NMR (75 MHz, CDCl;): 6 = 18.0, 21.4, 71.2, 120.3,
125.1, 129.3, 137.2, 168.4, 169.7. MS(FAB): m/z = 207 (M").
Found: C, 63.67; H, 6.26; N, 6.70. C,;H;;NO; requires C, 63.76;
H, 6.32; N, 6.76%.

Synthesis of 2-hydroxy-/N-phenylpropanamide (8)

To a suspension of compound 9 (735 mg, 3.55 mmol) in
dioxane (40 mL) was added Na,CO; (5.31 g, 50.1 mmol) in H,O
(20 mL). The mixture was refluxed overnight. After cooling to
room temperature, the mixture was extracted with Et,O (3 x
20 mL). The combined organic phase was dried (Na,SO,), filtered,
and concentrated in vacuo. Drying at oil pump provided the
analytically pure product as white crystals in nearly quantitative
yield. Mp 50-52 °C."H NMR (300 MHz, CDCl;): 6 =1.53(d, J =
6.9Hz 3H),2.55(,1H),437(q, /=69 Hz, 1 H), 7.12 (t, J =
8.2Hz, 1 H), 7.33 (t, / = 8.2 Hz, 2 H), 7.56 (d, / = 8.2 Hz, 2 H),
8.44 (s, 1 H). "C NMR (75 MHz, CDCL): 6 = 21.4, 69.1, 119.9,
124.7,129.2, 137.3, 172.4. MS(FAB): m/z = 165 (M*). Found: C,
65.40; H, 6.65; N, 8.45. CyH,;,NO, requires C, 65.44; H, 6.71; N,
8.48%.

Reduction of 2-chloro-/N-phenylpropanamide (1)

Entry 1, Table 1. To a solution of the amide 1 (9.15 g,
49.8 mmol) prepared according to Suzuki* in Et,O (100 mL)
was added LiAlH, (5.70 g, 150 mmol) over 1 h, cooling the
reaction mixture on an ice bath under an inert atmosphere. Then
the mixture was refluxed for 20 h, cooled, and diluted with Et,O
(55 mL), and hydrolyzed with aqueous 10% NaOH (ca. 50 mL).
To the resulting gel was added another portion of Et,O (100 mL),

and the organic phase was decanted off and then dried (K,CO;),
filtered and concentrated in vacuo. GC-MS revealed three major
products: 5 [RT = 6.36 min; MS: m/z = 135 (M*, 22%), 120
(100%), 93 (8%), 77 (12%)], 4 [RT = 7.19 min; MS: m/z = 135
(M*, 21%), 106 (100%), 77 (19%)], 6 [RT = 8.90 min; MS: m/z =
151 (M*, 12%), 120 (100%), 93 (6%), 77 (16%)]. The amines 4 and 5
were isolated from the aminoalcohol 6 by column chromatography
(Si0,, CH,Cl,~EtOAc 1 : 1), and the product assignment was then
confirmed by "H NMR spectroscopy.

Entries 2-5, Table 1. The amide 1 in THF was added to a
suspension (entry 2) or solution (1 M, entries 3-5) of LiAlH, in
THEF. The addition was performed under inert atmosphere. The
concentration of amide was the same in entries 2-5 after complete
addition (1.85 g in a total of 52 mL THF for entry 2; 1.84 gin a
total of 50 mL THF for entries 3-5). The mixture was hydrolyzed
with conc. aqueous NaOH (ca. 5 mL) (Caution), and the mixture
stirred for 1 h. To the resulting gel was added another portion of
Et,O (100 mL), and the organic phase was filtered through a layer
of Na,SO, and concentrated in vacuo.

Reduction of 1-(phenylcarbamoyl)ethyl tosylate (2). Performed
in a similar way, using a solution of LiAlH, (1 M) in THF.

Reduction of 2-methyl-/V-phenylaziridine (3). Performed in a
similar way, using a solution of LiAlH, (1 M) in THF and the
additive given in Table 2.
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Various metal complexes (e.g., lanthanides, early transition metals, and alkali metals) can serve as
catalyst precursors for the catalytic addition of alkyne C-H, amine N-H, and phosphine P-H bonds to
carbodiimides, to give a new family of propiolamidines, guanidines, and phophaguanidines, some of
which were difficult to prepare previously. The catalytic reaction proceeds generally through
nucleophilic addition of an M—ER (E = CR'R?, NR!, PR'") bond, which is formed by an acid-base
reaction between a catalyst precursor and a RE-H bond, to a carbodiimide compound, followed by
protonolysis of the resultant amidinate—(phospha)guanidinate species “{R'NC(ER)NR'}M” with

RE-H.

1 Introduction

Multi-substituted amidines, guanidines, and phosphaguanidines
of a general formula RN=C(ER)NHR' (E = CR'R?, NR', PR')
are an important family of heteroatom-containing organic com-
pounds, which can serve as building blocks for many biologically
relevant compounds'® and as stabilization ligands for various
metal complexes.*"? Several routes are known for the synthesis of
these compounds, but most of them are based on stoichiometric
reactions. In contrast, catalytic approaches to these compounds
are much less extensively studied.
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It is well known that the nucleophilic addition of metal-organic
reagents “M-ER” (E = CR'R?, NR!, PR') to carbodiimides
R'N=C=NR'’ can generally afford the corresponding amidinate—
(phospha)guanidinate species “{R'NC(ER)NR'}M”.*2 Al-
though hydrolysis of “{R'NC(ER)NR'}M” could lead to sto-
ichiometric formation of R'N=C(ER)NHR’, a catalytic trans-
formation of “{R'NC(ER)NR'}M” to R'N=C(ER)NHR’ was
thought difficult because of the strong chelation of the “NCN” unit
to the metal center. Moreover, this hydrolysis approach is not
suitable for the synthesis of the products having functional groups
sensitive to hydrolysis. In 2005, we found that half-sandwich
rare earth amidinate species can be protonated by terminal
alkynes under appropriate conditions, which has thus led to
the first catalytic addition of terminal alkynes to carbodiimides
to give the corresponding amidine compounds.” This discovery
encouraged us to investigate the catalytic addition of RE-H bonds
to carbodiimides by use of rare earth and other metal catalysts.
This article is intended to give an overview on our recent studies
in this area. Related works by other groups are also described.
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2 Addition of terminal alkyne C—H bonds to
carbodiimides

The nucleophilic addition of alkali metal alkynides RC=CM
to carbodiimides was known to give easily the propiolamidi-
nates {R’'NC(C=CR)NR'}M. However, the corresponding propi-
olamidines R'N=C(C=CR)(NHR’), which contain a conjugated
C-C triple bond, could hardly be obtained by hydrolysis of the
propiolamidinate precursors because of their high sensitivity to
hydrolysis."*™* During our studies on the catalytic dimerization
of terminal alkynes by organo rare earth metal catalysts,”> we
examined the reactions of rare earth metal alkynides with carbodi-
imides. The reaction of the half-sandwich yttrium alkyl complex 1a
with 1 equiv of phenylacetylene in toluene yielded quantitatively
the corresponding phenylacetylide 2, which on reaction with
1,3-di-tert-butylcarbodiimide gave rapidly the propiolamidinate
complex 3 at 80 °C (Scheme 1).!* A reaction between the
propiolamidinate 3 and phenylacetylene was not observed at room
temperature in toluene-dy. However, when a 1 : 1 mixture of 3 and
phenylacetylene was heated to 80 °C, the propiolamidine 4 and
the phenylacetylide 2 were formed almost quantitatively. Catalytic
formation of 4 was achieved when excess phenylacetylene and 1,3-
di-tert-butylcarbodiimide (1 : 1) were added to 3 in toluene-d;
at 80 °C. Although a large number of amidinate complexes of
various metals were previously reported, this was the first example
of catalytic transformation of an amidinate species.

The use of an isolated amidinate complex such as 3 was
not necessarily required for the present catalytic cross-coupling
reaction. The alkyl complex 1a also showed high catalytic activity
under similar conditions (Table 1, entry 1). THF seemed to
be a better solvent than benzene or toluene for this reaction
(Table 1, entry 2). The Yb (1¢) and Lu (1d) complexes were
also effective, although their activity was slightly lower than that
of the Y analogue 1a (Table 1, entries 4-6). Formation of a

Table 1 Catalytic addition of terminal alkynes to carbodiimides by 1a“

ﬁ e
Ph=H 1 g

YL
N _\~CHSiMe; ————— —

N ~ r.t, 1 min 2
Ph” th/f nf ”‘fw
1a
r?u
NQ Bu—N=C=N-Bu
>=pn 80 °C, 30 min
N
7N £
H Bu ?/ B
4
Ph—=—H Zsi /Y\ >—Ph
o e
{Bu
3,94%
Scheme 1 Formation of an yttrium propiolamidinate and its reaction

with phenylacetylene.

phenylacetylene homo-dimerization product was not observed
under the present conditions, although these complexes were
active for phenylacetylene homo-coupling in the absence of a
carbodiimide.” A wide range of terminal alkynes could be used
for this catalytic cross-coupling reaction. The reaction was not
affected by either electron-withdrawing or -donating substituents
or their positions at the phenyl ring of an aromatic alkyne (Table 1,
entries 7-14). The aromatic C—Cl (entry 11) and C-Br (entry 10)
bonds, which are known to be extremely susceptible to reductive
cleavage by transition metals, survived in the present reactions.
Heteroatom-containing alkynes such as pyridylacetylenes were
also applicable (entry 13). In the case of an alkyl alkyne, the
reaction became a little bit slower, probably owing to its weaker
acidity (entry 14). N,N’-Diaryl-substituted carbodiimides were
not suitable for this reaction, probably because the resulting
amidines are too acidic.

A catalytic cycle for the present cross-coupling reaction is shown
in Scheme 2. The acid-base reaction between a half-sandwich

R—=——H +

cat. (. 3mo|%2
R'—N=C=N-R' _<

1a:Ln=Y;R"=Ph;n=2

si j\ LHoSiMey 1b:Ln =Y, R"={-Bu;n=2

H R
\,Ln 1c:Ln=Yb;R"=Ph;n=2 5-13
R \THF),  1d:Ln=Lu; R"=CgH,Mez2,4,6;n =1
Entry R R’ Cat Solvent Temp/°C Time/h Yield (%)
1 Ph i-Pr la C¢Dy 80 3 5 (98)"
2 Ph i-Pr la THF-dy 80 1 5(>99)
3 Ph i-Pr 1b THF-dy 80 1 5 (98)°
4 Ph i-Pr la THF-d; 80 0.5 5(93)
5 Ph i-Pr 1c THF-dy 80 0.5 5 (84)
6 Ph i-Pr 1d THF-dy 80 0.5 5 (76)
7 4-MeC¢H, t-Bu la Toluene 110 1 6(94)
8 4-CF,C¢H, Cy la THF 80 1 7 (96)
9 4-MeOCH, i-Pr la THF 80 1 8 (96)
10 4-BrC,H, i-Pr la THF 80 1 9(93)
11 2-CIC4H, i-Pr la THF 80 1 10 (97)
12 4-F-3-MeC¢H; i-Pr la THF 80 1 11 (95)
13 2-Py Cy la THF 80 1 12 (98)
14 CH;(CH,), i-Pr la Toluene 110 2 13 (70)

“ Conditions: terminal alkynes, 2.07 mmol; carbodiimides, 2.01 mmol; catalyst 1a, 0.06 mmol; solvent, 5 mL, unless otherwise noted. ® Isolated yield.
¢ Yields were determined by '"H NMR using 1,3,5-trimethylbenzene as internal standard.
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Scheme 2 A possible mechanism of catalytic addition of terminal alkynes
to carbodiimides by 1a.

rare earth metal alkyl and a terminal alkyne should yield straight-
forwardly an alkynide species such as A. Nucleophilic addition
of the alkynide species to a carbodiimide affords the amidinate
species B, which on abstraction of a proton from another molecule
of alkyne would yield the corresponding amidine and regenerate
the alkynide A.

More recently, lanthanocene silylamido complexes [(CH,),(7’-
CyH),]LnN(SiMe;), (Ln = Y, Sm)," and lithium silylamido
(Me;Si),NLi"7 were also reported to catalyze the addition of
terminal alkynes to carbodiimides in an analogous way.

3 Addition of amine N—H bonds to carbodiimides

Primary aliphatic amines were known to undergo direct guanyla-
tion with carbodiimides to yield N,N',N"-trialkylguanidines under
rather forcing conditions.”® However, less nucleophilic aromatic
amines or secondary amines hardly react with carbodiimides
under the same or harsher conditions, although tetrabutylammo-
nium fluoride was previously reported to promote the nucleophilic
addition of some aromatic amines to carbodiimides.” We recently
found that half-sandwich rare earth metal alkyl complexes such
as la can serve as excellent catalysts for the catalytic addition
of various aromatic primary amines and secondary amines to
carbodiimides to afford the corresponding guanidines.®

Representative results of the addition of aromatic primary
amines to carbodiimides catalyzed by la are summarized in
Tables 2 and 3.2 As shown in Table 2, a wide range of
substituted anilines could be used for this reaction. The reaction
was not influenced by either electron-withdrawing or -donating
substituents or the position of the substituents at the phenyl ring
(Table 2, entries 1-8). Aromatic C-F (entry 6), C-Cl (entry 95),
C-Br (entry 1) and C-I (entry 2) bonds survived in the present
reactions. In the case of p-aminophenylacetylene (entry 4), the
reaction took place selectively at the amino group, while the
terminal alkyne unit remained unchanged, although amino-free
phenylacetylene could undergo catalytic addition to carbodiimides
under conditions similar to those described above.

A variety of heterocyclic primary amines, such as amino-
substituted isoxazoles, pyrazoles, imidazoles, thiazoles, and pyri-
dine, could also be used for this reaction, as shown in Table 3.
THF seemed to be a better solvent than benzene or toluene in this
case, probably due to the better solubility of the heterocyclic amine
compounds in THF. In the presence of 0.5 mol% of 1a, the reaction
of 5-methylisoxazol-3-amine to 'PrN=C=N'Pr was completed
within 1 h at room temperature in THF, yielding quantitatively the

Table 2 Catalytic addition of various primary anilines to carbodiimides
by 1a*

R
\
N—H
1a (1 mol% AN —
Ar—NH, + R-N=C=N-R' 2 (1 mol®) N{ _
Benzene, 80°C,1h /N H
R
14-21
Entry Ar R R’ Product (yield/%*)
1 O ‘Pr ‘Pr 14(>99)
Br
2 ( ) ‘Pr ‘Pr 15(>99)
|
3 C C 16(96
NC@_ y y (96)
4 . () Pr Pr 17(>99)
5 Q Pr Pr 18(>99)
Cl
6 Q Pr ‘Pr 19(>99)
F
7 Q iPr iPr 20(>99)
OMe
Et ‘Bu 21(96)

<O

“ Conditions: amines, 2.02 mmol; carbodiimides, 2.00 mmol; catalyst 1a,
0.02 mmol; benzene, 5 mL. ® Isolated yield.

corresponding guanidine compound (Table 3, entry 1). In the case
of the bulkier 1-zerz-butyl-3-ethylcarbodiimide, the reaction with
5-methylisoxazol-3-amine required a higher temperature (80 °C)
for completion in 1 h (Table 3, entry 2). In consistence with
this observation, the reaction between 5-methylisoxazol-3-amine
and the more bulky N,N’-di-tert-butylcarbodiimide did not occur
under the same conditions, probably due to steric hindrance.

Diamines and triamines are also applicable to this catalytic
reaction. In the presence of 1 mol% of 1a, the reaction of 1,3-
diaminobenzene with 2 equiv of 'PrN=C=N'Pr gave quantita-
tively the corresponding biguanidine compound 29 (Scheme 3).2*
Similarly, the reaction of 2,4,6-triaminopyrimidine with 3 equiv
of 'PrN=C=N'Pr yielded the triguanidine compound 30 in high
yield. These multiguanidine-functionalized compounds could
serve as useful templates (or ligands) for the construction of further
larger molecules.

Secondary amines are generally less reactive than primary
amines toward carbodiimides. However, in the presence of 3 mol%
of 1a, various acyclic and cyclic secondary amines could be added
to 'PrN=C=N'Pr or CyN=C=NCy at 80 °C or a higher tem-
perature, to give the corresponding N,N',N”,N"-tetrasubstituted
guanidines in almost quantitative yields (Table 4).* When a
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Table 3 Catalytic addition of heterocyclic primary amines to carbodi-
imides by 1a“

R ~
1a (0.5 mol%) N NTH
R'—NH, + R-N=C=N-R N‘<
THF,1h N—H
/
R
22-28
Entry R’ R R’ Temp/°C  Product (yield/%?")
1 [\{ Pr Pr rt 22(>99)
Me O’N
2 R Et ‘Bu 80 23(>99)
Me O’N
3 Me, Pr Pr rt 24(>99)
1
N, )
\
Ph
4 @N Pr  Pr 80 25(>99)
>
!
Me
5 Me, Pr  Pr 50 26(>99)
N
I\
S
6 /@[N\>— Pr  Pr 80 27(>99)
cl S
7 7 N\ Pr Pr 80 28(>99°)
=N

“ Conditions: amines, 2.02 mmol; carbodiimides, 2.00 mmol; catalyst
1a, 0.01 mmol; THF, 5 mL, unless otherwise noted. ®Isolated yield.
¢ Conditions: amines, 2.02 mmol; carbodiimides, 2.00 mmol; catalyst 1a,
0.02 mmol; benzene, 5 mL.

Pr Pr
\
NH 4 -
2 1a (1 mol%) H-N N-H
+ 2 PP=N=C=N-Pr ———— =N N=(
benzene H-N N—H
o /
NH, 80°C. 1h Npr pri
29, >99%
Pr
/ M
H—N PI”\N H

NH, N):N N N/)\N\/
1a (1 mol% -
[N +3 ProN=C=N-Pr A2 mo) W, N\ 12/ Pr

P benzene

HyN N/I\NHZ 110°C,3h ip
N r

\ 7

N

Pﬂ~N\ H

H
30, 97%

Scheme 3 Catalytic addition of di- and triamines to a carbodiimide by
1a.

diamine such as piperazine was used to react with 2 equiv of
PrN=C=N'Pr, the corresponding biguanidine 39 was formed in
99% yield by double catalytic addition reaction (Table 4, entry 9).
Although tetrasubstituted guanidines could in principle have four

possible isomers E,,., Eyy Zouis E,n’' NMR and X-ray analyses
suggested that the guanidine products obtained in the present
reactions may adopt exclusively the E,,,; form.?*

The reaction of 1,2,3,4-tetrahydro-5-aminoisoquinodine with
1 equiv of 'PrN=C=N'Pr at 80 °C took place selectively at the
primary amino group to give the monoguanidine compound
40, and no reaction was observed at the cyclic secondary
N-H bond, showing that a primary amino group can be dis-
tinguished from a secondary one under the present catalytic
conditions (Scheme 4).2* Heating the reaction mixture with
another equivalent of PrN=C=N'Pr at 110 °C for 3 h afforded the
biguanidine 41 almost quantitatively. The biguanidine 41 could
also be obtained alternatively by reaction of 1,2,3,4-tetrahydro-
5-aminoisoquinodine with 2 equiv of 'PrN=C=N'Pr at 110 °C
(Scheme 4).

The stoichiometric reaction of 1a with diethylamine in benzene,
gave instantly the corresponding amido complex 42 (Scheme 5).2%
Nucleophilic addition of 42 to ‘'PrN=C=N'Pr took place rapidly
to give the guanidinate complex 43. At room temperature, no
reaction was observed between the guanidinate complex 43
and diethylamine. However, when a 1 : 1 mixture of 43 and
diethylamine was heated to 80 °C, the corresponding guanidine
compound 31 and the amido complex 42 were formed almost
quantitatively. When excess diethylamine and ‘PrN=C=N'Pr
(1 : 1) were added to 43 in C¢D; at 80 °C, catalytic formation
of guanidine 31 was achieved.

A possible catalytic cycle for the addition of secondary amines
to carbodiimides is shown in Scheme 6. The acid-base reaction
between the yttrium alkyl complex la and an amine should
yield straightforwardly an amido species such as C. Nucleophilic
addition of the amido species to a carbodiimide would afford
directly the guanidinate species D. Protonation of D by another
molecule of amine would regenerate the amido complex C and
release the guanidine E. Rearrangement of E through C-N bond
rotation to F and the subsequent 1,3-hydrogen shift would take
place to give the more stable E-isomer G.

The catalytic addition reaction between primary aromatic
amines and carbodiimides could take place similarly (Scheme 7).
In this case, however, the intramolecular 1,3-hydrogen shift in the
initially formed symmetrical guanidinate species I could occur to
give the unsymmetrical guanidinate species J (path a), because
the aryl amine proton in I is more acidic than the alkyl amine
proton in J. Protonolysis of J by another molecule of primary
amine would regenerate the amido H and release the guanidine K.
Intramolecular 1,3-hydrogen shift in K could give the more stable,
final product L. Formation of K through protonolysis of I (path
b) could also be possible.

Wang and coworkers reported that lanthanocene amido com-
plexes [(CH,),(1’-CyH,),]LnN(SiMe;), (Ln = Y, Sm)* and Cp-
free lanthanide amido complexes [{(Me;Si),N};Ln(u-Cl)Li(thf);]
(Ln=La, Sm, Eu, Y, and Yb)*? and {(Me;Si),N};Ln (Ln =Y, and
Yb)* could also act as good catalyst precursors for the catalytic
addition of primary aromatic amines and secondary amines in an
analogous fashion.

Richeson and coworkers reported the addition of primary
aromatic amines to carbodiimides catalyzed by titanium imido
complexes 44.2 The proposed mechanism begins with [2 + 2]
cycloaddition of a carbodiimide to the Ti=NAr bond. A proton-
transfer reaction between an aromatic amine and the metal-bound
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Table 4 Catalytic addition of secondary amines to carbodiimides by 1a“

R
AY
R % Ry, NH
W-H + R-N=C=N-R 12 (8 mol*) /N—<\
R"/ Benzene R" N-R
31-39
E RRNH R Temp/°C (Time/h) Product (yield/%")
1 Et\ i-Pr 80(3) 31(95)
NH
Et
2 i-Pr 80(3) 32(92)
hp™
/
3 \\_\ i-Pr 80(3) 33(93)
N-H
4
* #Pr 80(0.5) 34(>99)
O
i i-Pr 110(5) 35(90)
N
WH
N-H
6 O © S0 3609
N N—H
' Cy 80(0.5) 37(>99)
.
H
8 7 N\ N N-H i-Pr 80(1) 38(>99)
=N
—\ /Pr Pry
HONG /7 N7H
9 H-N_ N—H i-Pr 80(3) . N/>—N N_(\:l .
ipr—| \___/ —ipr
39 (99)

« Conditions: amines, 2.00 mmol; carbodiimides, 2.00 mmol; catalyst 1a, 0.06 mmol; benzene, 5 mL. ® Isolated yield.

dianionic guanidate complex 45 then releases the neutral guani-
dine and reforms the Ti=NR bond (Scheme 8). Therefore,
secondary amines could not be used in this reaction, because the
formation of a “Ti=N” imido moiety is required for the catalytic
process. In these catalyst systems, the resulting guanidine products
L could be contaminated by that resulting from the initial imido
species in the catalyst precursors.

Xie and coworkers reported that the carboranyl-alkoxy-ligated
titanium amido complex could catalyze the addition of both pri-
mary aromatic amines and secondary amines to carbodiimides.**
The reaction proceeded in a way analogous to that observed in the
case of rare earth metal catalysts (Scheme 9). The reaction of the
Ti—N amido bond in M with RN=C=NR yielded species N or N
A protonolysis reaction between N or N’ and an amine released
the guanidine compound G and meanwhile regenerated M. No
titanium imido species were observed in this catalytic process.

Montilla and coworkers reported that the vanadium imido
chloride complex Cl;V=N(C¢H;'Pr,-2,6) can serve as a good cat-
alyst precursor for the addition of both primary aromatic amines
and secondary amines (Scheme 10).> There are two possible
pathways for this reaction: (i) [2 + 2] carbodiimide addition to
the V=N imido bond, a mechanism demonstrated by Richeson
and coworkers for the formation of guanidines catalyzed by Ti=N
imido complexes; (ii) carbodiimide insertion into a V-N amido
bond, which was formed in situ by reaction of amines with the
V-CI bonds in Cl;V=N(C,H;'Pr,-2,6). A DFT study revealed
that the carbodiimide insertion into the V-N amido bond is
more favorable than that into the V=N imido bond. A possible
mechanism is shown in Scheme 11.% A reasonable intermediate O
is proposed for the insertion of a primary V-N amido bond to car-
bodiimides to give the corresponding guanidinate intermediate P,
which, after the amine protonolysis, gives a guanidine compound
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Scheme 4 Stepwise catalytic addition of 1,2,3,4-tetrahydro-5-amino-

isoquinodine to N,N’-diisopropylcarbodiimide by 1a.
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Scheme 5 Formation of an yttrium guanidinate and its reaction with
diethylamine by la.
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Scheme 6 A possible mechanism of catalytic addition of secondary
amines to carbodiimides by 1a.

and regenerates O, while the imido unit itself serves only as an
ancillary ligand.

Richeson and coworkers reported that lithium silyl amido
compound (Me;Si),NLican also serve as a good catalyst precursor
for the addition of amines to carbodiimides."” Efficient guany-
lations of 2,3-dimethylindole and acetamide could be achieved

7
ArNH, R—N=C=N-R /N
[Y]—CH,SiMe, [Y] NHAr VI NHAr
- '|“
SiMes ArNH2 R
?, |
=\ \
vl /S'\N/Y J
/
Ph ArNH,
R \
\ N—H N H
Ar\ N—H AI’\ / \ /
= — X v N
N H/ A\ \N \
N—H N | R
R Ar
LR K J

Scheme 7 A possible mechanism of catalytic addition of primary
aromatic amines to carbodiimides by 1a.

R—=N=C=N-R
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Scheme 8 A proposed mechanism for the addition of primary aromatic
amines to carbodiimides catalyzed by titanium imido complexes.
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Scheme 9 A possible mechanism of catalytic addition of amines to
carbodiimides by a titanacarborane amido complex.

(Scheme 12). In these cases, efficient catalysis required the addition
of tetramethylethylenediamines (TMEDA), which increased the
reactivity of this catalyst system presumably through modulation
of the lithium coordination sphere. An unsymmetric guanidinate
intermediate [Li{ PrNC(NH'Pr)NPh}(thf)],, which was formed by
reaction of (Me;Si),NLi with PhNH, and ‘PrN=C=N'Pr, was
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Scheme 10 Addition of amines to N,N’-diisopropylcarbodiimide cat-
alyzed by a vanadium imido complex.

Cl3V=N(CgH4'Pr,-2,6)

RSN—H
R HCI

R\ R
R i Clay(RR"™N)V=N(CeH4Pra-2,6)
~ N -
R—N=C=N-R
R'R'H cl IT
35 R'
, VNG
(2,6-PryCgHa)N=V. ,'>—N\
N R
| X
P R
Scheme 11 A proposed mechanism for the addition of amines to

carbodiimides catalyzed by a vanadium imido complex.
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pr
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Scheme 12 Catalytic addition of 2,3-dimethylindole and acetamide to
N,N'-diisopropylcarbodiimide by (Me;Si),NLi.

isolated and confirmed to be a dimeric species by X-ray analysis.
A possible catalytic cycle is shown in Scheme 13.

4 Addition of phosphine P-H bonds to carbodiimides

The half-sandwich rare earth metal alkyl complexes such as
la—e and 50a-h are also active for the catalytic addition of
phosphine P-H bonds to carbodiimides to give a new family
of phosphaguanidines with various substituents.® Among the
lanthanide o-dimethylaminobenzyl complexes 50a—f, the activity
increased as the metal size became larger (Lu < Gd < Sm < Nd <
Pr < La) (Table 5), and the largest lanthanum complex La (50a)
showed the highest activity.

Table 6 summarizes representative results of the catalytic
addition of various phosphines to carbodiimides by complex

R'“N=C=N-R

A |
NH, | )
(SiMeg) NLi AT» [ Lingar} L/ > N/
\ 7 N
HN(SiMes), N R
Ar P
R\N—H
Ar\N=< ANH,
N—H
/
R

Scheme 13 A possible mechanism of catalytic addition of primary
aromatic amines to carbodiimides by (Me;Si),NLi.

50a.* A wide range of diarylphosphines could be used as
the nucleophiles. Aromatic C-Cl (entry 5) and C-Br (entry 6)
bonds survived in the catalytic conditions to yield selectively
the corresponding halogen-substituted phosphaguanidines 56 and
57, a new class of phosphaguanidine building blocks that could
be useful for construction of further larger phosphaguanidine
derivatives. The reaction of an alkyl/aryl phosphine such as
ethylphenylphosphine (entry 7) with ‘PrN=C=N'Pr required a
longer time for completion, however, a dialkyl phosphine could
not be utilized in this reaction, probably owing to the weaker
acidity of these phosphines compared to that of diaryl phosphines.
The reaction of PhPH, with 'PrN=C=N'Pr afforded selectively
the mono-addition product 59 (entry 8), while in the case of
CyPH,, the bis-addition product 61 was also obtained as a minor
product (12%) in addition to the mono-addition product 60 (70%)
(entry 9).

The stoichiometric reaction between 50a and diphenylphos-
phine in THF at room temperature gave the monomeric phosphide
complex 62 (Scheme 14). Recrystallization of 62 in benzene
afforded a phosphido bridged dimeric complex 63. The reaction
of 62 or 63 with 'PrN=C=N'Pr in THF at room temperature
gave the phosphaguanidinate complex 64. Recrystallization of
64 in ether at room temperature yielded the ether-coordinated
complex 65 as light-orange crystals suitable for X-ray analysis. A
reaction between 64 and diphenylphosphine was not observed at
room temperature in [Dy]THF. However, when a 1 : 1 mixture
of 64 and diphenylphosphine was heated to 80 °C, the phosph-
aguanidine 51 and 62 were formed almost quantitatively. The
catalytic formation of 51 was achieved when excess amounts of
diphenylphosphine and PrN=C=N'Pr (1 : 1) were added to 64 in
[D4]THF and heated at 80 °C. The analogous reaction between 65
and diphenylphosphine afforded 51 and 62 similarly. These results
clearly demonstrate that a lanthanide phosphaguanidinate species
can be protonated by a phosphine P-H bond.

A possible reaction mechanism for the catalytic addition of
a phosphine P-H bond to a carbodiimide compound by 50a is
shown in Scheme 15. The acid-base metathesis reaction between
a phosphine P-H bond and the La-benzyl bond should yield
straightforwardly a phosphide species such as Q. Nucleophilic
addition of the phosphide species to a carbodiimide would afford
the phosphaguanidinate species R, which on abstraction of a
proton from another molecule of phosphine, would yield the
phosphaguanidine product and regenerate the phosphide Q.
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Table S Catalytic addition of diphenylphosphine to N,N’-diisopropylcarbodiimide by lanthanide o-dimethylaminobenzyl alkyl complexes®

cat P
PhoP—H + Pr—N=C=N—'Pr - Ph\P_/<N
[Dg[THF e
50a: Ln=Lla;n=1 H/N\:
N 50b: Ln=Prin=1 Pr
s\ 50c: Ln = Nd;n =1 51
Ny—Ln 50d: Lhn=Sm;n=1
N~ \ 50e: Ln=Gd; n =1
thf),, 50f:Ln=Lu;n=1
¢ )/\ 50g:Ln=Y;n =1
50h:Ln=Sc;n=0
Entry Catalyst (Ln, mol%) Tonic radius of Ln*/A? Temp/°C Time/h Yield* (%)
1 50h (Sc, 3) 0.745 80 1 15
2 50g (Y, 3) 0.900 80 1 86
3 50f (Lu, 3) 0.861 80 1 50
4 50e (Gd, 3) 0.938 80 1 65
5 50d (Sm, 3) 0.958 80 1 69
6 50c (Nd, 3) 0.983 80 1 93
7 50b (Pr, 3) 0.990 80 1 94
8 50a (La, 3) 1.032 80 0.5 >99
9 50a (La, 1) 1.032 80 1 >99

« Conditions: diphenylphosphine, 0.35 mmol; N,N’-diisopropylcarbodiimide, 0.34 mmol; Ln catalyst. ® The ionic radius of six-coordination.” ¢ Yields

were determined by *'P NMR.

Table 6 Catalytic addition of phosphines to carbodiimides by 50a“

R

" AN
R 50a (1 mol%) Ry N
>P-H + R-N=C=N-R’ ,P—/<
R" THF,80°C, 1h R \
N
H R
52-60
Entry R’R"PH R, R’ Yield (%)”
1 Ph,PH ¢-Bu, Et 52(95)
2 Ph,PH Cy 53 (95)
3 (2-MeCgH,),PH i-Pr 54(99)
4 (4-MeOCH,),PH i-Pr 55(99)
5 (3,5-Cl,C4H;),PH i-Pr 56 (95)
6 (4-BrC4H,),PH i-Pr 57(97)
7 PhEtPH i-Pr 58 (86) ¢
8 PhPH, i-Pr 59 (96) ©
9 CyPH, i-Pr 60 (70)*

“ Conditions: phosphine, 2.02 mmol; carbodiimide, 2.00 mmol; catalyst,
0.02 mmol; solvent, 5 mL, unless otherwise noted. °Isolated yield.
¢ Toluene, 110 °C, 12 h. ¢ (‘PrN=CNH'Pr),(PCy) (61) (12%, determined
by *'P NMR) was also observed.

We found that the readily available alkali metal compounds
such as (Me;Si),NM (M = Li, Na, K) and RLi (R = n-Bu,
CH,SiMe;) can also act as excellent catalyst precursors for the
catalytic addition of various primary and secondary phosphines to
carbodiimides to afford cleanly the corresponding phosphaguani-
dines (Table 7, entries 1-13).**° The alkali metal catalysts are even
more active than the lanthanide catalysts and can catalyze the
reaction at room temperature. It is also noteworthy that aromatic
C-ClI (entry 8) and C-Br (entry 9) bonds remained unchanged
even when n-BuLi was used as a catalyst, which is in sharp contrast
with the stoichiometric reactions between (4-XC¢H,),PH-n-BuLi
and 'PrN=C=N'Pr, which yielded a mixture of the X-containing
phosphaguanidines and the X-free phosphaguanidines (X = Cl,
Br) after protonolysis with [HNEt;][Cl]. The present catalytic

reaction could also be carried out under solvent-free conditions on
a larger preparative scale, demonstrating its practical usefulness
well (Scheme 16).

In a 1 :1 1 reaction of (Me;Si),NK, Ph,PH, and
CyN=C=NCy, the potassium phosphaguanidinate complex
[Ph,PC(NCy),K(OEt,)], (69) was isolated quantitatively from a
diethyl ether solution and confirmed by an X-ray diffraction
analysis.® Complex 69 adopts an “inverse sandwich” dimeric
structure, in which the two K atoms are bridged by two coplanar
guanidinate units in a pu-1?,>-fashion through the nitrogen atoms.
Addition of 2 molar equiv of Ph,PH to a THF solution of 69
yielded guanidine CyN=C(PPh,)(NHCy) and KPPh, quantita-
tively. A possible reaction mechanism for the potassium-catalyzed
addition of phophines to carbodiimides is shown in Scheme 17.

Conclusion

Catalytic addition of terminal alkyne C-H, amine N-H, and
phosphine P-H bonds to carbodiimides (R’ N=C=NR’) can be
achieved by use of various metal catalysts, including lanthanides,
early transition metals, and alkali metals. These reactions have
provided a general efficient route to a new family of propio-
lamidines, guanidines, and phophaguanidines, some of which were
difficult to prepare previously. The catalytic reaction proceeds
generally through nucleophilic addition of the M-ER (E =
CR'R?, NR!, PR'") bond, which is formed by acid-base reac-
tion between a catalyst precursor and an RE-H (E = CR'R?,
NR', PR') bond, to a carbodiimide compound, followed by
protonolysis of the resultant “(R'NC(ER)NR’)M” species with
RE-H. These reactions have demonstrated that an amidinate—
(phopha)guanidinate unit, though often used as an ancillary
ligand for various organometallic complexes, can participate in a
catalytic reaction under appropriate conditions. Future challenges
in this area could include expansion of the catalytic transformation
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Scheme 15 A possible mechanism of catalytic addition of phosphines to
carbodiimides by 50a.

Table 7 Catalytic addition of phosphines to carbodiimides by (Me;Si),

NK*
R\
R (Me3SipNK (1 mol%) R\ 4/<*
_P~H + R~N=C=N-| R — ™ /P
RrR" THF, rt. N
H/ \
51-60, 66— 68

Entry R"”?R”PH R, R’ Time Yield (%)”

1 Ph,PH i-Pr 5 min 51 (99)

2 Ph,PH t-Bu, Et Smin  52(98)

3 Ph,PH Cy Smin  53(99)

4 Ph,PH Ph, Cy 5 min 66 (99)

5 Ph,PH p-Tolyl 5 min 67 (99)

6 (2-MeC¢H,),PH i-Pr S min 54 (99)

7 (4-MeOC¢H,),PH i-Pr 5 min 55 (99)

8 (3,5-CLC,H,),PH i-Pr Smin 56 (98)

9 (4-BrC4H,),PH i-Pr S min 57 (97)
10 PhEtPH i-Pr 4h 58 (96) ¢
11 (i-Bu),PH i-Pr 12h 68 (95)“
12 PhPH, i-Pr lh 59 (97)
13 CyPH, i-Pr 1h 60 (80)°

¢ Conditions: phosphine, 2.02 mmol; carbodiimide, 2.00 mmol; cata-
lyst, 0.02 mmol; solvent, 5 mL, unless otherwise noted. °Isolated
yield. ©Catalyst, 3% mol, toluene, 110 °C. “Catalyst, 3% mol.
¢ (PrtN=CNH'Pr),(PCy) (61) (15%, determined by *'P NMR) was also
observed.

of an amidinate—(phopha)guanidinate species beyond protonoly-
sis.

Pro
. Ph N
, (Me3Si),NK (1 mol%) “p4
PhyP—H + Pr—N=C=N-pr — 2 TP P
solvent-free, r.t., 0.5h Ph
50 mmol 50 mmol 7N
H  ipr
51, 99%

Scheme 16 Catalytic addition of diphenylphosphine to N,N’-diiso-
propylcarbodiimide by (Me;Si),NK under solvent-free conditions.
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Scheme 17 A possible mechanism of catalytic addition of phosphines to
carbodiimides by (Me;Si), NK.
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b

A new series of diterpenes, the jatrophanes euphoscopin M (1), euphoscopin N (2) and euphornin L (3),
and the lathyrane euphohelioscopin C (7) were isolated from plants of Euphorbia helioscopia L.,
together with four other known analogues, euphoscopin C (4), euphornin (5), epieuphoscopin B (6) and
euphohelioscopin A (8). The new compound stereostructures were elucidated by NMR analysis and
computational data. The resulting isolated diterpenes were found to be potent inhibitors of
P-glycoprotein (ABCBI1), while showing an absence of significant activity against BCRP (ABCG?2),
despite the high substrate overlapping of these transporters, thus including them in the third-generation

class of specific multidrug transporter modulators.

Introduction

One of the main reasons for the failure of cancer chemotherapy is
the development of multidrug resistance (MDR), whose mech-
anisms includes the upregulation of membrane-resident trans-
porters effluxing chemotherapeutic drugs out of the tumor cells.’*
Several MDR-related drug efflux pumps have been characterized,
most of which belong to the superfamily of ATP-binding cassette
(ABC) transporters such as P-glycoprotein (Pgp/ABCB1), mul-
tidrug resistance-associated protein 1 (MRP1/ABCCIl), breast
cancer resistance protein (BCRP/ABCG?2), and non-ABC trans-
porters such as lung resistance protein (LRP). These proteins
may transport either organic anions or neutral organic drugs.*
As a consequence, Pgp and other MDR proteins have overlapping
substrate specificity, i.e. drugs can be substrates for several differ-
ent transporters.*® P-glycoprotein (Pgp) is the best-characterized
MDR pump,” and Pgp-mediated multidrug resistance can be
reversed by various inhibitors, including calcium channel block-
ers, calmodulin antagonists, steroidal agents, immunosuppressive
agents, quinolones, indole alkaloids, antibiotics, and detergents.'®
Variability in drug absorption, excessive protein binding, unpre-
dictable plasma levels and unacceptable toxicity have limited their
successful development in clinical oncology so far.!
First-generation Pgp inhibitors, e.g. verapamil, quinidine, and
cyclosporine A, lack specificity, require high doses to reverse
multidrug resistance, and are associated with unacceptable
toxicities.">™ Second-generation agents, e.g. valspodar, elacridar,
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Campobasso, Italy. E-mail: lanzotti@unimol.it; Fax: +39 874 404652;
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for compounds 1-8, purity criteria for isolated compounds, and minimum
energy conformations obtained for each stereoisomer of 1. See DOI:
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biricodar, and dexverapamil, are more potent, specific and less
toxic compared to the former inhibitors, but they show interac-
tions with other transporter proteins.'>'* Third-generation Pgp
inhibitors, e.g. tariquidar, zosuquidar, laniquidar, and ONT-093,
have high potency and specificity for Pgp and in addition have
shown no clinically-significant drug interactions with common
chemotherapeutic agents.'>

In the search for MDR reversing agents from plants,’” 2 a large
number of diterpenes have been isolated from Euphorbia spp. that
were shown to be potent inhibitors of Pgp, and have constituted
an ideal target for SAR studies.

We now report the isolation of four new jatrophane and
lathyrane diterpenes, from sun spurge, Euphorbia helioscopia L.,
together with four known analogues.

I 4

R,O

H ‘0Bz

R,=H,R,=H;R;=Ac
R;=Ac,R,=Ac;R;=H

4 R=Bz20p 7
6 R=Ac, 200 8

R=0H, A3
R=H, A3

The isolated compounds, individually investigated for their Pgp
inhibiting properties, allowed us to get further information on the
importance of substitution at positions 7 and 9. The compounds
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are specific inhibitors of Pgp since they show an absence of
significant activity against BCRP.

Results and discussion
Chemistry

The EtOAc extract of E. helioscopia, collected at the Saepinum
ruins (Altilia, Molise, Italy) during April 2004, was filtered through
silica gel in order to eliminate gummy compounds. The soluble
material was separated using a combination of chromatographic
techniques (MPLC and HPLC) eluting with different gradients
of EtOAc in hexane to yield compounds 1-8. Compounds 4—
6 and 8 were identified as euphoscopin C (4), euphornin (5),
epieuphoscopin B (6) and euphohelioscopin A (8), respectively, by
comparison of their MS and NMR data with those reported for the
original compounds first isolated from samples of E. helioscopia,™
(4, 6 and 8) and E. maddeni (5).” The remaining compounds were
new.

The molecular formula of compound 1, named euphoscopin M,
isolated in good yield (32.8 mg), was inferred by HRFABMS

as Cy;3HyOy. This data, together with its NMR profiles, were
indicative of a diterpenoid polyol bearing several ester groups. The
nature of the ester groups has been identified by 'H and "C NMR
spectra (Tables 1 and 2) that showed the presence of three acetates
and one benzoate. Besides these signals, the 'H and *C NMR
spectra also indicated the presence of five methyls (three singlets
and two doublets), two double bonds (one trisubstituted and
one trans-disubstituted) and four oxygenated sp® carbons (three
were secondary and one tertiary), all esterified. The remaining
oxygenated functions have been ascribed to two ketones by the
observation of two characteristic signals at d- 205.3 and d. 211.2
in the *C NMR spectrum of 1.

A 2D HSQC spectrum of 1 allowed the correlation of protons
with directly linked carbon atoms. By COSY and HOHAHA
techniques the following sequences could be extracted: C-1 to C-5,
C-7 and C-8, and C-11 to C-13, including C-20.

Extensive study of the **J correlations, obtained from the
2D HMBC spectrum (Fig. 1), allowed the connection of all the
above-deduced moieties.

In particular, HMBC correlations of H-4, H-7 and H;-17 with
C-5 connected the first two segments and located the trisubstituted

Table 1 'H NMR data (CDCl;) of new compounds (1-3,7) [500 MHz, CDCl;,  (ppm), mult. and J (Hz)]

1 2 3 7
H Oy (mult., J) Oy (mult., J) Oy (mult., J) Oy (mult., J)
la 2.58 (dd, 15.0, 8.0) 2.714 1.97¢ 2.53 (dd, 14.0,9.0)
1B 2.39¢ 2.39¢ 1.80¢ 2.33¢
2 2.36 2.44¢ 2.18¢ 2.15¢
3 5.24 (dd, 1.8, 6.2) 5.12 (brs) 5.42 (brs) 3.78 (brs)
4 3.05 (dd, 6.2, 8.0) 3.05 (dd, 7.0, 11.5) 4.96 (dd, 4.5, 10.0) 2.93 (dd, 7.0, 12.0)
5 5.69 (d, 8.0) 5.98 (d, 11.5) 5.71 (d, 10.0) 6.05 (d, 12.0)
7 5.45 (brs) 5.44 (brs) 4.10 (brd) 4.90¢
8a 5.55 (brs) 5.82 (brs) 2.17¢ 1.73¢
8B 1.76 2.31¢
9 4.34 (brd) 0.72 (t, 8.5)
1la 5.43 (d, 16.5) 2.30¢ 5.06 (d, 15.6) 0.88 (t, 8.5)
11b 2.45¢
12 5.05 (dd, 9.0, 16.5) 6.45 (brs) 5.63 (dd, 9.6, 15.6) 4.89 (d, 8.0)
13 3.41 (m) 2.61 (brt)
14 4.94 (bs)
16 1.24 (d, 6.8) 1.19 (d, 6.8) 0.97 (d, 7.0) 1.13(d)
17 1.70 (s) 1.65(s) 1.69 (s) 1.73 (s)
18 1.18 (s) 1.12 (s) 0.95 (s) 1.14 (s)
19 1.33(s) 1.17 (s) 1.02 (s) 1.13 (s)
20a 1.16 (d, 6.8) 1.77 (s) 0.96 (d, 7.0) 6.39 (s)
20b 5.96 (s)
7-OAc 1.54 (s) 1.59 (s)
8-OAc 2.10 (s) 2.01 (s)
14-OAc 2.07 (s)
15-OAc 2.32(s) 2.18 (s) 2.22(s) 2.09 (s)
3-OBz 2,6 8.01(d, 7.5) 8.06 (d, 7.5) 8.08 (d, 7.5)
3,5 7.45 (t) 7.48 (1) 7.44 (1)
4 7.58 (t) 7.60 (t) 7.52 (1)
7-OR 2 5.89 (d, 15.0)
3 7.61(dd, 11.9,
15.0)
4 6.12(t, 11.9)
5 5.88¢
6a,b 2.29¢
7a,b 1.45
8 0.93(t,7.3)

“ Overlapped by other signals.
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Table2 "“C NMR data (CDCl;) of new compounds (1-3,7) [125 MHz,
CDCl;, J (ppm) and mult.]

1 2 3 7
C Jc (mult.) J¢ (mult.) Jc (mult.) Jc (mult.)
1 42.4 (1) 42.0 (1) 39.7 (t) 41.4(t)
2 38.9 (d) 38.0 (d) 36.7 (d) 41.1 (d)
3 83.2(d) 83.3(d) 81.0 (d) 81.7 (d)
4 50.8 (d) 48.4 (d) 39.6 (d) 50.6 (d)
5 120.5 (d) 122.7 (d) 120.1 (d) 118.8 (d)
6 130.2 (s) 130.2 (s) 130.2 (s) 141.5 (s)
7 73.5(d) 76.5 (d) 74.6 (d) 76.2 (d)
8 73.5(d) 73.8 (d) 38.1 (t) 32.1(t)
9 205.3 (s) 209.1 (d) 78.6 (d) 25.7 (d)
10 49.7 (s) 48.9 (s) 47.9 (s) 41.5(s)
11 136.3 (d) 39.9 (t) 138.3 (d) 29.0 (d)
12 129.2 (d) 136.4 (d) 128.7 (d) 79.2 (d)
13 45.6 (d) 138.0 (s) 33.8(d) 148.5 (s)
14 211.2(s) 197.4 (s) 73.0 (d) 199.5 (s)
15 95.3 (s) 94.3 (s) 94.0 (s) 97.2 (s)
16 18.7(q) 17.9 (q) 19.7 (q) 18.2(q)
17 158 (q) 16.0 (q) 16.2 (q) 19.0 (q)
18 27.0 (q) 26.4 (q) 22.6(q) 16.6 (q)
19 22.1(q) 23.1(q) 22.7(q) 18.7(q)
20 18.4 (q) 12.2(q) 19.4 (q) 130.2 (1)
7-OAc 20.0 (q) 20.1 (q)
168.5 (s) 169.5 (s)
8-OAc 20.5(q) 20.5 (q)
170.1 (s) 169.5 (s)
14-OAc 21.0(q)
169.6 (s)
15-OAc 21.6 (q) 21.6 (q) 21.3(q) 22.2(q)
170.6 (s) 170.1 (s) 171.2 (s) 171.2 (s)
OBz 165.1 (s) 165.4 (s) 165.6 ()
1 130.0 (s) 131.0 (s) 129.9 (s)
2,6 129.4 (d) 129.5 (d) 130.0 (d)
3,5 128.3 (d) 128.4 (d) 128.6 (d)
4 133.0 (d) 133.1(d) 133.0 (d)
7-OR 1 166.5 (s)
2 120.9 (d)
3 140.1 (d)
4 126.5 (d)
5 141.9 (d)
6a,b 30.2 (1)
7a,b 22.5 (1)
8 13.7(q)

Fig. 1 Selected HMBC correlations exhibited by 1.

double bond at C-5, while correlations of H-8, H;-18, H;-19 and H-
11 with C-9 further connected the third spin system to the above-
mentioned substructure and placed a ketone at C-9 and the trans-
disubstituted double bond at C-11. Further correlations of H-12,
H-13, H;-20, H,-1 and H-4 with C-14, together with a correlation
of H-4 with C-15, built the jatrophane skeleton depicted in the
formula for 1 and positioned the second keto group at C-14. The

correlations of H-3 with the benzoate carbonyl, and of H-7 and H-
8 with the acetate carbonyls, ensured the position of the benzoate
at C-3 and the acetates at C-7 and C-8, respectively. Consequently,
the remaining esterified carbon C-15 must be acetylated, thus fully
defining the planar structure of 1.

The relative stereochemistry of 1 (except C-8 and C-13, see
below) was deduced from a series of NOE correlations observed
in a ROESY spectrum (Fig. 2).

Fig.2 Selected ROESY correlations exhibited by 1.

Concerning the stereochemistry of the five-membered ring,
NOE effects between H-4-H;-16 and H-4-H-1 were indicative
of their cis-relationships, while NOEs between 15-OCH;-H-1a,
15-OCH;-H-2 and 15-OCH;-ortho-benzoyl protons determined
their cis-orientations. These data secured the relative configuration
of the five-membered ring. Concerning the stereochemistry of the
medium sized ring, in the 'H NMR spectrum we observed that the
protons of the acetyl group at C-7 are strongly shifted upfield
0y 1.54). This feature was already found in other jatrophane
analogues,®* and was explained as due to the anisotropic effect
of the cis-located benzoate ester group at C-3. Therefore, we could
also confidently assume a cis-relationship of the substituents at
C-3 and C-7 in compound 1. The E stereochemistry of the C-11—
C-12 double bond has been defined on the basis of the coupling
constant between H-11 and H-12 (J = 16.5 Hz).

Concerning the geometry of the C-5-C-6 double bond, NOEs
between H-5-H-7 and H;-17-H-4 defined its E configuration.

In order to assign the absolute configuration at the C-8 and C-13
atoms, we integrated the NMR data with a thorough computa-
tional analysis performed on the four possible stereoisomers of 1
(8R,13R; 8S,13R; 8R,13S; 8S,13S). In particular, each stereoiso-
mer was subjected to a molecular dynamic (annealing) simulation
in order to properly sample its conformational space (Discover 3
module, Insight 2005). The resulting conformations were energy
minimized and structurally optimized by means of molecular
mechanics and AM1 semiempirical calculations (MOPAC module
of Insight 2001, see Experimental). The obtained conformers were
grouped into structurally related families and filtered on the basis
of the NMR data (Fig. S1, ESIf).

Firstly, our results indicated that the intense dipolar coupling
between H-5 and H-13 observed by ROESY NMR, is possible
only when the configuration at C-13 is R, consequently restricting
our research to the two remaining stereoisomers (i.e. 8R,13R and
8S,13R). Subsequently, our analysis highlighted that only the
8S,13R stereoisomer could fit all the experimental NMR data
obtained (Fig. 3 and S1), such as i) the very low value of Jy; 4
(<1.5 Hz), indicating a dihedral angle close to 90°, in the range
70-110°; ii) the remarkable NOE correlation between: H-5 and
H-13; H-5 and the hydrogen atoms in the ortho position of the
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Fig. 3 Fully optimized AMI1 conformer of the 8S,13R stereoisomer of
euphoscopin M (1). Atoms are colored by atom type: carbon = green;
oxygen = red; hydrogen = white. Hydrogen atoms, with the exceptions
of those useful for the NMR discussion, are omitted for clarity of
presentation.

benzene ring; H-5 and the hydrogens of the acetylic group at C-15;
iii) the above mentioned cis relationships between C-3 and C-7
substituents.

Interestingly, our computational results evidenced that the
experimentally observed interaction between the hydrogens of the
acetyl group at C-7 and the electron rich benzene ring at C-3,
resulting in the remarkable upfield shift of the acetoxy methyl
protons, is related to the H-7-H-8 dihedral angle value. In fact,
two low energy conformers of the 8S,13R stereoisomer of 1 were
selected (Fig. S2) both with H-7-H-8 dihedral angle values in
the range 70-110°, but only the green conformer (Fig. 3 and
S2), with a dihedral angle of 70°, also showed an optimized
interaction between the protons of the acetyl group at C-7 and
the aromatic ring at C-3. Weak NOE correlations between H-10—
H-13, H;-18-H-7 and H;-19-H-8 (Fig. 2) further supported the
resulting stereochemical assignment. It has to be noted that our
data allowed us to assign the relative configuration of compound
1. However, we can assume its absolute configuration to be as
depicted in the formula considering that all the jatrophanes so far
isolated from Euphorbia species invariably have the S configuration
at C-4.2%2

Compounds 2, 3 and 7 are closely related to 1 and to the
other known isolated compounds (4-6, and 8). Consequently, the
stereostructure elucidation of these molecules was greatly aided
by the comparison of their spectroscopic data with those obtained
for 1 and for the other known isolated compounds (4-6, and 8).
Even so, it should be noted that a complete set of 2D NMR spectra
(COSY, HSQC, HMBC) was acquired for each metabolite in order
to gain the complete and unambiguous assignment of the 'H and
"C NMR resonances as listed in Tables 1 and 2, respectively. The
same relative stereochemistry previously assigned to 1 was also
confirmed for 2 and 3 by 2D NMR ROESY spectroscopy.

Compound 2, named euphoscopin N, was isolated in good
yield (16.4 mg), and by HRFABMS spectrum showed the same
molecular formula as 1. The NMR spectra of 2 (Tables 1 and 2)
revealed close similarities with those of 1 and showed the missing
of signals to be due to the trans-disubstituted double bond at C-11.
This, together with the downfield shift of H;-20 (singlet at oy 1.77
in 2 vs. doublet at dy 1.16 in 1) suggested an isomerization of the
double bond at C-12 that has been confirmed by the 'H and *C
NMR resonances of the relative protons and carbons ['H: dy 2.30

and dy 2.45 (H,-11), 0y 6.45 (H-12); *C: . 39.9 (C-11), 5. 136.4
(C-12), ¢ 138.0 (C-13)].

Compound 3, named euphornin L, C;; H,,O; by HRFABMS,
was isolated in low amounts as a colorless amorphous solid.
Analysis of its '"H and *C NMR spectra (Tables 1 and 2) indicated
the same core structure as 5, and revealed the presence of two
acetyls and a benzoyl group. HMBC cross peaks of H-3 (dy
5.42 brs) with the carbonyl of the benzoate (J 165.6) and of H-14
with the carbonyl of an acetate (d. 169.6), indicated the linkage of
the benzoyl and an acetyl at C-3 and C-14, respectively. The second
acetyl group has been located at C-15 because of its characteristic
deshielded chemical shift value (3H, s, J;; 2.22) in the '"H NMR
spectrum. As a consequence, the other oxygenated functionalities
required by the molecular formula have been ascribed to two
hydroxyl groups, located on the remaining oxygenated carbons
C-7 and C-9 [upfield shifted protons at oy 4.10 (H-7) and dy
4.34 (H-9)].

Compound 7, named euphohelioscopin C, isolated in low
amounts (1.1 mg), had the formula C;H,,O, determined by
HRFABMS, differing from that of 8 by the presence of one
additional oxygen atom. Its NMR spectrum showed the following
remarkable differences when compared to that of compound 8: 1)
the absence of the characteristic H;-20 resonance (04 1.84 in 8)
and the presence of an exomethylene (0y 5.96 and dy 6.39 in 7); ii)
an upfield shift of H-12 (0 4.89 in 7 vs. 0y 6.60 in 8). A combined
analysis of the 2D COSY, HSQC and HMBC spectra allowed us
to define the core structure of compound 7, with the only changes
being confined to the presence of one additional hydroxyl group
at C-12 and the shift of the double bond to C-13-C-20. As a
consequence, in the "C NMR spectra of 7 signal C-12 resonated
in the region of oxygen-bearing carbons (doublet at d. 79.2). In
addition, the vicinal coupling constant (J = 8.5 Hz) between the
protons H-9 and H-11 of the cyclopropane ring suggested that
they are cis-oriented. NOE correlations of H-12 with H;-17, H-9
and H-11 confirmed this structural feature and also indicated an
a-orientation of the hydroxyl group at C-12 respectively. The 'H
and "C NMR assignments of 7 are reported in Tables 1 and 2.

Only four of the previously described jatrophane and lathyrane
diterpenes, compounds 4-6 and 8, were isolated in the plant
material analyzed. The differences observed, between this and
previous work,***? in the composition of the diterpene mixture
obtained from the same plant species, are likely to be related to
the different geographical origins and environmental conditions
of the samples (Central Italy and Japan, respectively).

Biological evaluation

The biological activity of the isolated jatrophane (1, 2, 4, 5 and 6)
and lathyrane (8) diterpenes was monitored through their ability
to inhibit P-glycoprotein-mediated mitoxantrone efflux leading to
drug accumulation, as measured by flow cytometry.

Fig. 4 shows that all the compounds exhibited a concentration-
dependent inhibition of mitoxantrone efflux, finally reaching a
maximal effect. The concentration dependence analysis indicated
that compound 6 (the jatrophane epieuphoscopin B) was twice
as potent as the reference inhibitor cyclosporin A, with an ICs, of
1.71 £ 0.83 uM (as illustrated in Fig. 5) in comparison with 3.37 +
1.39 uM.
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Fig. 4 Concentration-dependent inhibition of Pgp-mediated mitox-
antrone efflux by the purified compounds. MDR 1-transfected cells and
parental ones were first incubated with mitoxantrone and then with each
purified inhibitor. Compounds were tested at concentrations of 0, 0.5, 2.0,
2.5, 10, 20 uM, except compound 8, which was tested at 0, 20, 40, 60,
80, 100 uM (results obtained at the last four concentrations are shown
in bold because these concentrations were different from those used in
the other experiments). Mitoxantrone accumulation was assayed by flow
cytometry, and the inhibition efficiency was determined as reported in
the experimental section. Cyclosporin A (CsA) was used as a reference
inhibitor.
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Fig. 5 Determination of the ICs, value for the best inhibitor. The

inhibition data were obtained as in Fig. 4 for epieuphoscopin B (6), whose
chemical structure is shown, and analyzed with the Sigma Plot 8.0 software.

In contrast, compounds 5 and 8 were much less efficient, with
1C, values of 8.46 + 3.51 uM and 14.0 + 2.4 uM respectively.
In the latter case, concerning the lathyrane euphohelioscopin A, a
very high concentration of 100 uM was required to get maximal
inhibition. Finally, the remaining compounds 1, 2 and 4 appeared
similar in activity to cyclosporin A, with ICs, values of 3.78 +
2.18 uM, 3.47 £+ 1.88 uM and 3.58 £ 1.78 uM respectively.

Three main structure—activity relationships for P-glycoprotein
inhibition could be drawn for the substituents from the differential
inhibitory effects observed: i) a marked, 5-fold, positive effect
played by a carbonyl versus an OAc group at position 9 when
comparing compounds 6 and 5, ii) a 2-fold positive effect of an
OAc versus an OBz substituent at position 7 when comparing
compounds 6 and 4, and iii) a neutral effect of having the double
bond at either 11-12 or 12-13 positions in compounds 2 and 1.
This new important information resulting from the comparison of
jatrophanes isolated from E. helioscopia is complementary to that
previously drawn from jatrophanes isolated from other Euphorbiae
species.'2

Interestingly, the same compounds were not able to alter
the mitoxantrone efflux mediated, under similar conditions, by
the other multidrug transporter ABCG2 (Fig. 6). Indeed, no
significant inhibition was observed for any compound up to a
20 uM concentration, whereas the control inhibitor GF120918
gave a submicromolar ICs, value, in agreement with previous
observations.?6?’
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Fig. 6 Concentration-dependent inhibition of ABCG2-mediated mi-
toxantrone efflux by the purified compounds. ABCG2-transfected cells
and parental ones were incubated with mitoxantrone and then with
each purified inhibitor at increasing concentrations of 0.1, 0.5, 2. 5, 10
and 20 pM. Mitoxantrone accumulation was assayed and the inhibition
efficiency determined as in Fig. 4. GF120918 was used as a reference
inhibitor.

Such a specificity towards P-glycoprotein was observed with
other types of inhibitors, such as amiodarone, nifedipine,
dexniguldipine, LY335979 (Zosuquidar) and R101933 (Lanig-
uidar) as reviewed.? Conversely, other types of inhibitors, such as
fumitremorgin C, Ko143, tectochrysin and 6-prenylchrysin, were
found to selectively inhibit ABCG2 and not P-glycoprotein.?¢?’

All these compounds, belonging to the third-generation class
of specific multidrug transporter inhibitors, constitute conve-
nient and efficient tools for evaluating the contribution of each
transporter to cell drug efflux and related multidrug resistance
phenotypes, in various cell lines or tissues under either normal
or pathological conditions. Future clinical trials will evaluate the
clinical benefit of these recently-discovered compounds.

Experimental
General experimental procedures

Optical rotations were determined on a Perkin Elmer 192 po-
larimeter equipped with a sodium lamp (589 nm) and 10 cm
microcell. '"H (500 MHz) and “C (125 MHz) NMR spectra
were recorded on a Varian Unity INOVA spectrometer; chem-
ical shifts were referred to the residual solvent signal (CDCl;:
Ou 7.26, d¢ 77.0). The multiplicities of *C NMR resonances
were determined by DEPT experiments. 'H connectivities were
determined by using COSY experiments; one-bond heteronuclear
'"H-"C connectivities were determined with a 2D HSQC pulse
sequence with an interpulse delay set for 'J 4 of 130 Hz. Two and
three bond heteronuclear 'H-"C connectivities were determined
with 2D NMR HMBC experiments, optimized for a **Jcy
of 8 Hz. The measurement of spatial coupling was obtained
through 2D ROESY experiments. Low-resolution electrospray
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(positive ion) mass spectra were performed employing an API 2000
spectrometer; high-resolution FAB mass spectra (glycerol matrix)
were measured on a VG ProSpec (FISONS) mass spectrometer.
Medium pressure liquid chromatography (MPLC) was performed
on a Biichi 861 apparatus using silica gel (230-400 mesh) as the
stationary phase. HPLC in isocratic mode was performed on a
Varian apparatus equipped with an RI-3 refractive index detector
using Merck columns [semipreparative LiChrocart Si60 column
(10 p) with a flow rate of 2.5 mL min~" and analytical LiChrospher
Si60 (5 w) with a flow rate of 1 mL min™'].

Plant material, extraction and isolation

Samples of Euphorbia helioscopia L. were collected at the
Saepinum ruins, Altilia (CB) during April 2004. A voucher spec-
imen is kept at the Department of STAAM, Campobasso. Fresh
whole plants (3.5 kg, fresh plant), including latex and roots, were
extracted seven times with 3.5 L of EtOAc at room temperature.
This extract (44.3 g) was partitioned between H,O and EtOAc, in
order to remove hydrophilic and gummy compounds, and then the
sole apolar fraction (24.9 g) was chromatographed by MPLC on
silica gel column (230-400 mesh) using a gradient solvent system
from hexane 100% to EtOAc 100%. Preliminary NMR studies
revealed that three fractions, eluted in hexane-EtOAc (7 : 3),
hexane-EtOAc (6 : 4) and hexane-EtOAc (55 : 45), contained
diterpenoids of the jatrophane and lathyrane family and were
further investigated. The first fraction, hexane-EtOAc (7 : 3), was
first purified by a semipreparative HPLC direct phase column,
using hexane-EtOAc (85 : 15) as the mobile phase, affording
the known compound 4 (17.3 mg). The second fraction, hexane—
EtOAc (6 : 4), after purification on a semipreparative HPLC direct
phase column with hexane-EtOAc (75 : 25) as the eluent, afforded
compounds 1(32.8 mg), 5(31.5mg), and 8 (36.5 mg) in a pure form
together with a fraction that was further separated on an analytical
column, with a mobile phase of hexane-EtOAc (8 : 2), giving
the known compound 6 (17.3 mg). The last fraction, hexane—
EtOAc (55 :45) was chromatographed on a semipreparative HPLC
direct phase column, using hexane-EtOAc (7 : 3) as the system
solvent, affording three fractions which needed to be further
purified. Therefore they were purified separately on an analytical
column eluting with hexane-EtOAc (7 : 3) for the first fraction and
eluting with hexane-EtOAc (75 : 25) for both the remaining ones:
compounds 3 (0.6 mg), 2 (16.4 mg), and 7 (1.1 mg) respectively
were obtained.

Euphoscopin M (1). Colorless amorphous solid; [a]Z +11.4
(¢ 0.01 in CHCL); vyex (KBr)/cm™" 3448, 1750, and 1480; ESIMS
(positive ion) m/z 619 [M + Na]*; HRFABMS (positive ion):
found m/z597.6730 (calcd for C;;H,, 0,9, m/z 597.6725); 'HNMR
(500 MHz, CDCl,): see Table 1; *C NMR (500 MHz, CDCl,): see
Table 2.

Euphoscopin N (2). Colorless amorphous solid; [o]Z +31.4
(¢ 0.01 in CHCl,); vpex (KBr)/cm™" 3450, 1748, and 1480; ESIMS
(positive ion) m/z 619 [M + Na]; HRFABMS (positive ion):
found m/z 596.6729 (calcd for Cy3H, Oy, m/z 597.6725); '"HNMR
(500 MHz, CDCl,): see Table 1; *C NMR (500 MHz, CDCl,): see
Table 2.

Euphornin L (3).  Colorless amorphous solid; [a] +27.4 (¢ 0.01
in CHCL,); Vo (KBr)/cm™" 3450, 1749, and 1479; ESIMS (positive

ion) m/z 565 [M + Na]*; HRFABMS (positive ion): found m/z
543.6686 (calcd for C; H,; 04, m/z 543.6682); '"H NMR (500 MHz,
CDCl,): see Table 1; *C NMR (500 MHz, CDCl,): see Table 2.

Euphohelioscopin C (7). Colorlessamorphoussolid; [a] +32.4
(¢ 0.01 in CHCL,); vy (KBr)/cm™" 3449, 1750, and 1480; ESIMS
(positive ion) m/z 537 [M + NaJ]*; HRFABMS (positive ion):
found m/z 515.6586 (caled for C;0H,;0;, m/z 515.6581); "H NMR
(500 MHz, CDCl,): see Table 1; *C NMR (500 MHz, CDCl,): see
Table 2.

Molecular modeling calculations

Molecular modeling calculations were performed on an SGI
Origin 200 8XR 12000, while the molecular modeling of graphics
was carried out on SGI Octane 2 and Octane workstations.
Compound 1 was built using the Insight 2005 Builder module
(Accelrys, San Diego). Molecular mechanics (MM) and dynamics
(MD) calculations were performed using the atomic potentials and
charges assigned by the cff91 force field,” while semi-empirical
calculations were performed using the Mopac 6.0 package.* The
conformational space of the compounds was sampled through
200 cycles of simulated annealing (Discover 3 module of Insight
2005). An initial temperature of 1000 K was applied to the system
for 1000 fs with the aim of surmounting torsional barriers; the
temperature was then linearly reduced to 200 K with a decrement
of 0.5 K fs~! (time step = 1.0 fs). The resulting structures were
subjected to energy minimization within the Insight 2005 Discover
3 module (cff91 force field, conjugate gradient algorithm?') until
the maximum RMS derivative was less than 0.001 kcal A-'. All
calculations were performed using a CHCI; dielectric constant of
4.806. Successively, the MD-MM conformers were subjected to
a full geometry optimization by semiempirical calculations, using
the quantum mechanical method AM1 in the Mopac 6.0 package
in the Ampac/Mopac module of Insight 2000.1. The GNORM
value was set to 0.5. To reach a full geometry optimization the
criteria for terminating all optimizations was increased by a factor
of 100, using the keyword PRECISE. The resulting structures
were ranked by their conformational energy values and grouped
into families according to their dihedral angle values. Using the
NMR data, distances between the coupled hydrogens as well as
spatial relationships evidenced by NOE effects were calculated and
tabulated for the subsequent analysis.

Biological assays

In the case of P-glycoprotein, cell lines were commercially obtained
from ATCC: NIH3T3 (SD no. 1825), the drug-sensitive parental
cell line, is a continuous line of contact-inhibited cells derived
from NTH Swiss mouse embryo cultures, whereas the multidrug-
resistant cell line NIH-MDR-G185 (SD no. 1823) is a clone
of NIH3T3 cells transfected with the wild-type pHaMDR1/A
(G185) retroviral vector by the calcium phosphate co-precipitation
method, and maintained in the presence of 60 ng ml~!' colchicine,
as described.® The parental and transfected cells were grown
in monolayer at 37 °C in 5% CO, using DMEM (Whittaker
BioProducts) supplemented with 10% fetal bovine serum, 5 uM
glutamine, 580 units ml~! penicillin and 50 pg ml~! streptomycin
(GIBCO). For the flow cytometry assays of mitoxantrone efflux,
1 x 10° cells were incubated with 5 uM mitoxantrone for 60 min
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at 37 °C, with or without inhibitors, and washed twice in ice-cold
saline buffer. Mitoxantrone-derived fluorescence of 10,000 events
was measured through a 488 nm bandpass filter at an excitation
wavelength of 650 nm, using a FACscan flow cytometer (Becton
Dickinson). The mitoxantrone accumulation after incubation
for 30 min was expressed in fluorescence units (FU). Parallel
experiments were performed at each inhibitor concentration with
both cell lines, and in the absence of mitoxantrone to determine
autofluorescence. The P-glycoprotein-mediated efflux activity was
measured as the difference between the residual mitoxantrone
accumulation in the transfected cells relative to the maximal value
observed in the parental cells. The efflux inhibition by cyclosporin
A and the purified compounds increased the residual accumulation
up to the level of the parental cells. Data are the mean of two
independent experiments.

Concerning ABCG2, HEK?293 cells were maintained at 37 °C,
with 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 5 uM glutamine,
580 units ml~" penicillin, and 50 pg ml~' streptomycin. For stable
transfection, the HEK 293 cells were seeded in a 10 pg ml~! poly-
D-lysine coated 60 mm? petri dish one day before, and 8 pg
pcDNA3.1-ABCG2 was added using the Fecturin™ /Polyplus
transfection system (Ozyme). A stably-transfected pool clone was
selected using Geneticin (G418) at 0.8 mg ml~'. For inhibition
of ABCG2-mediated mitoxantrone efflux, 1 x 10° cells were
incubated for 1 h at 37 °C in 200 uL of DMEM medium and
assayed by flow cytometry under similar conditions as described
for P-glycoprotein-transfected cells, except that GF120918 was
used as the reference inhibitor.

Conclusion

A new series of diterpenes based on jatrophane (1-3) and
lathyrane (7) skeletons was isolated, together with four other
known analogues, euphoscopin C (4), euphornin (5), epicupho-
scopin B (6) and euphohelioscopin A (8) from whole plants of
Euphorbia helioscopia L. Their stereostructures were elucidated
with the aid of extensive NMR analysis supported by a thorough
molecular investigation based on molecular dynamics, mechanics,
and semiempirical calculations. The isolated compounds exhibited
in vitro activity as inhibitors of P-glycoprotein (ABCB1). Among
them, epieuphoscopin B (6) behaved as the most potent inhibitor
of mitoxantrone efflux activity, being twice as efficient as the
reference inhibitor cyclosporin A. Structure—activity relationships
among jatrophanes showed the importance of substitution at
positions 7 and 9. Interestingly, these compounds appear to be
specific P-glycoprotein inhibitors since they show an absence of
significant activity against BCRP (ABCG?2), despite the high
substrate overlapping of these transporters, thus including them
in the third-generation class of specific multidrug transporter
modulators. Future clinical trials will evaluate the clinical benefits
of these recently discovered compounds.
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Aryl thioesters of peptide segments were prepared by the conventional 9-fluorenylmethoxycarbonyl
(Fmoc) strategy using a novel N-alkyl cysteine (NAC)-assisted thioesterification reaction. The peptide
carrying NAC at its C-terminus was prepared by the Fmoc strategy and converted to the aryl thioester
by 4-mercaptophenylacetic acid (MPAA) treatment without significant side reactions. The peptide
thioester was used for the efficient preparation of 95-amino acid (AA) chemokine CCL27 by an

Ag*-free thioester method.

Introduction

Peptide thioesters have been widely used as a key intermediate
for the chemical synthesis of proteins in the thioester method® as
well as for native chemical ligation.> The preparation of peptide
thioesters has mainly been performed by the fert-butoxycarbonyl
(Boc) strategy using an established preparation method."* In con-
trast, the application of the 9-fluorenylmethoxycarbonyl (Fmoc)
strategy to thioester synthesis has several difficulties, which mainly
arise from the fact that the piperidine used to remove the Fmoc
group decomposes the thioester linkage. Recently, various Fmoc
methods have been developed to avoid this issue.*® The most
widely used method is post-solid-phase peptide synthetic (SPPS)
thioesterification using a sulfonamide linker.’ In this method,
the peptide thioester can be obtained by the activation of the
sulfonamide group at the peptide’s C-terminus using an alkylating
reagent, followed by thiolysis. However, alkylation by iodoace-
tonitrile is reported to cause methionine modification.® Unverzagt
et al. reported that the capping reaction by acetic anhydride
unexpectedly acetylates the nitrogen atom in the sulfonamide
linker, which results in cleavage of the peptide chain during the
solid-phase synthesis.” Other Fmoc methods used for peptide
thioester synthesis also have potential drawbacks.

Recently, we developed a novel post-SPPS thioesterification
reaction, which realizes the effective preparation of peptide
thioesters by the Fmoc strategy.® First, N-alkyl cysteine (NAC)
is introduced at the C-terminus of a peptide. The chain is then
elongated by the conventional Fmoc strategy. After deprotec-
tion, the peptide is treated with a thiol compound, such as
3-mercaptopropionic acid (MPA), to perform thioesterification
assisted by the NAC as shown in Scheme 1. This method is
fully compatible with the conventional Fmoc strategy and gives a
good yield of peptide thioesters. We found that the more reactive
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Scheme 1 Novel thioesterification reaction using NAC.

thiophenyl ester could also be prepared by this method. Recently,
preformed aryl thioester has attracted much attention for use in a
kinetically controlled ligation® in which the peptide aryl thioester
can be ligated with a bifunctional cysteinyl peptide alkyl thioester
using the large difference in the reactivity of S-alkyl and S-aryl
thioesters. Preformed aryl thioester is synthesized by the Boc
strategy,'® which cannot be applied to the preparation of peptide
thioesters carrying acid-sensitive moieties, such as carbohydrates.
Since our method provides an efficient access to aryl thioester
by the Fmoc method, we could realize efficient synthesis of
glycosylated and phosphorylated proteins.

The thioester method is advantageous over native chemical
ligation regarding Cys-free segment coupling. In return, it requires
amino and thiol protection during coupling. The combination
of Boc for amino protection, acetamidomethyl (Acm) group for
thiol protection and AgCl as an activator of the thioester group
is the optimized procedure for the thioester method.! However,
careful manipulation of the peptide is required during coupling
and its work-up, since the Acm group is easily removed by Ag*
under basic conditions. We found that the use of preformed aryl
thioester eliminates the use of silver ions for the activation, which
realizes perfect retention of the protected thiol group throughout
coupling reactions. To demonstrate the usefulness of our method,
a 95-residue chemokine CCL27" was prepared by the Ag*-free
thioester method.
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Results and discussion
Synthesis of CCL27

The amino acid sequence of CCL27 and the coupling sites of
the segments are shown in Fig. 1. To examine the efficiency
of the new method, the N-terminal and intermediate peptide
thioesters were synthesized by both the Fmoc strategy using NAC-
assisted thioesterification and the conventional Boc strategy.® In
the case of the Boc strategy, a Leu residue was inserted between
the thioester linker and the resin to increase the acid stability
of the linker during SPPS.*> The NAC-assisted procedure for
intermediate segment 6 is shown in Fig. 2. Fmoc-N-ethyl-S-trityl-
cysteine (Fmoc-(Et)Cys(Trt)-OH) was introduced to CLEAR
amide resin by the N,N’-dicyclohexylcarbodiimide (DCC)-1-
hydroxybenzotriazole (HOBt) method. After the Fmoc re-
moval, Fmoc-Gly was introduced by O-(7-azabenzotriazol-1-yl)-
N,N,N’,N'-tetramethyluronium hexafluorophosphate (HATU)—
N, N-diisopropylethylamine (DIEA) at 50 °C. The Gly residue
was introduced quantitatively after double coupling. Then, the
chain elongation was performed using an ABI 433A peptide
synthesizer by the Fmoc strategy. After the cleavage from the
resin and deprotection by TFA cocktail, the crude peptide was
dissolved in aq. acetonitrile containing 6 M urea and 2% 4-
mercaptophenylacetic acid (MPAA). As shown in Fig. 3, the
reaction was almost completed within 2 d giving the desired
peptide thioester 6 in high purity. The yield of 6 after HPLC
purification was 5.0%. The peptide segments prepared for CCL27
synthesis are shown in Table 1. The yields of peptide thioesters

LPLPSSTSCCTQLYRQPLPSRLLRRIVHME
LOEADGDCHLQAVVLHLARRSVEVHEPONRE
LARWLERQGERLOGTVPSLILVLOKKMYSH
POQOR

Fig. 1 Structure of CCL27. Arrows indicate sites of segment coupling.

Fmoc CLEAR amide resin (NHo-resin)
l 1) 20% piperidine/ NMP, 2) Fmoc-(Et)Cys(Trt), DCC, HOBt
1) 20% piperidine/ NMP, 2) Fmoc-Gly, HATU, DIEA (x2)
l ABI 433A peptide synthesizer (FastMoc protocol)
Fmoc-Asp(OBu)-Cys(Acm)-His(Trt)-Leu-GIn(Trt)-Ala-Val-Val-Leu-His(Trt)-Leu-Ala-Arg(Pbf)-

Arg(be)-Ser(Bu’)-VaI-Cys(Acm)-Val-His(Tn)-Pro-GIn(Trt)-Asn(Trt)—Arg( be)»Ser(Bu’)-Leu-
Ala-Arg(Pbf)-Trp(Boc)-Leu-Glu(OBu/)-Arg(Pbf)-GIn(Trt)-Gly-(Et)Cys(Trt)-NH-resin

1) Reagent K (TFA: Phenol: HyO: TA: EDT, 82.5: 5: 5: 5: 2.5)
2) 30% aq CH,CN containing 2% HS CH,COOH

Fmoc-Asp-Cys(Acm)-His-Leu-Gln-Ala-Val-Val-Leu-His-Leu-Ala-Arg-Arg-Ser-Val-Cys(Acm)-
Val-His-Pro-Gin-Asn-Arg-Ser-Leu-Ala-Arg-Trp-Leu-Glu-Arg-Gin-Gly-g —@— CHoCOOH

Fig. 2 Synthetic route for peptide thioester 6.
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Fig. 3 RPHPLC profile of thioesterification to obtain 6. The asterisks
show the peaks derived from MPAA. Elution conditions: column,
Mightysil RP-18 GP (4.6 x 150 mm, Kanto, Japan) at a flow rate of
1 ml min~'; eluent, A, 0.1% TFA, B, acetonitrile containing 0.1% TFA.

5 and 6 obtained by the new method were comparable to those
of peptide thioesters 8 and 9 obtained by the conventional Boc
strategy, demonstrating that the new method provides a simple
and efficient method for Fmoc peptide thioester synthesis.

The segment coupling was performed as shown in Fig. 4. For
comparison, the coupling was also achieved by the conventional
Ag*-assisted thioester method using peptides 7, 8 and 9 (see
Experimental). Peptides 6 and 7 were dissolved in DMSO contain-
ing 3-hydroxy-4-oxo-3,4-dihydro-1,2,3-benzotriazine (HOOBt).

(Acm)o
Fmoc—h s

(Acm)o (Boc)s

|
Fmoc - 3769 SR H-(_ 70-95 )—OH
7

1) HOOB, DIEA,
2) piperidine/DMSO

(Aclm)g (B?C)s
H—( 37-95 )—-OH 4
HOOB, DIEA
(AC'm)A (|I300)3
Fmoc—( 1-95 )— OH 3

l 1) piperidine/DMSO, 2) TFA, 3) AgNO3, DIEA, H,O

H=( 1-95 )-OH 2
l Oxidation
|
H=( 1-95 )-oH 1

-SR: -SCgH4CH,COOH

Fig. 4 Synthetic route for CCL27 1.

Table 1 Yields of peptide and peptide thioesters prepared for CCL27 synthesis

Peptide and peptide thioester R R’ Name Yield*
R-[Cys(Acm)*!*]-CCL27(1-36)-R’ Fmoc SCH,CH,COOH 5 11
Boc SCH,CH,CO-Leu-NH, 8 102
R-[Cys(Acm)**]-CCL27(37-69)-R’ Fmoc SCH,CH,COOH 6 5.0
Fmoc SCH,CH,CO-Leu-NH, 9 3.7
R-[Lys(Boc)"$>%¢]-CCL27(70-95)-R’ H OH 7 11¢

“Yields are calculated based on the initial loading of C-terminal amino acids on resin. * The overall yield of SPPS followed by Boc protection of terminal
amino groups. ¢ The overall yield of SPPS, introduction of the Boc group followed by the Fmoc removal.
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The coupling was initiated by adding DIEA. In spite of the
absence of silver ions, the reaction was almost completed within
12 h without considerable side reactions, the speed of which
is comparable with Ag*-assisted segment condensation. Fmoc
removal was easily accomplished by adding piperidine to the
reaction mixture to obtain peptide 4 (Fig. 5a). In the case of
Ag*-assisted coupling of 7 and 9, the trapping of Ag* prior to
Fmoc removal was essential, as the Acm group was cleaved by Ag*
even with the use of highly insoluble AgCl as an activator. After
the purification by gel filtration chromatography (GFC), peptide
4 was condensed with an N-terminal peptide thioester 5 in the
same manner. The desired peptide 3 was obtained in high purity
within 12 h as shown in Fig. 5b. Then, Fmoc and Boc groups were
removed by piperidine and TFA treatments, respectively, and the
thiol-protected form of CCL27 was obtained. The Acm groups
were removed by AgNO; in the presence of DIEA and water
without considerable side reactions as shown in Fig. Sc. After
purification by reversed-phase (RP) HPLC, the peptide carrying
free thiol group 2 was oxidized in the presence of DMSO as shown
in Fig. Se. The main peak was isolated by RPHPLC to give the
folded CCL27 1 in high purity.
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Fig.5 RPHPLC profiles for the synthesis of CCL27 (a) Reaction mixture
for the synthesis of peptide 4, (b) crude peptide 3, (c) crude peptide 2, (d)
purified peptide 2, (e) crude peptide 1. The asterisks in (a) are for non-
peptide components. The double asterisks in (b) are for the elution position
of peptide 5. Elution conditions are the same as described in Fig. 3.

Determination of the disulfide pairing

To determine the mode of disulfide bonds, the synthetic CCL27
was digested with trypsin at 37 °C for 15 h and the fragments were
separated by RPHPLC. One of the fragments showed a mass num-
ber of 4925.0 (average), which is close to the value of the structure
in Fig. 6. Edman degradation of this fragment showed that cystine
appeared at cycles 10 and 13, not at cycle 9, indicating that the

iPLPSSTS@?TQLYﬁ

26 45 51 ‘ 59
IVHMELQEADGD%HLQAVVL SV%VHPQNR

Fig. 6 Disulfide pairing of the tryptic digest of CCL27.

disulfide bond pairing is Cys9/38 and Cys10/53. Thus, the mode
of disulfides was determined as shown by the structure in Fig. 1,
which is identical with other chemokines prepared previously.'

Conclusions

A novel post-SPPS thioesterification reaction was successfully
applied to prepare reactive peptide aryl thioesters, demonstrating
that the preparation of peptide thioesters by the Fmoc method
has become practical with regard to yield and simplicity. Using
these peptide thioesters, synthesis of 95-AA chemokine, CCL27,
was successfully prepared by the Ag*-free thioester method. Work
is now continuing on the synthesis of the glycosylated version of
CCL27. We are also applying the method at a non Gly-X site to
extend the general applicability of our method.

Experimental

Fmoc-(Et)Cys(Trt)-OH was prepared by the previously described
method.®* MALDI-TOF mass spectra were recorded with a
Voyager-DE PRO spectrometer (Applied Biosystems, Foster City,
CA). Amino acid composition was determined with a LaChrom
amino acid analyzer (Hitachi, Tokyo, Japan) after hydrolysis with
6 M HCI at 150 °C for 2 h in an evacuated sealed tube. Amino
acid sequence analysis was performed with a protein sequencer
491 (Applied Biosystems).

Fmoc-[Cys(Acm)*!*]-CCL27(1-36)-SC4H,CH,COOH 5

Fmoc-CLEAR amide resin (0.21 g, 0.10 mmol) was reacted with
20% piperidine—1-methyl-2-pyrrolidinone (NMP) for 5 min x 1
and 15 min x 1. After washing with NMP (x5), Fmoc-(Et)-
Cys(Trt)-OBt, which was prepared by mixing Fmoc-(Et)Cys(Trt)-
OH (0.25 g, 0.41 mmol), 1 M DCC-NMP (0.5 ml) and 1 M
HOBt-NMP (0.5 ml) for 30 min at room temperature, was added
and the reaction mixture was vortexed for 1 h at 50 °C. The
resin was washed with NMP five times and the remaining amino
groups were acetylated using 10% Ac,0-5% DIEA-NMP for
5 min. After NMP washing, removal of the Fmoc group was
performed as described above, and the resin was reacted with
Fmoc-Gly (0.30 g, 1.0 mmol), HATU (0.36 g, 0.95 mmol) and
DIEA (0.35 ml, 2.0 mmol) at 50 °C for 1 h. The reaction was
repeated with fresh reagents. Then the resin was subjected to au-
tomated synthesis by an Applied Biosystems (ABI) 433A peptide
synthesizer using the FastMoc protocol and Fmoc-Leu-Pro-Leu-
Pro-Ser(Bu’)-Ser(Bu’)-Thr(Bu’)-Ser(Bu’)-Cys(Acm)-Cys(Acm)-
Thr(Bu')- GIn(Trt)- Leu- Tyr(Bu’) - Arg(Pbf) - Gln(Trt) - Pro- Leu-
Pro-Ser(Bu’)-Arg(Pbf)-Leu-Leu-Arg(Pbf)-Arg(Pbf)-Ile-Val-His-
(Trt)-Met-Glu(OBu’)-Leu-GlIn(Trt)-Glu(OBu’)-Ala-Asp(OBu’)-
Gly-(Et)Cys(Trt)-NH-resin (0.80 g) was obtained. The resin
(0.16 g, 21 pmol) was treated with Reagent K (TFA : phenol :
H,O : thioanisole (TA) : 1,2-ethanedithiol (EDT), 82.5 : 5 :
5:5:25)" (3.0 ml) at room temperature for 2 h. TFA was
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removed under a nitrogen stream and the peptide was precipitated
with ether, washed twice with ether and dried in vacuo. The
crude peptide was dissolved in 10 ml of 30% aq. acetonitrile
containing 6 M urea and 2% MPAA, and the solution was
kept at room temperature for 2 d. MPAA was extracted with
ether (x3) and the crude peptide was purified by RPHPLC
using aq. acetonitrile containing 0.1% TFA to obtain peptide
thioester 5 (11 mg, 2.3 pmol, 11% yield). MALDI-TOF mass:
found m/z 46254 (M + H)" (average), calcd 46254 (M +
H)*. Amino acid analysis: Asp, o, Thr,,,Ser, s, Glu,74Pro;4Gly,; o4
Ala, Valys; Met, i71ley 53 Leug 33 Tyrg 7 His ss Args 57

Boc-[Cys(Acm)*'']-CCL27(1-36)-SCH,CH,CO-Leu-NH, 8

MBHA-resin (NH,-resin) hydrochloride (0.15 g, 0.1 mmol) was
washed with 5% DIEA-NMP (x2) and NMP (x5). Boc-Leu-
OBt, which was prepared by mixing Boc-Leu hydrate (100 mg,
0.4mmol), ] MDCC-NMP (0.4 ml) and | M HOBt-NMP (0.4 ml)
for 30 min, was added to the resin. The mixture was vortexed for
1 h and the resin was washed with NMP (x5) and DCM (x4).
Then the resin was treated with 50% TFA-DCM (5 min x | and
15 min x 1) and washed with DCM (x3) and NMP (x2). The
resin was neutralized with 5% DIEA-NMP (x2) and washed with
NMP (x5). Boc-Gly-SCH,CH,COOBt, which was prepared by
mixing Boc-Gly-SCH,CH,COOH (53 mg, 0.2 mmol), 1 M DCC/
NMP (0.2 ml) and 1 M HOBt-NMP (0.2 ml) for 30 min, was
added and the mixture was vortexed for 1 h. The resin was
washed with NMP (x5) and treated with 10% Ac,0-5% DIEA—
NMP for 5 min. After washing with NMP, the resin was subjected
to automated synthesis using an ABI 433A peptide synthesizer
with the 0.1 mmol scale Boc-HOBt-DCC protocol and Boc-Leu-
Pro-Leu-Pro-Ser(Bzl)-Ser(Bzl)-Thr(Bzl)-Ser(Bzl)-Cys(Acm)-Cys-
(Acm)-Thr(Bzl)-Gln-Leu-Tyr(BrZ)-Arg(Tos)-Gln-Pro-Leu-Pro-
Ser(Bzl) - Arg(Tos) - Leu- Leu - Arg(Tos) - Arg(Tos) - Ile - Val - His -
(Bom)-Met-Glu(OBzl)-Leu-Gln-Glu(OBzl)-Ala- Asp(OcHex) -
Gly-SCH,CH,CO-Leu-NH-resin (0.57 g) was obtained. The resin
(0.26 g) was treated with HF (5 ml) containing 10% anisole at
0 °C for 1.5 h. After evaporation of HF under reduced pressure,
the residue was washed three times with ether. The crude peptide
was extracted with 50% aq. acetonitrile containing 0.1% TFA and
lyophilized. The crude peptide was purified by RPHPLC to ob-
tain [Cys(Acm)*'°]-CCL27(1-36)-SCH,CH,CO-Leu-NH, (20 mg,
4.5 umol, 10% yield). [Cys(Acm)*'*]-CCL27(1-36)-SCH,CH,CO-
Leu-NH, (20 mg, 4.5 umol) was dissolved in DMSO (0.1 ml),
and Boc-OSu (3.9 mg, 18 umol) and DIEA (3.1 pl, 18 umol) were
added. After the solution was stirred for 1 h, peptide was precipi-
tated with ether, washed with ethyl acetate twice, and lyophilized
from dioxane suspension to give Boc-[Cys(Acm)’!°]-CCL27(1—
36)-SCH,CH,CO-Leu-NH, 8 (quantitative). MALDI-TOF mass:
found m/z 4550.4 (M + H)*, caled 4550.4 (M + H)*. Amino acid
analysis:  Aspgos Thr, gSer, ¢sGluy 15Pros ., Gly, Alag s Val, .0 Metg o
Ileg.g3Leus 5 Tyro oo Hisoos Argsos.

Fmoc-[Cys(Acm)***]-CCL27(37-69)-SC,H,CH,COOH 6

Fmoc-CLEAR amide resin (0.21 g, 0.10 mmol) was reacted
with 20% piperidine-NMP for 5 min x 1 and 15 min x 1. After
washing with NMP (x5), Fmoc-(Et)Cys(Trt)-OBt, which was
prepared by mixing Fmoc-(Et)Cys(Trt)-OH (0.25 g, 0.41 mmol),

1 M DCC-NMP (0.5 ml) and 1 M HOBt-NMP (0.5 ml) for
30 min at room temperature, was added and the reaction mixture
was vortexed for 1 h at 50 °C. The resin was washed with NMP
five times and the remaining amino groups were acetylated using
10% Ac,0-5% DIEA-NMP for 5 min. After NMP washing, the
removal of the Fmoc group was performed as described above, and
the resin was reacted with Fmoc-Gly (0.30 g, 1.0 mmol), HATU
(0.36 g, 0.95 mmol) and DIEA (0.35 ml, 2.0 mmol) at 50 °C for
1 h. The reaction was repeated with fresh reagents. Then the resin
was subjected to automated synthesis by the ABI 433A peptide
synthesizer using the FastMoc protocol and Fmoc-Asp(OBu')-
Cys(Acm)-His(Trt)-Leu-Gln(Trt)-Ala-Val-Val-Leu-His(Trt)-Leu-
Ala- Arg(Pbf)- Arg(Pbf) - Ser(Bu’) - Val- Cys(Acm) - Val - His(Trt) -
Pro-GIn(Trt) - Asn(Trt) - Arg(Pbf) - Ser(Bu’) - Leu - Ala - Arg(Pbf)-
Trp(Boc)-Leu-Glu(OBu’)- Arg(Pbf)-Gln(Trt)-Gly- (Et)Cys(Trt)-
NH-resin (0.68 g) was assembled. An aliquot of the resin (92 mg)
was treated with Reagent K (2 ml) at room temperature for 2 h.
TFA was removed under a nitrogen stream, and the peptide
was precipitated with ether, washed twice with ether and dried
in vacuo. The crude peptide was dissolved in 10 ml of 30% aq.
acetonitrile containing 6 M urea and 2% MPAA and the solution
was kept at room temperature for 2 d. MPAA was extracted with
ether (x3) and the crude peptide was purified by RPHPLC using
aq. acetonitrile containing 0.1% TFA to obtain peptide thioester
6 (0.68 umol, 5.0% yield). MALDI-TOF mass: found m/z 4365.8
(M + H)* (average), caled 4365.1 (M + H)*. Amino acid analysis:
Asp; o3Ser; o1 Gluy oo Prog e Gly, 15Ala; Val, s Leu, os His, 73 Argyoq.

Fmoc-[Cys(Acm)**]-CCL27(37-69)-SCH,CH,CO-Leu-NH, 9

Boc-Gly-SCH,CH,CO-Leu-NH-resin (0.1 mmol), which was pre-
pared by the same procedure as described for peptide 8, was
subjected to the automated synthesis using the 0.1 mmol FastBoc
protocol and Boc-Cys(Acm)-His(Bom)-Leu-Gln-Ala-Val-Val-
Leu-His(Bom)-Leu-Ala-Arg(Tos)- Arg(Tos)-Ser(Bzl)- Val-Cys-
(Acm)-Val-His(Bom)-Pro-Gln-Asn-Arg(Tos)-Ser(Bzl)-Leu-Ala-
Arg(Tos) - Trp(For)-Leu- Glu(OBzl) - Arg(Tos) - Gln-Gly - SCH, -
CH,CO-Leu-NH-resin was obtained. The Boc group was removed
by 50% TFA-CH,Cl, treatment for 5 min x 1 and 15 min x 1,
followed by 5% DIEA-NMP treatment (2 min x2). Then, Fmoc-
Asp(OBu’)-OBt, which was prepared by mixing Fmoc-Asp(OBu')-
OH (0.41 g, 1.0 mmol), | M HOBt-NMP (1.0 ml) and 1 M
DCC-NMP (1.0 ml) for 30 min, was added to the resin. After
the mixture was vortexed for 1 h, the resin was washed with
NMP followed by DCM and dried in vacuo. A part of the resin
obtained (0.25 g out of 0.44 g) was treated with HF (5.4 ml)
containing anisole (0.40 ml) and 1,4-butanedithiol (0.75 ml) at
0 °C for 1.5 h. After HF was removed in vacuo, the residue
was washed with ether three times. Crude peptide was extracted
with aq. acetonitrile containing 0.1% TFA and lyophilized. The
obtained powder was purified by RPHPLC to give 9 (9.3 mg,
2.1 pmol. 3.7%). MALDI-TOF mass: found m/z 4414.6 (M +
H)* (average), caled 44152 (M + H)". Amino acid analysis:
Asp seSer; g3 Gluy 0 Prog o, Gly, 1sAla; Val, 7, Leus ;0 His, g Args ;.

[Lys(Boc)™#5%]-CCL27(70-95) 7

Starting from Fmoc-Asn(Trt)-CLEAR Acid Resin (0.54 g,
0.15 mmol), the peptide chain was elongated by the synthesizer
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to obtain Fmoc-Lys(Boc)-Arg(Pbf)-Leu-Gln(Trt)-Gly-Thr(Bu’)-
Val-Pro-Ser(Bu’)-Leu-Asn(Trt)-Leu-Val-Leu-GIn(Trt)-Lys(Boc)-
Lys(Boc)-Met-Tyr(Bu’)-Ser(Bu’) - Asn(Trt) - Pro - Gln(Trt) - Gln -
(Trt)-GIn(Trt)-Asn(Trt)-CLEAR Acid Resin (1.4 g). A part of
the resin (0.35 g) was treated with Reagent K (5 ml) for 2 h
at room temperature. TFA was removed by a nitrogen stream
and the product was precipitated with ether, washed with ether
twice and dried in vacuo. The peptide was extracted with aq.
acetonitrile containing 0.1% TFA and lyophilized. The obtained
powder was purified by RPHPLC to give Fmoc-CCL27(70-95)
(24 mg, 7.3 umol, 20% yield). This peptide was dissolved in DMSO
(360 pl) containing Boc-OSu (11 mg, 51 pmol) and DIEA (11 pl,
63 umol). After the solution was kept at room temperature for 5 h,
the product was precipitated with ether, washed with ethyl acetate
twice and lyophilized from a dioxane suspension. The peptide
obtained was dissolved in DMSO (300 pl) containing piperidine
(15 ul) and the reaction mixture was kept for 1.5 h. The product was
precipitated with ether, washed with ether twice and dried in vacuo.
The precipitate was purified by RPHPLC to give peptide 7 (14 mg,
4.2 umol). MALDI-TOF mass: found m/z 3313.2 (M + H)*, calcd
3312.8 (M + H)*. Amino acid analysis: Asp,esThrgeSer, s Glus,
Pro, ,Gly, Val, gsMet, o5 Leus o, Tyrgo0Lys, ss Arg, os.

[Cys(SH)*'**#5]-CCL27(1-95) 2

Peptide 6 (2.6 mg, 0.60 umol) and 7 (2.4 mg, 0.72 umol) were
dissolved in DMSO (140 pl) containing HOOBt (2.9 mg, 18 pmol)
and DIEA (2.1 pl, 12 pmol). After the solution was kept at room
temperature overnight, piperidine (7 ul) was added and the reac-
tion mixture was kept at room temperature for 1 h. The product
was precipitated with ether, washed with ether twice and dried
in vacuo. The precipitate was purified by GFC using G3000PWy,
using 50% aq. acetonitrile containing 0.1% TFA to give peptide
4. Peptide 4 obtained and peptide 5 (1.9 mg, 0.42 umol) were
dissolved in DMSO (100 ul) containing HOOBt (2.4 mg, 15 umol)
and DIEA (1.7 ul, 9.8 umol). The solution was kept at room
temperature overnight. Piperidine (7.5 pl) was added and the
solution was kept for 1 h at room temperature. Ether was added to
precipitate the product, which was washed with the same solvent
twice and dried in vacuo. The powder was dissolved in 5% 1,2-
ethanedithiol-TFA (200 pl) at room temperature for 10 min. TFA
was removed by a nitrogen stream and the product was precipitated
with ether, washed with the same solvent twice and dried. The
residue was dissolved in 80% DMSO (0.5 ml) containing silver
nitrate (5.1 mg, 30 umol) and DIEA (0.26 pl, 1.5 pmol), and the
solution was kept in the dark at 50 °C for 1 h. Dithiothreitol (DTT)
(50 mg, 0.32 mmol) was added to the solution, which was acidified
by 0.5 M HCI (0.25 ml). The product was purified by RPHPLC
to obtain peptide 2 (0.15 pmol). MALDI-TOF mass: found
m/z 10934 (M + H)* (average), caled 10934 (M + H)*. Amino
acid analysis: Aspsg Thr,gSerss0Glu e Prog;;GlysAlay, Val, s,
Met, g llegs3 Leuys sTyr s;Lys, 60 Hisy g Argoss.

[Cys(SH)*1*353|.CCL27(1-95) 2 (by Ag*-assisted thioester
method)

Peptides 9 (5.7 mg, 1.3 pmol) and 7 (4.2 mg, 1.3 pmol) were
dissolved in DMSO (300 ul) containing HOOBt (6.3 mg, 39 umol)
and DIEA (4.5 ul, 26 umol). AgCl (0.56 mg, 3.9 umol) was added

and the reaction mixture was vortexed in the dark overnight.
DTT (20 mg, 130 pmol) was added to the solution to trap silver
ions. Then, the Fmoc group was removed by adding piperidine
(15 pl) to the solution. After the solution was kept for 1 h at room
temperature, ether was added to the solution to form a precipitate,
which was washed with ether twice and dried in vacuo. The powder
was subjected to GFC using G3000SWy, with 50% aq. acetonitrile
0.1% TFA as an eluent to give peptide 4. Peptides 4 and 8 (3.5 mg,
0.76 umol) were dissolved in DMSO (200 pl) containing HOOBt
(3.7 mg, 23 pmol) and DIEA (2.6 pul, 15 umol). AgC1 (0.50 mg, 3.5
pmol) was added and the reaction mixture was vortexed in the dark
overnight. After AgCl was removed by centrifugation, ether was
added to precipitate the product, which was washed with ether
twice and dried in vacuo. The powder was dissolved in 5% 1,2-
ethanedithiol-TFA (200 pl) at room temperature for 10 min. TFA
was removed by a nitrogen stream and the product was precipitated
with ether, washed with the same solvent twice and dried. The
residue was dissolved in 80% DMSO (1.0 ml) containing silver
nitrate (10 mg, 59 pmol) and DIEA (0.52 pl, 3.0 pumol), and the
solution was kept in the dark at 50 °C for 1 h. DTT (100 mg,
0.65 mmol) was added to the solution, which was acidified by
0.5 M HCI (0.5 ml). The solution was purified by RPHPLC
to obtain peptide 2 (0.32 pmol). MALDI-TOF mass: found
m/z 10928 (M + H)* (average), calcd 10934 (M + H)*. Amino
acid analysis:  Aspss, Thr, soSerg osGluys 14 Prog e Glys Ala, o4 Vals g
Met, golleg¢sLeuss  Tyr s, Lys, s;His; 0 Argio..

CCL27(1-95) 1

Peptide 2 (58 nmol) was dissolved in 6 M guanidine hy-
drochloride (30 pl) and diluted with a 0.1 M Tris-HCI buffer
containing 1 M guanidine hydrochloride (pH 8.5, 2.0 ml).
DMSO (0.23 ml) was added and the solution was kept at
room temperature for 2 d. The solution was purified by RPH-
PLC to give 1 (34 nmol). MALDI-TOF mass: found m/z
10928 (M + H)* (average), calcd 10930 (M + H)*. Amino
acid analysis:  Aspsgs Thry g SerssoGluy 20 Prog.y, Glys Alas y, Vals g
Met, g711€p.63Let;s 56 Tyr 65 Lys o5 His; 5o Argy 9.

Determination of disulfide bond pairings

Synthetic CCL27(1-95) 1 (ca. 5 nmol) was dissolved in 0.1 M Tris-
HCI (pH 6.8, 100 pl) followed by the addition of TPCK-treated
trypsin (1 pg). After the solution was kept at 37 °C overnight, the
reaction was stopped by adding acetic acid to the solution. The
fragments were separated by RPHPLC. The peak showing the
mass value of m/z 4925.0 was collected and subjected to Edman
sequencing.
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The nonribosomally produced hydroxamate siderophore coelichelin from Streptomyces coelicolor
contains the nonproteinogenic amino acids N’-hydroxyornithine and N*-hydroxyformylornithine that
are important for iron assembly. The hydroxylation of the 3-amino group of L-ornithine is catalyzed by
the flavin-dependent monooxygenase CchB. During the redox reaction nicotinamide adenine
dinucleotide phosphate (NADPH) and molecular oxygen are consumed and flavin adenine dinucleotide
(FAD) is needed as a cofactor. During this work the monooxygenase was biochemically characterized
and it could be shown that the hydroxylation of L-ornithine is most likely the first step in the

biosynthesis of the siderophore coelichelin.

Introduction

For most organisms iron is an essential nutrient, which is mostly
available only as ferric iron Fe(ur). This forms ferric oxide
hydrate complexes in the presence of water and oxygen leading
to an extremely low concentration of free iron in the environ-
ment. Microorganisms overcome this restriction by producing
small-molecule compounds with high Fe(1r) affinity termed
siderophores responsible for the iron acquisition. Siderophores
are synthesized intracellularly, then secreted to chelate Fe(1ir) with
catecholate, carboxylate, or hydroxamate groups and this iron is
delivered into the cell via membrane transporters.

The tris-hydroxamate siderophore coelichelin from Strepto-
myces coelicolor is a tetrapeptide, which is thought to be assembled
by a trimodular nonribosomal peptide synthetase (NRPS) by an
iterative mechanism. By sequence comparison the specificity of the
three adenylation domains within the NRPS was predicted. The
most likely activated amino acids are: N°-hydroxyformylornithine,
L-threonine, and N°-hydroxyornithine.> Since the hydroxylated
and formylated form of ornithine is present twice in the structure
of coelichelin (Scheme 1), it is proposed that the A-domain of
module 1 works iteratively and activates the amino acid twice
during the assembly of the tetrapeptide. It is thought that only
one C-domain, either of module 2 or module 3, catalyzes the last
condensation reaction during the assembly and the other domains
are skipped during this iteration.® Such a module-skipping process
during nonribosomal peptide synthesis has also been proposed for
the assembly of myxochromide S from Stigmatella aurantiaca.* To
be able to investigate this uncommon mechanism of nonribosomal
peptide assembly it is necessary to examine the biosynthesis
of the precursor molecules N°-hydroxyformylornithine and N°-
hydroxyornithine. Besides this, the hydroxamate groups at the
ornithine side chains represent the iron binding groups within this
class of siderophores and therefore it is also important to clarify
the assembly of these building blocks.

Within the biosynthetic gene cluster of coelichelin two tailoring
enzymes were identified, the putative L-ornithine N>-hydroxylase
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Scheme 1 Structure of coelichelin and synthesis of precursor molecules.
(a) The branched tetrapeptide of coelichelin with the hydroxamate groups
involved in iron binding highlighted in grey. (b) Synthesis of N°-hydroxy-
ornithine by CchB and the following formylation reaction catalyzed by
CchA in the presence of the cosubstrate N'°-formyltetrahydrofolate.

(CchB) and the L-N°-hydroxyornithine-formyltransferase (CchA),
which are proposed to be responsible for the modification reactions
at the ornithine side chains (Scheme 1).>* The first enzymatic step
in the generation of N°-hydroxyornithine and N°-hydroxyformyl-
ornithine, the chemically demanding hydroxylation of the &-
amino group of L-ornithine, is thought to be catalyzed by the
ornithine N*-hydroxylase CchB. Sequence alignments reveal that
this monooxygenase is likely to require the cosubstrate nicotin-
amide adenine dinucleotide phosphate (NADPH), the cofactor
flavin adenine dinucleotide (FAD), and molecular oxygen for its
catalytic activity.” During the catalytic cycle of flavin-dependent
monooxygenases, NADPH reduces the flavin, and the reduced
flavin forms a putative flavin-peroxo species with molecular
oxygen that oxidizes the substrate.® These monooxygenases are
called external flavin-dependent monooxygenases because they use
reduced coenzymes to provide the FAD with two electrons.’
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The ornithine N°-hydroxylase PvdA involved in the biosynthesis
of the siderophore pyoverdine® the ornithine N°-hydroxylase
PsbA used in pseudobactin biosynthesis,” and the lysine N°-
hydroxylase ITucD required for production of the aerobactin
siderophore’ show sequence identities of 39%, 38%, and 34%
to CchB from Streptomyces coelicolor. 1t has been proposed that
the hydroxylation reaction is the first step in the biosynthesis of
the corresponding siderophore. In contrast to this, it has been
shown that the lysine residues of the nonribosomally produced
siderophore mycobactin are hydroxylated at the N°-position
during the last step of the synthesis.! Besides the flavin-dependent
monooxygenases involved in the siderophore biosynthesis, the
most thoroughly studied hydroxylase of this class of enzymes is
the p-hydroxybenzoate hydroxylase (PHBH) involved for example
in the biodegradation of lignin from wood.! Other flavoprotein
monooxygenases are involved in cholesterol biosynthesis (human
squalene monooxygenase), or in ubiquinone biosynthesis (ubiB)."
The investigation of flavin-dependent monooxygenases is very
revealing because of the versatility and the broad range of possible
applications of this group of enzymes.

Results
Production and purification of CchB

The enzyme was overproduced as an N-terminal hexahistidine tag
fusion protein in E. coli BL21(DE3) cells and purified by Ni-NTA
affinity chromatography as soluble protein with >95% purity as
displayed by SDS-PAGE analysis (Fig. 1(a)) and with yields of
7-8 mg per litre of bacterial culture.

a) b)

kDam E kba M E
&0 60
5 50 ==
40 40 -
10 30

Fig. 1 SDS-PAGE analysis of Ni-NTA affinity chromatography pu-
rifications. Abbreviations: M, protein marker (Fermentas, PageRuler);
E, elution fraction. (a) Monooxygenase CchB; M.W. = 51.3 kDa. (b)
Formyltransferase CchA; M.W. = 37.2 kDa.

Activity and pH dependence of CchB

To examine the recombinant protein, the activity of the hydroxy-
lase was determined in a typical NADPH oxidation assay.? The
enzyme was incubated with NADPH, FAD, and L-ornithine and
the reaction was monitored by measuring the decrease in NADPH
absorption at 340 nm. Additionally, the reaction mixture was
analyzed by HPLC-MS by scanning for the masses of L-ornithine
(m/z133.09 [M + H]*) and N°>-hydroxyornithine (m2/z 149.08 [M +
H]*). The HPLC-MS chromatogram (Fig. 2) shows quantitative
conversion of L-ornithine to N°-hydroxyornithine by CchBin 12 h
at 25 °C. In a control reaction without enzyme, only the substrate
could be observed. Chemically synthesized N°-hydroxyornithine'®
was also analyzed by HPLC-MS as a standard and this compound

relative intensity
250000 1 ||
i
Without enzyme | With enzyme
+ +
2000001 m/z 133.09 [M+H] m/z 149.08 [M+H]
0o | o)
HN\)J\ (FTRN
2" oH I+, \:/“\OH
150000 4 3 || <
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NH, | | NH
100000 1 L OH
1
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——————r——r——r——r—r————r——
12 14 16 18 min

Fig.2 HPLC-MS analysis of the activity assay. The chromatogram shows
the assay without enzyme as a negative control (continuous trace) and
the assay with CchB (dashed trace). The analysis reveals that the enzyme
quantitatively converts L-ornithine to N*-hydroxyornithine in 12 hat 25°C.

coeluted with the product formed during the enzymatic reaction
at a retention time of 7 = 16.7 min (data not shown).

Concerning the pH optimum for the catalytic activity of CchB,
the initial velocities for NADPH oxidation by the hydroxylase were
measured at 340 nm in a pH range of 6.0-9.5 in 100 mm TRIS
buffer (Fig. 3). The pH range for maximal turnover was found to
be 8.0-9.0. Other buffer systems such as 50 mm HEPES buffer
or 100 mM phosphate buffer showed lower turnover rates (data
not shown) and therefore all further assays were carried out in the
100 mm TRIS buffer pH 8.0.
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Fig.3 pH dependence of the activity of CchB. The starting velocity, which
was determined spectrophotometrically at 340 nm, is plotted against the
pH values of the 100 mM TRIS buffer.

Evaluation of the substrate specificity

Additionally, the substrate specificity of CchB was evaluated by
incubating it for 5 h at 25 °C with different amino acids and
the unmodified coelichelin tetrapeptide (D-Orn-D-Thr-L-Orn-D-
Orn) prepared by Fmoc-based solid phase peptide synthesis. D-
Thr has been incorporated into the peptide backbone instead of
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Table 1 Determination of the substrate specificity of CchB

Substrate m/z[M + H]* substrate m/z [M + HJ" hydroxylated product m/z[M + H]* observed® hydroxylation
L-Ornithine 133.1 149.1 149.1 Yes
N?-Formylornithine 161.1 177.1 161.1 No
D-Ornithine 133.1 149.1 133.0 No
L-Lysine 147.1 163.1 147.2 No
L-Glutamate 148.0 164.0 148.1 No
L-Glutamine 147.1 163.1 147.1 No
L-Valine 118.1 134.1 118.1 No
SNAC-activated tetrapeptide 563.3 611.3 563.3 No

(D-Orn-D-Thr-L-Orn-D-Orn)

“ Masses observed by HPLC-MS after 5 h incubation of CchB with NADPH, FAD and the corresponding substrate.

D-allo-Thr and the molecule has been activated at the C-terminus
as a thioester with the leaving group N-acetylcysteamine to mimic
the ppan-cofactor of a PCP-domain (Table 1). All assays were
analyzed by HPLC-MS and hydroxylation only occurs in the
presence of L-Orn as substrate. Neither the chemically synthesized
N°-formylornithine' nor the tetrapeptide (D-Orn-D-Thr-L-Orn-D-
Orn) or other amino acid classes were accepted as substrates for
hydroxylation (Table 1). Furthermore, the cosubstrate specificity
of the hydroxylase was determined by incubation of CchB with
NADH instead of NADPH. No hydroxylation could be detected
and therefore it can be concluded that the enzyme is specific for
NADPH and L-Orn.

Determination of Kkinetic parameters

To determine the kinetic parameters of CchB, the NADPH
oxidation assay was used and the L-ornithine concentration was
varied between 1 mM and 18 mM. Initial velocities were measured
as a function of the L-ornithine concentration and the resulting
curve was fit to the Michaelis—Menten equation (Fig. 4) to obtain
an apparent Ky of 3.6 + 0.58 mM and a k, of 17.4 & 0.87 min~".
The catalytic efficiency of this enzyme could be determined as
kew/ Ky = 4.83 £ 0.64 min~' mm~".

1,6e+0
1,4e+0
1,2e+0 -
1,0e+0
8,0e-1 1 £
6,0e-1 A
4,0e-1

starting velocity / uM s’

2,0e-1 A
0,0

0 2 4 68 8 10 12 14 16 18 20
[Ornithine] / mM

Fig.4 Michaelis—-Menten plot of CchB. The substrate concentration was
varied between 1 mM and 18 mM, the enzyme concentration was 5 uM,
and the curve represents the best fit to the Michaelis—Menten equation.

Determination of H,O,

As described previously for IucD, a slow NADPH oxidation
takes place even in the absence of substrate."® Due to reduction

of FAD to FADH, and the following oxidation, a flavin 4a-
hydroperoxide species is formed which decays to yield FAD
and hydrogen peroxide.® At different L-ornithine concentrations
(0 mM—3 mMm) the amount of produced hydrogen peroxide could
be measured by a coupled assay with horseradish peroxidase
and the dye 2,2'-azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) at 725 nm (Fig. 5)."® At very low L-ornithine concentration
most of the oxidized NADPH gives rise to the formation of
hydrogen peroxide, but with increasing amounts of L-ornithine the
concentration of hydrogen peroxide decreases and finally remains
steady at the low level of about 6.5 um. This confirms the prediction
that the hydroxylation of the d-amino group of ornithine takes
place through the formation of a flavin 4a-hydroperoxide species
which sets hydrogen peroxide free in the absence of an acceptor
group. The incubation of CchB with L-lysine also reveals a slow
NADPH oxidation activity however no hydroxylated lysine could
be detected by HPLC-MS analysis.

18

6 " .

4 T T T T T T T T T v
00 05 10 15 20 25 30
[Ornithine] / mM

Fig. 5 Generation of hydrogen peroxide. The hydrogen peroxide pro-
duced at the given L-ornithine concentrations was determined spectropho-
tometrically at 725 nm in a coupled assay.

Production and activity assay of CchA

The enzyme was overproduced as an N-terminal hexahistidine tag
fusion protein or an N-terminal thioredoxine fusion protein in
E. coli BL21(DE3) cells and purified by Ni-NTA chromatography
as soluble protein with yields of 1.5 mg per litre of bacterial culture
(Fig. 1(b)).

To examine the catalytic activity of the recombinant protein,
it was incubated with the cosubstrate N'’-formyltetrahydrofolate
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(N'"-fH,F) and the putative substrate N°-hydroxyornithine and
the reaction mixture was analyzed by HPLC-MS by scanning
for the masses of N’-hydroxyornithine and N’-hydroxyformyl-
ornithine. Unfortunately, no enzyme activity could be detected
(see also the discussion section).

Discussion

The flavin-dependent monooxygenase CchB is the third purified
enzyme involved in the biosynthesis of hydroxamate groups of
siderophores so far. In contrast to the previously described results
it could be shown in this work for the first time in vitro that
the hydroxylation reaction is the first step in the biosynthesis of
hydroxamate siderophores.

CchB shows high sequence similarities to the previously purified
L-ornithine N°-hydroxylase PvdA and L-lysine N°-hydroxylase
TucD, but some differences occur, especially in comparison with
the L-lysine hydroxylating enzyme TucD. Concerning the substrate
specificity of these enzymes, the NADPH oxidation activity of
CchB is considerably enhanced in the presence of L-ornithine
and one can observe the hydroxylation of the substrate. In
contrast to this observation, the one carbon atom longer amino
acid L-lysine also enhances the NADPH oxidation activity of
the monooxygenase giving rise to hydrogen peroxide formation
instead of substrate hydroxylation. Probably, the g-amino group
of L-lysine is not located at an optimal position in the active site
to be hydroxylated because of the additional carbon atom of the
side chain.® This situation is analogous to the substrate specificity
of TucD. This enzyme hydroxylates L-lysine and the NADPH
oxidation activity is also enhanced by incubating TucD with
homolysine, which possesses one additional carbon atom, however
in the presence of this compound no hydroxylamine is produced.®
Contrary to the dependence of the NADPH oxidation rate of
CchB on the L-ornithine concentration that follows the Michaelis—
Menten kinetics, the enzyme IucD is inhibited due to excess
binding of the substrate.® Nevertheless, the kinetic parameters of
CchB, PvdA and TucD can be compared. The apparent Ky, value
of CchB for L-ornithine (3.6 mM) is one order of magnitude higher
than the reported Ky value of PvdA for L-ornithine (0.58 mm)®
and the Ky, value of TucD with L-lysine as substrate (0.11 mm).®
Regarding the catalytic efficiencies k., /Ky of both L-ornithine
hydroxylating monooxygenases, PvdA shows a tenfold higher
efficiency (44.52 min~! mm~")'” than CchB (4.83 min~' mm™").

Concerning the cosubstrate specificity of these flavin-dependent
monooxygenases involved in siderophore biosynthesis some dif-
ferences occur, too. Although the activity of TucD is twofold lower
than in the presence of NADPH, hydroxylation by incubating the
enzyme with NADH was observed.” In contrast to TucD, CchB
was not able to utilize NADH instead of NADPH as the reducing
cofactor to form the flavin 4a-hydroperoxide species during the
catalytic cycle.

Concerning the proximate d-amino group formylation reaction
during the biosynthesis of N°-hydroxyformylornithine, the most
likely involved enzyme L-N’-hydroxyornithine-formyltransferase
(CchA) could be expressed in a soluble, but unfortunately inactive
form, although different expression vector systems (pET28a(+)
derivative (Novagen), pQ-Tev (Qiagen), pPBAD202/D-TOPO (In-
vitrogen)) were investigated. The sequence comparisons reveal
the presence of an N'’-formyltetrahydrofolate (N'°-fH,F) binding

motif in CchA suggesting this compound as being the cosubstrate
for the formylation reaction. Since N'°-fH,F is not commercially
available due to instability, it has to be generated in situ for each
formylation reaction. There exist two different reaction pathways
to obtain N'°-fH,F. In dependence of NAD* and formaldehyde,
the enzyme FolD from the organism Methanosarcina barkeri
converts tetrahydrofolate to N'-fH,F* In a second possible
reaction pathway the formyltetrahydrofolate synthetase (FTHFS)
from Clostridium thermoaceticum converts tetrahydrofolate to N'°-
fH,F in the presence of sodium formate, magnesium chloride and
ATP?! Both possibilities have been investigated during this study
but we could not detect a turnover of N>-hydroxyornithine to N°-
hydroxyformylornithine in the presence of N'-fH,F and CchA. In
addition to this approach, the more stable and commercially
available N°-formyltetrahydrofolate (N°-fH,F) was also tested as
a cosubstrate without success. It has been shown previously that
the formylation domain involved in the nonribosomal peptide
synthesis of linear gramicidin accepts both cosubstrates (N'-
fH,F and N°-fH,F) for the formylation of PCP-bound L-valine.*
In another experiment, the hydroxylation and the formylation
reactions were coupled by firstly incubating L-ornithine with
CchB, NADPH and FAD and in the following reaction N'°-fH,F
or N°-fH,F and CchA were added to the enzymatically generated
N°-hydroxyornithine. Unfortunately, this procedure did not result
in the production of N°-hydroxyformylornithine.

This study reveals that the hydroxylation reaction takes place
exclusively at the L-ornithine side chain and that this reaction
occurs before the formylation reaction during the biosynthesis
of the hydroxamate siderophore coelichelin. The flavin-dependent
monooxygenase accepts the unmodified L-ornithine as a substrate,
but the enzyme is unable to convert N°-formylornithine or
the assembled tetrapeptide (D-Orn-D-Thr-L-Orn-D-Orn) to the
hydroxylated form.

Experimental
Isolation of genomic DNA

Streptomyces coelicolor A3(2), obtained from DSMZ (strain
40783), was inoculated in Media 65 (DSMZ) and grown at 28 °C
for 4 days. Genomic DNA was isolated using Qiagen Genomic-
tips.

Cloning of CchB

The cchB gene was amplified from genomic DNA using Phusion
DNA polymerase (Finnzymes) with the synthetic oligonucleotide
primers 5-AAAAAAGGATCCTCACAGGTTCTTCCTGCTG-
ACTCAAC-3 and 5-AAAAAAAGCTTTTAACGCGCGCC-
GGTGCCGGT-3 (BamHI1 and Hindlll restriction sites are
italicised). The resulting 1377 basepair PCR fragment was pu-
rified, digested with BamHI and Hindlll, and ligated into a
pET28a(+) derivative (Novagen), digested with the same enzymes.
The identity of the plasmid pCB28a(+)-cchB with an N-terminal
hexahistidine tag was confirmed by DNA sequencing.

Purification of CchB

The plasmid was used to transform E. coli strain BL21(DE3)
(Novagen) and the enzyme was overproduced in LB medium
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supplemented with kanamycin (50 pg mL™") (30 °C — 25 °C;
induction with 0.1 mMm isopropyl-p-D-thiogalactopyranoside; 4 h).
After harvesting by centrifugation (7000 rpm, 15 min, 4 °C) and
resuspension in 50 mm Hepes pH 8.0 and 300 mm NaCl, the cells
were lysed by two passages through an EmulsiFlex-C5 (Avestin)
at 10000 psi, and the recombinant protein was purified by Ni-
NTA affinity chromatography using an AKTA purifier system
(Amersham Pharmacia Biotech) with a linear gradient of 3-
250 mM imidazole. Fractions containing the CchB (51.3 kDa)
were identified by 10% SDS-PAGE analysis, pooled, and dialyzed
against 100 mm TRIS buffer pH 8.0 using HiTrap desalting
columns (Amersham Pharmacia Biotech). Protein concentration
was determined spectrophotometrically with the help of the
calculated extinction coefficient at 280 nm.

Synthesis of N*-formylornithine

N,-Fmoc-protected ornithine (391 mg, 1.0 mmol) was dissolved
by heating in 98% formic acid (1.0 mL). A hot solution of sodium
formate (75 mg, 1.1 mmol) in 98% formic acid (1.0 mL) was added
and after cooling down, acetic anhydride (225 uL) was added
slowly. The reaction mixture was heated at 70 °C for 30 min and
then evaporated under vacuum to remove the formic and acetic
acids. The residue was dissolved in acetone (5.0 mL) and again
evaporated. For the deprotection of the formylated amino acid
(1.0 mmol) it was dissolved in DMF (10.0 mL) and piperidine
(2.5 mL, 25 mmol) was added dropwise at 0 °C. After stirring
for 1 h at room temperature the solution was evaporated and the
residue was dissolved three times in toluene and again evaporated.
The product was purified by flash column chromatography on
silica gel (MeOH : H,O 8 : 2) yielding 130 mg (81%) N°-
formylornithine as a light yellow powder. HPLC-MS analysis
(Hewlett Packard 1100 series): m/z 161.0848 [M + H]* calculated,
m/z 161.0825 [M + HJ* observed.

Synthesis of SNAC-activated unmodified tetrapeptide
(D-Orn-pD-Thr-L-Orn-p-Orn)

Fmoc-Orn(Alloc)-OH (438.5 mg, 1 mmol) was coupled to 2-
chlorotritylchloride resin (380 mg) by the addition of N,N-diiso-
propylethylamine (695 uL, 4 mmol) in 10 mL dichloromethane.
After stirring for 2 h at room temperature the resin was washed
five times with dimethylformamide and stored at —20 °C for
further usage. The cleavage of the Alloc group was performed
by addition of phenylsilane (1.3 g, 12 mmol) and the catalyst
tetrakis(triphenylphosphane)palladium (57.8 mg, 0.05 mmol) in
5 mL dichloromethane. The mixture was stirred at room tem-
perature for 10 min and then the resin was washed three times
with dichloromethane. This reaction was performed twice to
optimize the yield. Fmoc-D-Thr(‘Bu)-OH was then coupled to
the free amino group of the ornithine side chain by solid phase
peptide synthesis in an automated peptide synthesizer (Advanced
ChemTech APEX396). The synthesis of the tetrapeptide was
completed by a double coupling step with Boc-D-Orn(Boc)-OH
after removal of the Fmoc groups from the a-amino groups of Orn
and Thr. After releasing the peptide from the resin, the tetrapeptide
was activated at the C-terminus with N-acetylcysteamine (1 mL,
10 mmol) in the presence of dicyclohexylcarbodiimide (413 mg,
20 mmol) and 1-hydroxybenzotriazole (306 mg, 20 mmol) in

dichloromethane followed by deprotection of the amino acid
residues. After purification with the help of a preparative HPLC
(Hewlett Packard 1100 series) a white solid (200 mg) with a yield
of 36% was obtained. HPLC-MS analysis: m/z 563.33 [M + H]*
calculated, m/z 563.25 [M + H]* observed.

Determination of enzyme specificity and kinetic parameters

The recombinant CchB (5 uMm) was incubated with L-ornithine
(1 mmMm), the cosubstrate NADPH (2 mMm), and the cofactor FAD
(20 um) in 100 mm TRIS buffer (pH 8.0) for 12 h at 25 °C. The
reaction was stopped by adding 1.3% (v/v) trifluoroacetic acid.
As a control reaction the mixture was incubated without enzyme.
With the help of reversed-phase HPLC-MS analysis on a Hy-
percarb column (Thermo Electron Corporation, pore diameter
of 250 A, particle size of 5 uM, 100% carbon) the assays were
analyzed by the use of the following mobile phases: 20 mM aqueous
nonafluoropentanoic acid (A), and acetonitrile (B). The applied
gradient was: 0-15% B in 15 min and 15-30% B in 10 min with
a flow rate of 0.2 mL min~' at 20 °C. Substrate specificity assays
were carried out under similar conditions using different amino
acids as substrate and an incubation time of 5 h (see Table 1).

Assays to determine the kinetic parameters of CchB towards
L-ornithine were carried out as described above, except that
the L-ornithine concentration was varied between 1 mM and
18 mM. All kinetic assays were performed with an Ultrospec 3100
pro spectrophotometer (Amersham Biosciences) and the enzyme
activity was estimated from the decrease in NADPH absorbance
at 340 nm (¢ = 6300 M~ cm™).

The pH dependence of CchB activity was tested spectrophoto-
metrically with the standard assay mixture over a pH range of 6.0
to 9.51n 0.5 increments.

Stoichiometry of hydrogen peroxide formation

Hydrogen peroxide was determined with an enzyme-coupled
assay where the oxidation of ABTS at 725 nm in the presence
of horseradish peroxidase was monitored. The assay mixture
contained NADPH (300 pm), FAD (10 pm), CchB (5 um), and
L-ornithine (0-3 mM) in a 100 mm TRIS buffer (pH 8.0) in a
total volume of 100 uL. After oxidation of NADPH was complete
(10 min), 2 N HCI (2 pL) was added to reach a pH of 2.0 and
to stop the reaction. Then the solution was diluted with TRIS
buffer (725 pL) and 150 uL. ABTS (0.2 mg mL™") were added.
The reaction was started by adding 25 pL horseradish peroxidase
(1.0 mg mL~") and the absorbance change of oxidized ABTS was
monitored at 725 nm (¢ = 14200 Mm~!' cm™"). To obtain a standard
curve, various concentrations of H,O, from 0 uM to 75 uM were
assayed with the described method and values of the absorbance
at 725 nm were plotted against the known H,O, concentrations.
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Recently, highly oxidized and structurally diverse triterpene polyethers, which are thought to be

biogenetically squalene-derived natural products (oxasqualenoids), have been isolated from both

marine and terrestrial organisms. However, it is often difficult to determine their stereostructures even
by the current, highly advanced spectroscopic methods, especially in acyclic systems including
stereogenic quaternary carbon centers. In such cases, it is effective to predict and synthesize the possible
stereostructures. Herein, we report total assignments of the previously incomplete stereostructures of

an epoxy tri-THF diol, intricatetraol and enshuol, members of the oxasqualenoids, through the first

asymmetric total syntheses of the natural products, the configurations of which are difficult to
determine by other means. Since this article is basically written as a communication without detailed
experimental procedures and spectroscopic data, original papers with full data should follow.

Introduction

Glabrescol 1, a member of a family of squalene-derived triterpene
polyethers named oxasqualenoids,' was isolated from the branches
and wood of Spathelia glabrescens (Rutaceae) by Jacobs et al.
in 19952 Although the structure of glabrescol was primarily
proposed as a meso compound 2 by spectroscopic methods, the
chemical synthesis of 2 and 1 by our® and Corey’s* groups revealed
that the meso structure 2 originally proposed for glabrescol must be
revised to the optically pure C, symmetric structure 1 (Scheme 1).

Nowadays NMR methods are indispensable for structure
elucidation of complex and diverse natural products. NMR
technologies are advancing day by day, and recently it has been
possible to even determine stereochemistries. The example shown
in Scheme 1, however, exposes the technical limitations of the
current highly advanced NMR spectroscopic methods used for the
structural elucidation of complex and diverse natural products.’
Although many other types of oxasqualenoids have been isolated,’
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Scheme 1 Proposed structure 2 and revised structure 1 of glabrescol.

it is often difficult to determine their stereostructures even by
modern highly advanced spectroscopic methods, especially in the
case of acyclic systems that include stereogenic quaternary carbon
centers. Such difficulties coupled with the unique structures,
biogenetic interests and biological activities of oxasqualenoids
have prompted synthetic organic chemists to determine the
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stereostructures of these natural products by chemical
synthesis,>*¢ because it is difficult to determine their stereostruc-
tures by other means. In this article, we report the recent con-
tribution to structure elucidation of oxasqualenoids by chemical
synthesis from our laboratory.

Complete assignment of the stereostructure of a new
squalene-derived epoxy tri-THF diol from Spathelia
glabrescens by chemical synthesis

An epoxy tri-tetrahydrofuran (THF) diol 3 was isolated from
the endemic Jamaican plant Spathelia glabrescens (Rutaceae) by
Jacobs et al. (Scheme 2).” Although there is no report on the
biological activity, the polyether containing three THF rings
may be expected to exhibit ionophoric functions® as well as
cytotoxicities,” because of the recent active research studies on
remarkable interactions (membrane transport and ion channel)
of neutral oligotetrahydrofuranyl derivatives with metal cations in
natural products'® and artificial systems.!! The plane structure and
partial relative configuration of 3, as shown in the structure of 3,
were elucidated by NMR methods; however, determination of the
entire stereochemistry of compound 3 has not been reached.
There are four possible cis,cis,trans stereoisomers of the Cl1-
C15 fragment and the attached methyl groups with the relative
stereochemistry as shown at C11, C14 and C15, and eight for
the entire molecule 3. We have previously accomplished the total
synthesis of (—)-glabrescol 1 by way of the tri-THF intermediate

unknown stereochemistry
1 j J \
11

ane 28 29 24

3
Uepoxidation

Scheme 2 Possible stereostructure for epoxy tri-THF diol 3.

4. Considering the relative stereochemistry between each A, B
and C THF ring in 3, it is likely that 3 also possesses the same
erythro configuration of 1 on biogenetic grounds, because both
1 and 3 were isolated from Spathelia glabrescens. In practice,
chemical shifts observed for C1-C17 and C25-C28 in the “C
NMR spectrum of 3 are almost identical to those of 4 (Table 1),

Table 1 "“C NMR data for compounds 3-6
Position 3 4 3 (2.6 mM) 5(16 mMY 6 (8.7 mM)’ AS =05 — 0, AS =8¢ — 3y
1 25.2 25.2 25.392 25.370 25.386 —0.022 —0.006
2 72.3 72.3 72.462 72.458 72.446 —0.004 —0.016
3 85.9 85.9 86.012 85.993 86.004 —0.019 —0.008
4 26.0 26.1 26.199 26.188 26.192 —0.011 —0.007
5 29.8 30.0 30.072 30.052 30.060 —0.020 —0.012
6 86.1 86.1 86.169 86.162 86.166 —0.007 —0.003
7 82.7 82.9 82.828 82.836 82.819 +0.008 —0.009
8 289 28.9 28.773 28.787 28.768 —-0.014 —0.005
9 30.8 31.0 30.706 30.732 30.706 +0.026 0.000
10 85.9 85.9 85.866 85.880 85.862 +0.014 —0.004
11 84.2 84.3 84.303 84.301 84.297 —0.002 —0.006
12 29.5 29.5 29.648 29.642 29.641 —0.006 —0.007
13 26.4 26.5 26.657 26.636 26.648 —0.021 —0.009
14 85.8 85.8 85.977 85.993 85.979 +0.016 +0.002
15 72.9 73.0 73.076 73.058 73.077 —0.018 +0.001
16 36.6 36.8 36.957 36.954 36.915 —0.003 —0.042
17 22.1 22.1 22.375 22.354 22.354 —0.021 —0.021
18 125.3 124.7 125.678 125.650 125.711 —0.028 +0.033
19 133.9 134.9 134.020 134.010 133.981 —0.010 —0.039
20 36.2 39.7 36.512 36.489 36.531 —0.023 +0.019
21 27.3 26.7 27.645 27.621 27.598 —0.024 —0.047
22 64.1 124.3 64.039 64.056 64.056 +0.017 +0.017
23 58.4 131.3 58.022 58.051 58.041 +0.029 +0.019
24 18.7 17.6 18.775 18.766 18.773 —0.009 —0.002
25 27.8 27.8 28.003 27.981 27.990 —0.022 —0.013
26 25.2 25.2 25.203 25.197 25.198 —0.006 —0.005
27 23.4 23.3 23.304 23.314 23.302 +0.010 —0.002
28 24.0 24.1 24.272 24.252 24.229 —0.020 —0.043
29 159 16.0 16.025 16.018 15.980 —0.007 —0.045
30 24.8 25.7 24.888 24.882 24.890 —0.006 +0.002

“ The data for 3 and 4 were cited from refs. 7 and 3a, respectively. > The spectra were recorded at 300 K and the indicated concentrations in 60% CDCl;—40%
C¢Ds on a Bruker AVANCE 600 (150 MHz) spectrometer. Chemical shifts are in ppm downfield from the peak of TMS as an internal standard.
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strongly suggesting that the relative configurations of 3 and 4 are
the same. Therefore, we decided to synthesize the two remaining
possible stereoisomers 5 and 6 by epoxidation of our synthetic
intermediate 4 to compare their spectroscopic data with those of
the natural product 3.

We adopted Shi asymmetric epoxidation as a reliable method for
predicting the stereochemical outcome of the reaction," because
many examples for trisubstituted alkene substrates similar to 4
have been reported without exception.**3 Reagent-controlled
epoxidation of the optically active diene 4, [a]¥ —12.5 (¢ 1.32,
CHCl,),* with Shi’s chiral dioxirane generated in situ from ketone
7' afforded monoepoxides endo-8 and exo-6 as an inseparable
1 : 1.3 mixture, respectively, in 43% yield along with 52%
recovery of the starting material 4 (Scheme 3). For the purpose
of separating the two products, the mixture was treated with
(£)-10-camphorsulfonic acid (CSA) to give the diastereomerically
homogeneous (22R)-epoxide 6, [a]Z —13.1 (¢ 0.14, CHCl;), and
tetra-THF 9 in 37% and 43% isolated yields, respectively, after
column chromatography on silica gel. On the other hand, the same
procedure for the diene 4 using ketone ent-7,'** enantiomeric to 7,
furnished monoepoxides endo-10 and exo-5 as a mixture (10 : 5 =
1: 1.4 in 47% yield and recovered 4 in 39% yield), acid treatment

tetra-THF 11 38%

HO

tetra-THF 9 43%

separable

separable

of which provided (225)-epoxide 5, [a]Z —12.3 (¢ 0.235, CHCL,),
in 53% yield and tetra-THF 11 (38%).

It appears that the synthetic compounds 5 and 6 and the
natural product 3 are indistinguishable from one another by their
600 MHz '"H NMR spectra, even in a CDCl;—C;D; mixed solvent
system with comparatively good proton resolution. Therefore,
the stereostructure of 3 must be either 5 or 6; however, it
seems difficult to distinguish 5 from 6. Thus, we focused on the
critical stereochemical discussions utilizing carbon chemical shift
differences (Ad) below the 0.1 ppm level reported by Kishi et al.**
150 MHz "C NMR data of 3, 5 and 6 measured by the same
spectrometer are summarized in Table 1. Comparing the chemical
shifts, | Ad =d5 — J;| of all the carbons in 5 is less than 0.03 ppm,
while there are six carbons (C16, C18, C19, C21, C28 and C29)
of |Ad = d¢ — d5| > 0.03 ppm in the region linking the C15
and C22 chiral carbons of 6. An optical rotation of the authentic
sample 3, [a]5 —11.5 (¢ 0.03, CHCl;),” remeasured by us is also
nearer to that of (22.5)-5 than that of (22 R)-6. Furthermore, to rule
out the possibility that the chemical shift differences |Ad = J¢ —
J;] > 0.03 ppm are an experimental error and unambiguously
differentiate the synthetic 6 from the natural 3, 150 MHz BC
NMR spectrum of a 1.3 : 1 mixture of 6 and 3, respectively, was

(22S)-epoxide 5 53%

0.25 equiv CSA, CH,Cl,,
0 °C, 10 min

inseparable mixture
endo:exo =1:1.4

5-exo-tet

ent-7, oxone, (MeO),CH,/CH3CN/H,0,
pH 10.5, 0 °C, 1 h, 47% (39% recovery)

7, oxone, (MeO),CH,/CH3;CN/H,0,
pH 10.5, 0 °C, 1 h, 43% (52% recovery)

/r H*
0 inseparable mixture
endo:exo =1:1.3

5-exo-tet

0.25 equiv CSA, CH,Cl,,
0 °C, 10 min

HO

(22R)-epoxide 6 37%

Scheme 3 Synthesis of the two possible stereoisomers 5 and 6.
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measured at 300 K and 6.1 mM in 60% CDCI;—40% C¢D,. Seven
distinguishable peaks, with Ad = d¢ — J; indicated in parentheses,
were observed for the carbons C16 (—0.025), C18 (+0.052), C19
(—0.029), C20 (+0.037), C21 (—0.030), C28 (—0.027) and C29
(—0.042), still in the region linking the C15 and C22 chiral carbons
and with the same signs as those of Ad independently measured
(Table 1). On the other hand, a mixture of 3 and 5 completely
overlapped in the *C NMR spectrum. From these facts, we judged
that the spectral characteristics including the optical rotation of
the synthetic (225)-5 are identical to those of the natural product
3. Thus, it has been found that the hitherto unknown relative and
absolute configuration of the epoxy tri-THF diol 3 is as indicated
in the structural formula 5, which possesses the same absolute
stereochemistry as glabrescol 1.%

Total synthesis and determination of the absolute
configuration of (+)-intricatetraol

Intricatetraol 12 was isolated from the red alga Laurencia intri-
cata by Suzuki et al. in 1993, and a crude fraction including
intricatetraol 12 as the major component exhibited cytotoxic
activity against P388 “leukemia cells” with an ICs, value of
12.5 ng mL-"." The structural analysis was mainly carried out
by NMR spectroscopic methods. Although it has been found
that the molecule has C, symmetry, cis configuration within the
THF ring and R configuration at the C11 (C14) position, the
stereochemistries between C6 and C7 (C18 and C19) and C10
and C11 (C14 and C15) and at the bromine-attached C3 (C22)
position remain to be determined (Scheme 4). In particular, the
presence of the vicinal bromochloro functionality in 12 makes
the problem of stereochemical assignment even more inaccessible.
Suzuki et al.’® have suggested a stereostructure 16 except for the
C3 (C22) position as the possible one based on the hypothetical
biogenesis. Too many stereostructures were possible for 12 if NMR
spectroscopic data alone was considered; therefore, we decided to
synthesize the stereostructure 16 on the basis of the hypothetical
biogenetic pathway.

squalene

biogenesis

[0]

Two-directional synthesis approach

The retrosynthetic analysis of the possible stereostructure 16
for (+)-intricatetraol is depicted in Scheme 5. It was envisioned
that a two-directional synthetic strategy'® could be efficient to
synthesize the C, symmetric molecule 16. The vicinal bromochloro
functionality might be introduced by manipulation of the alkene in
15, where the THF ring would be constructed in a two-directional
manner through a Shi asymmetric epoxidation'? of bishomoallylic
alcohol 17 followed by a 5-exo-tet epoxide-opening reaction.!” The
diol 17 would, in turn, be derived from diepoxide 18 by extending
both side chains with the C,, unit 19, still in the two-directional
mode. Thus, we planned to prepare the C, symmetric chiral

\ Ho OH -
5-exo-tet /

U THF ring formation

i bo I
MOM MOM
%Q 17 o>(
o_ 0

MOM MOM
18

HO OH
Dafat

Scheme 5 Retrosynthetic analysis of possible stereostructure 16.

NMR C,
Br : Br
' 24
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Scheme 4  Stereostructures 12 and 16 of intricatetraol based on the NMR data and the hypothetical biogenesis, respectively.
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diepoxide 18 from the readily available diol 20 via the established
Sharpless asymmetric dihydroxylation.'®

Preparation of the diepoxide 18 began with protection of
the known diol 20* as a benzyl ether (Scheme 6). Sharpless
asymmetric dihydroxylation of the diene 21 using AD-mix-3"®
afforded an inseparable mixture of diastereomeric tetraols in
quantitative yield. Subsequent selective TIPS protection of the
secondary hydroxy groups in the mixture resulted in separation
of the diastercomers to provide diols 24 (>95% ee) and 25 in
67 and 28% yields, respectively, after column chromatography on
silica gel. Both symmetric diols 24 and 25 were assigned to C, and
meso isomers, respectively, by their optical rotations, 24: [a]}¥ +4.8
(¢ 1.03, CHCL); 25: [a]Z 0 (c 0.95, CHCI;). Deprotection of the
benzyl ether in the desirable major diol 24, mesylation of both
primary hydroxy groups in the resulting tetraol 26 and subsequent
basic treatment of the dimesylate gave diepoxide 27 in good overall
yield. Replacement of the bulky TIPS ether in 27 with a relatively
small MOM ether yielded the requisite diepoxide 18.

The lithiation of the known allylic sulfide 19% and alkylation
of the lithio derivative with the diepoxide 18 were carried out

in the presence of TMEDA, and the resulting disulfide, as
a mixture of diastereomeric sulfides, was desulfurized under
Bouveault-Blanc conditions® to yield the expected diol 17. Shi
asymmetric epoxidation of the bishomoallylic alcohol 17 catalyzed
by chiral ketone ent-7 followed by treating of the resulting labile
bishomoepoxy alcohol with CSA in dichloromethane brought
about a regioselective 5-exo-tet oxacyclization'” to produce diol
29 in 50% yield over two steps. The C, symmetric structure and
the cis stereochemistry of the THF ring in 29 (C4H,0,,) could be
confirmed by the observation of only 20 signals in the "C NMR
spectrum and NOE, shown in the structure of 29, respectively.
The remaining task was the generation of trisubstituted double
bonds. Selective deprotection of the acetonide group in diol 29
and subsequent cleavage of the resultant vicinal diol with sodium
metaperiodate afforded tetra-THF ether 30, which was found to be
present mostly as a hemiacetal in the "H NMR spectrum, in 91%
yield over two steps. The Wittig olefination of the hemiacetal 30
with an excess of isopropylidene triphenylphosphorane provided
the desired diene 31 in 63% yield. Removal of the MOM
protective group in the diene 31 furnished tetraol 15. The spectral

OBn BnO OBn BnO

OH HO NaH, THF, AD-mix-B, TIPSOT,
°c tort,1h CH3SO,NH, + 2,6-lutidine
= X then Brer, tBUOH-H,0 (1:1), | MO"2 HO oH KOH HOT: Ho on :2OH | o o
20 BugNI, reflux, 0°C, 17 h, 100% 22 ) 23 0°Ctort,
18 h, 100% inseparable mixture 1h, 95%
meso OoBn C; BnO
: 1) MsCl, py, CH,Cl,,
; H,, Pd(OH),/C .19 h o= o
' |on 0 0 “1pe 9
00 EtOAC : 2) KoCO3, M TIPS
) 2CO3, MeOH,
TIPS Sps " TIPS | TIPS i, 14 h, 94% Tlpsst'PS i 2h, 27
o
25 separable 24 (> 95% ee) 96% (2 steps)
%Q ol{
X - O
1) 19, n-Buli,
THF, TMEDA,
BuyNF, MOMCI, —781t0 0 °C, 30 min,
THF iPrNEt 9w Ty then18,0°C,1h
: 0O
0°C. 1h CH,Cly MOM MOM 2) Na, THF—i-PrOH (2:1),
0% flux, 7 h : :
100% o°Ctor, 18 reruwx, 1 i %o
’ 21h, 94% 91% (2 steps) MOM MOM
17

1) ent-7, oxone,
CH,(OMe),,
CH3CN, H,0,
pH 10.5, 0 °C,
1 h (dr>6:1)

S

2) CSA, CH,Cly,

“OH

0°C, 5 min, HO":

¥ i %io H
MOM | MOM v
50% (2 steps) 29 NOE

PhzPCHMesl,
n-BuLi, THF,
-78°Ctort,
1h B
RO OR
then 30,
-78°Ctort,
16 h, 63%

31 R=MOM
32 R=Ac

A

O 1) 80% aq AcOH,

HCI,
MeOH

rt, 39 h,
65%

t, 66 h HO

2) NalO,,
CH,Cly/H,0,
i, 17 h,

91% (2 steps)

15

Zn, AcOH, MeOH (ref. 15)

12

Scheme 6 Two-directional synthesis of tetraol 15.
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characteristics ('"H and "C NMR) of the synthetic 15, [a]}
+11.5 (¢ 0.175, CHCl,), were identical to those reported for the
dehalogenated product 15, [a]¥ +13.6 (¢ 0.77, CHCL;), derived
from the natural intricatetraol 12 by Suzuki et al.*® Thus, it has
been found that the possible stereostructure 16 proposed for (+)-
intricatetraol based on the hypothetical biogenesis is correct.?
Independently from us, Ujihara has also reported the same partial
stereochemistry of (+)-intricatetraol as ours through the synthesis
of diacetate 32 derived from the natural product.®

We have achieved the synthesis of tetraol 15, a degradation
product of natural (+)-intricatetraol 12. For the total synthesis
of (+)-intricatetraol 12, we have nonstereoselectively synthesized
four diastereomers from the tetraol 15 as shown in Scheme 7.
Unfortunately, the four diastereomers 34 (R = H) were obtained
as an inseparable mixture. Therefore, we embarked on another
olefin metathesis synthesis approach featuring the enantioselective
construction of the vicinal bromochloro functionality through a
pathway in which the configuration was secured, because an enan-
tioselective method for the synthesis of the vicinal bromochloro
functionality has never been developed.

15

TBDMSOTY, 2,6-lutidine, CH,Cl,,
0°Ctort, 18 h, 77%

33 R = TBDMS

BugNBrCly, CH,Cly,
0°Ctort, 2 h, 93%

: RO OR

34 R = TBDMS
4 inseparable diastereomers

Cl

HCI, MeOH, rt, 87 h, 86%

4 inseparable diastereomers 34 (R = H)

Scheme 7 Nonstereoselective syntheses of four possible diastereomers 34
(R = H) for (+)-intricatetraol.

Olefin metathesis synthesis approach

The retrosynthetic analysis of the target compound 16 is depicted
in Scheme 8. We envisaged that it would be efficient to dimerize by
olefin metathesis the functionalized fragment 35, which represents
half of the molecule, because of the C, symmetry of the natural
product. The R or S configuration at the carbon atom attached to
bromine in 35 could be introduced through epoxide chemistry. The
desired trihydroxyTHF 36 might be constructed by the stereospe-
cific and stereoselective oxacyclization of the diepoxyalcohol 38
under alkaline conditions.?! The required stereocenters in 38 would
be introduced into commercially available trans,trans-farnesyl
acetate 39 by established methods of asymmetric oxidation.

The protection of the chiral diol 40 (>95% ee)** as a p-
methoxybenzylidene acetal (7 : 3 mixture) and subsequent

olefin metathesis
/

dimerization

S

Cl

introduction of Br

OR?

R'O

Sharpless Shi Katsuki-Sharpless
AD AE AE
A
= = = OAc
39

Scheme 8 Retrosynthetic analysis of the target compound 16. AD =
asymmetric dihydroxylation, AE = asymmetric epoxidation.

deacetylation afforded the allylic alcohol 41 (Scheme 9). Katsuki—
Sharpless asymmetric epoxidation of 41 in the presence of L-
(+)-DET provided the epoxyalcohol 42. Asymmetric epoxidation
of the alkene 42 by the method of Shi and co-workers'? with
ketone ent-7 as the chiral catalyst then gave the diepoxyalcohol 43.
Treatment of the diepoxyalcohol 43 with 1 M aqueous solution of
lithium hydroxide and 1,4-dioxane (1 : 1) under reflux furnished
the desired trihydroxyTHF product 44 with high stereospecificity.
It was thought from our previous studies®*'* that the reaction
proceeds through a Payne rearrangement, 5-exo-tet formation of
the ether ring and an intermolecular attack of hydroxide ion on
the epoxide. Selective TBDMS protection of the primary hydroxy
group in the triol 44, MOM protection of the remaining hydroxy
groups, deprotection of the silyl ether, Parikh—Doering oxidation
of the alcohol and Wittig methylenation of the resulting aldehyde
afforded the terminal alkene 45 in good overall yield. Oxidation of
the p-methoxybenzylidene acetal 45 with DDQ® provided a 3 : 7
mixture of regioisomeric benzoate esters, which upon reduction
with lithium aluminum hydride gave the deprotected diol 46.
Selective mesylation of the secondary hydroxy group in the
diol 46 followed by treatment of the mesylate with potassium
carbonate yielded the epoxide 47.* The epoxide-opening reaction
of 47 with dilithium tetrabromonickelate in THF proceeded re-
gioselectively to produce the secondary bromide 48 with inversion
of configuration at the less hindered carbon atom.* It has been
reported that dilithium tetrabromonickelate reacts with epoxides

1714 | Org. Biomol. Chem., 2008, 6, 1709-1719

This journal is © The Royal Society of Chemistry 2008





* MP = p-methoxyphenyl

MP 73
OH 1) p-MeOCgH4CH(OMe),, [
HO : PPTS, CH,Clj, 0
R 0°Ctort, 16 h
= 2™ 2) K,CO3, MeOH, 1t, 7 h,
40 OAc 99% (2 steps) “
MP
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N )
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M 1.5h, 96% (2 steps)

OMO
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LipNiBry, THF, t, Br 1) SOCl,, DMPU,

56 h, 76% ' 0°C, 30 min
K,CO3, MeOH, OMOM ' 2) HCI, MeOH, rt,
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M
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9 OH
W
42 H

£-BUOOH, Ti(O/-Pr)s,
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OH

Payne
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1) TBDMSCI, Et;N, DMAP,
CH,Cly, 1t, 26 h, 96%

2) MOMCI, i-Pr,NEt, CH,Cly,
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CH,Cly, 0 °C, 30 min, 100%

5) PhsP=CH,, THF, 0 °C, 1 h,
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MsCl, py, CH,Cl,,
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50, CH,Cl, c *LCYa 50
40°C,7h,
86%

Br HO B cl (KOCON),, £ R
: AcOH cl FI 0" Ho OH cl
cl H 52
OH Br MeOH, rt,
701, 56% [

Scheme 9

through an Sy2 mechanism. We confirmed that the bromohydrin
48 is reconverted into the starting epoxide 47 upon treatment
with a base. Chlorination® of the bromohydrin 48 and subsequent
deprotection of the alcohols protected as MOM ethers afforded
the fully functionalized half fragment 49 with a cis THF ring, as
confirmed by the observation of an NOE between the hydrogen
atoms, indicated in the structure of 49.

The dimerization of fragment 49 was carried out in 86% yield by
olefin metathesis with the Grubbs second-generation catalyst 50.7
Although catalytic hydrogenation of the alkene 51 under standard
conditions afforded the dehalogenated product by overreduction,
diimide reduction provided the target compound 52 without
dehalogenation. The respective spectra of the synthetic compound
52, [a]5 +51.3 (c 0.41, CHCL,), prepared from the R alcohol 40,
were identical to those of the natural product, [a]3) +53.0 (¢ 0.625,
CHCI,)." Thus, it was found that the hitherto unknown absolute
configuration of (+)-intricatetraol 12 is shown by the structural
formula 52.%

(+)-intricatetraol 12

Total synthesis of (+)-intricatetraol 52.

Assignment of the absolute configuration of the marine
pentacyclic polyether (+)-enshuol by total synthesis

Enshuol 53, a member of the oxasqualenoids, was isolated
from the red alga Laurencia omaezakiana Masuda by Suzuki
and co-workers in 1995.% Although the planar structure and
partial configuration of 53 were elucidated by spectroscopic and
chemical analysis, until now the entire configuration had not been
determined. In the preceding section, we described the assignment
of the absolute configuration of (+)-intricatetraol 12 by chemical
synthesis. In that case, the biogenetic consideration by Suzuki
et al. played an important role in deciding the synthetic target 16
(Scheme 4). In the case of (+)-enshuol, Suzuki and co-workers
also suggested structure 56 to be the possible stereostructure of
(+)-enshuol, again on the basis of the hypothetical biogenetic
pathway via the same tetraepoxide intermediate 13 as that of (+)-
intricateraol (Scheme 10). Therefore, we chose compound 56 as
the synthetic target.
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~
53 trans trans trans

biogenesis

Scheme 10 Possible biogenesis proposed by Suzuki and co-workers for enshuol 56.

Our retrosynthetic analysis of the target molecule 56 is shown
in Scheme 11. We planned to construct the A ring by 7-endo-
trig bromoetherification of the corresponding precursor 57. The
B, D and E rings would be formed by 6-endo-tet or 5-exo-tet
epoxide-opening of the corresponding bishomoepoxy alcohols.'”
The required carbon framework (see 58) could be assembled in a
convergent manner from suitable building blocks.

7-endo-tri
/ g

-0 1

Br

olefin
metathesis

6-endo-tet 5

regioselective
ether ring formation

alkylation

Scheme 11 Retrosynthetic analysis of the target molecule 56.

We began our synthesis with the chain extension of the known
chiral epoxide 60% using a lithio derivative of the chiral allylic
sulfide ent-19,% enantiomeric to 19 (Scheme 12). The acetonide
61 was obtained after desulfurization of the resulting sulfide. De-
protection of the acetonide in 61 and epoxide formation from the
vicinal diol** to give 63, followed by Shi asymmetric epoxidation!?

OSEM

1) ent-19, BulLi, TMEDA, THF, =78 °C, 1 h

HOCA E(o) 2) Na, i-PrOH, THF, reflux, 14 h, 73% (2 steps)

80% aq AcOH

rt, 16 h, 100%

= OH 1) MsCl, py, CH,Cly,

0°Ctort,2h

2) K,CO3, MeOH, rt,
40 min, 67% (2 steps)

ent-7, oxone, BusyNHSOy,
CH,(OMe),/CH;CN/H,0

pH 10.5, 0 °C, 2.5 h,
97% (dr > 6:1)

CSA, CH,Cl,

rt, 1 h, 563%

5-exo-tet
65 (R = SEM)
c) OH Bu,NF, THF, reflux,
° J 18 h, 88%
t\m-rg t\ra-rg trans 66 (R =H)

Scheme 12 Synthesis of tri-THF 66.

of the alkene, furnished the diepoxy alcohol 64. The treatment of
64 with CSA in dichloromethane led to a regioselective 5-exo-tet
tandem oxacyclization to afford the tricyclic system of adjacent
THEF rings 65, which was deprotected to give the triol 66.
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At this stage, the NMR spectroscopic data obtained (in CDCl;)
for the synthetic C,D,E ring system 66 were compared with those
of natural enshuol (Scheme 13).® The AJ values denote differences
in the chemical shifts observed for the synthetic and natural
compounds. The chemical shifts for the synthetic material are
given in boldface for hydrogen atoms when |Ad| > 0.03 ppm
and for carbon atoms when |Ad| > 0.4 ppm, except in the
case of methylene carbon and hydrogen atoms. Upon comparison
of the data, we felt, from experience in our laboratory,*® that
the trans,trans,trans configuration proposed in 56 for the three
contiguous THF rings of enshuol might be incorrect. We have
previously completed total syntheses of glabrescol® and aurilol,*
the structures of which are closely related to that of enshuol. When
we compared the NMR spectroscopic data that we had obtained
for glabrescol and aurilol with those of natural enshuol, we found
that the data for half of C,-symmetric glabrescol and the left-
hand side of aurilol (see structures in Scheme 13) are almost
coincident with those for the right and left halves of natural
enshuol, respectively, as shown by the presence of a single bold
|Ad| value for each substructure and spectrum. Thus, a hybrid
stereostructure 67 of glabrescol and aurilol became our next target.

The addition of a geranyl side chain to the epoxide 60 and
subsequent Shi asymmetric epoxidation of the resulting diene 68
catalyzed by 7 provided the diepoxyalcohol 69 (Scheme 14). The
tandem oxacyclization of 69 with CSA gave the desired tricyclic

Sppm in "H NMR (CDCly)

ring system 70. Cleavage of the SEM ether in 70, conversion of the
resulting vicinal diol into an epoxide and the introduction of the
diene side chain with the sulfide 59% yielded the bishomoallylic
alcohol 72. Shi asymmetric epoxidation of the diene 72 proceeded
in a regioselective manner to provide the monoepoxide 73 with the
terminal alkene intact. A 6-endo-tet cyclization to form the B ring
occurred regioselectively upon treatment of the bishomoepoxy
alcohol 73 with TIPSOTT and 2,6-lutidine in nitromethane at 0 °C
for 15 min'” to afford the mono- and bis(TIPS ether)s 74 and 75,
respectively, in a total yield of 71%.

After the removal of the silyl ethers in 74 and 75, cross metathesis
of the olefin 76 with 2-methyl-2-butene in the presence of the
Grubbs second-generation catalyst 50 provided the trisubstituted
alkene 77 in 97% yield.” Fortunately, the '"H and *C NMR spectral
characteristics of the synthetic compound 77 with the cis,cis
configuration within the D,E THF rings were consistent with
those reported for the compound derived from natural enshuol by
opening of the A ring.” Finally, 7-endo-trig bromoetherification of
the trishomoallylic alcohol 77 with NBS in 1,1,1,3,3,3-hexafluoro-
2-propanol® gave the target molecule 67. The 'H and *C NMR
spectra of the synthetic compound 67, [a]® +21.2 (¢ 0.04, CHCL,),
were identical to those of the natural product, [a]Z? +22.7 (c
1.00, CHCI;).® Thus, the entire configuration of (+)-enshuol is
shown by the structural formula 67, as predicted from our NMR
spectroscopic data.*

Sppm in 13C NMR (CDCl3)

73.2 85.6 86.3 86.9
HO ) > > ) 27.6

R E 5 110 synthetic 66 67.3 o /Do
v H H = H . Wi H 23.87
HO —— 1136 394 1141 377 HO (M~ H{ %50 Hl2s7
1141 394 211 706
. 85.5 85.3 84.4
| A8| > 0.03 ppm | A8| > 0.4 ppm

H H H H
119 116 362 389 112 401 115 387

proposed stereostructure X
erythro

Br

A R - OH
H-H =" H H
56 ~— N N
trans trans trans

natural enshuol

revise

n(Nas
205 215 <H H (233 H <25.3 716
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glabrescol 263
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Scheme 13 Comparison of the NMR spectroscopic data of our synthetic compounds with those of natural enshuol.
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1) geranyl phenyl sulfide, BuLi,
TMEDA, THF, -78°C, 1.5 h

OSEM

Ho' :Y0  2) Na, i-PrOH, THF, reflux, HO™

60 16 h, 90% (2 steps)
O CSA, CH,Cl,
HO' | : i m1h,66% HO'|

1) 59, BuLi, TMEDA,
OH THF,-78°C,1h

2) Na, i-PrOH, THF,
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92% (2 steps)
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pH 10.5, 0 °C, 2 h, 74% (dr > 6:1)

1) BusNF, THF, reflux, 22 h, 100%
2) MsCl, py, CH,Cl,, 0°Ctort, 1 h

3) K,CO3, MeOH, rt, 1 h, 93% (2 steps)

ent-7, oxone, BuyNHSOy,,
OH CH,(OMe),/CH3CN/H,0

pH 10.5,0°C, 1 h,
77% (dr > 8:1)

R'O

TIPSOTH,
OH 2,6-lutidine N — — > ORZ BuyNF, THF
’ 0" :0"F 0 —_—
CH3NO H H H H reflux, 16 h
3NO2, 1= 2 = o ' '
0°C, 15 min 74R"=TIPS, R? = H (22%) 2%

OH

NBS, (CF3),CHOH

MS 4A, 0 °C, 10 min,
20%

50, 2-methyl-2-butene

reflux, 19 h, 97%

75 R = R2 = TIPS (49%)

LA NG A

Suzuki et al.

Zn, AcOH, MeOH

natural enshuol

Scheme 14  Total synthesis of (+)-enshuol 67.

Conclusions

The stereostructures of (—)-epoxy tri-THF diol and (+)-enshuol
were predicted from NMR spectroscopic data of previously
synthesized intermediate 4 and natural products glabrescol 1 and
aurilol, and confirmed to be those depicted by structures 5 and
67, respectively, through their first asymmetric total syntheses
(Schemes 3 and 14). In the case of (+)-intricatetraol 16, biogenetic
considerations led to the prediction of the correct stereostructure;
however, the postulate that the biogenesis of enshuol occurs via a
common tetraepoxide intermediate 13 did not (Scheme 10). This
example illustrates the important role of chemical synthesis in
combination with spectroscopic methods and biogenetic consider-
ations in the modern structure elucidation of complex and diverse
natural products.
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A new series of indolocarbazole-quinoxalines (ICQ, receptors 6 and 7) are prepared and characterized
for effective fluoride and acetate anion sensing. The new indole-based system has a highly flat rigid
structure with a large © system, and exhibits high binding affinity and sensitivity for acetate and
fluoride anions. Receptors 6 and 7 give abundant and unique spectral features in dimethyl sulfoxide
(DMSO). Both fluoride and acetate anions cause a bathochromic shift of the absorption peaks of
receptor 7 in DMSO, whereas only fluoride anion results in a remarkable shift of the absorption peak of
receptor 6 in DMSO. Receptors 6 and 7 can also operate as efficient colorimetric sensors for naked-eye
detection of fluoride and acetate anions, and their combined use also offers a simple way for
distinguishing these two anions by the naked-eye. The analysis of a Job’s plot for the binding of
receptor 7 and F~, single crystal structures of 7-TBACI and 7.-TBACH;COO confirm 1 : 1 binding
stoichiometry. Notably, the ICQ system offers novel and excellent receptors for acetate anion both in
solution and in crystalline solid through the formation of two hydrogen bonds.

Introduction

Anions play a fundamental and important role in a wide range
of chemical, biological, medical and environmental processes.
Increasing efforts have been made to employ a variety of motifs
to design efficient anion sensors, including those based on amide,
phenol, urea and pyrrole units."* As an example, the urea, thiourea
and guanidinium motifs have been demonstrated to be good hy-
drogen bond donors and excellent receptors for carboxylates such
as the acetate anion, a particularly common and important func-
tional group in biological and synthetic organic molecules, and
have attracted immense attention.® The rational design of efficient
receptors for the Y-shaped acetate anion using other novel motifs
compared with those motifs used widely is relatively difficult.

Recently, several groups*™® have prepared a few indole-based
receptors such as indolocarbazoles and diindolylquinoxalines
(DIQ, receptors 4 and 5) as potential hydrogen bond donors for
anions, and demonstrated their promising prospects for binding
anions. However, to the best of our knowledge, few indole-
based receptors for the acetate anion, especially structurally
characterized receptor—acetate complexes with rational designs,
have been reported so far.

Herein, we report a new series of indolocarbazole-quinoxalines
(ICQ, receptors 6 and 7) for effective acetate and fluoride anion
sensing. The new indole-based system prepared has a highly flat
rigid structure with a large m system, and exhibits high binding
affinity and sensitivity for acetate and fluoride anions. Receptors
6 and 7 can operate as efficient colorimetric sensors for naked-eye
detection of acetate and fluoride anions, and their combined use

Research Center for Analytical Sciences, College of Chemistry, Nankai
University, 94 Weijin Road, Tianjin, 300071, China. E-mail: xpyan@nankai.
edu.cn; Fax: (+86)22-23506075

T Electronic supplementary information (ESI) available: Details of spectral
data of receptors 6 and 7 and crystallographic data for CCDC reference
numbers 657906 and 657907. See DOI: 10.1039/b801447g

also offers a simple way for distinguishing these two anions by
the naked-eye. Notably, the ICQ system offers novel and excellent
receptors for acetate anions both in solution and in crystalline
solid through the formation of two hydrogen bonds.

Results and discussion

Receptors 6 and 7 relying on an o,0/-connection of two indole
motifs of DIQ were synthesized according to Scheme 1. 2,3-
Diindol-3'-yl diketone (3) was prepared from indole (1) and 2-(3-
indolyl)-2-oxoacetyl chloride (2) in a mixture of dichloroethane
and heptane in the presence of AICIl; but without the need for
an indole Grignard agent." The synthesis of DIQ (4 and 5) was
adapted from previously reported procedures.”* Intramolecular
crossed-dimerization of the two indole motifs was achieved

(@] [o]] o) o)
@]
N\ N\ AlCI, N 7
Indole
N N N N
H H H H
1 2 3

R R
; 2 DDQ CF,COOH ; i

N N/ N Reflux N N N
N N N N
H H H

H
R=H 4 R=NO, 5 R=H 6 R=NO, 7

Scheme 1 Synthesis of receptors 6 and 7.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1751-1755 | 1751





through acid-promoted dimerization.'* With the aid of dichlorod-
icyanoquinone (DDQ), DIQ in boiling trifluoroacetic acid turned
into final receptors 6 and 7 in quantitative yields. The product was
recrystallized for further investigation.

Receptors 6 and 7 give five UV-vis absorption peaks with a
big molar absorption coefficient in dimethyl sulfoxide (DMSO)
(Fig. 1 and 2). The UV-vis absorption titration shows the spectral
change of receptors 6 and 7 upon addition of anions. Addition of
CH;COO™ and F~ to receptor 7 in DMSO caused a bathochromic
shift of the absorption peaks from 372 nm to 390 nm (Al =
18 nm) for acetate anion, to 404 nm (AZ,., = 32 nm) for fluoride
anion and from 451 nm to 560 nm (A4, = 109 nm) for both anions
(Fig. 1). Notably, complex formation can be visually perceived
through a distinct color change from bright yellow to gray. How-
ever, only F~ resulted in a remarkable decrease of the absorption
peak at 420 nm and a new absorption peak at 460 nm for receptor
6 in DMSO, and also a clear color change from yellow to orange.
Interestingly, addition of CH;COO™ and F~ to receptor 6 in a less
polar solvent, acetonitrile, slightly changed the absorption peaks
(Al = 7nm) (Fig. 2). The corresponding color change is difficult
to discriminate by the naked eye. The phenomena are attributed
to a solvent effect which plays a crucial role in controlling anion
binding strength and selectivity." The color changes of receptors 6
and 7 upon addition of various anions indicate that the combined
use of these receptors can provide an easy way to distinguish
acetate and fluoride anions by the naked eye on the basis of the
different color changes of receptors 6 and 7 (Fig. 3).
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0.8 !
0.8 8 ol
3

(0] 0 04
20.6- 8
& < 0.2
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- 0.01— . , :
0.4 300 400 500 600 700
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Fig. 1 UV-vis spectral changes of receptor 7 (1.5 x 10~ M) observed
upon addition of fluoride anion (10 equiv.). (Inset) The titration with F~

in DMSO (0 to 28 equiv.). 1: Receptor 7 in DMSO. 2: Receptor 7 + 10
equiv. CH;COO~ in DMSO. 3: Receptor 7 + 10 equiv. F~ in DMSO.

In contrast, receptors 4 and 5 give less UV-vis absorption peaks
with a smaller molar absorption coefficient in DMSO. Addition of
fluoride and acetate anions to receptors 4 and 5 in DMSO did not
cause significant changes of their spectra and color (Figure S1,
Supporting Information). However, fluoride and acetate anions
resulted in remarkable spectral and color changes of receptors 6
and 7 in DMSO as these receptors possess a large m system of the
flat rigid structure and offer high binding affinity for the anions in
DMSO. The above results show significant differences in binding
and optical properties between receptors 4 & 5 and receptors 6

500 600

Wavelength (nm)

Absorbance
©
>

o
N
1
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T T T T y T
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Wavelength (nm)
Fig. 2 UV-vis spectral changes of receptor 6 (1.5 x 10~ M) observed
upon addition of fluoride and acetate anions (10 equiv.). (Inset) The
titration with F~ in DMSO (0 to 28 equiv.). 1: Receptor 6 in DMSO.

2: Receptor 6 in acetonitrile. 3: Receptor 6 + 10 equiv. F~ in DMSO. 4:
Receptor 6 + 10 equiv. F~ in acetonitrile.

T 2 - i ‘ T3
A < & T
L -

Fig.3 Color changes of receptors 6 and 7 upon addition of anions. [6] =
[71=3 x 10~° M in DMSO; 6 + 10 equiv. anion (top), 7 + 5 equiv. anion
(bottom). From left to right: none, F~, Cl-, Br~, I-, HSO,~, H,PO,",
NO;~, CH;COO".

& 7 although only slight structural modification was made from
receptors 4 and 5 to receptors 6 and 7 through the a,0-connecting
of two indole motifs in receptors 4 and 5.

Association constants determined from the UV-vis absorption
titration or fluorescence titration are summarized in Table 1.
The titration curves with F~, CI- and H,PO,~ (Figures S2 and

Table 1 Association constants (K,/M™")of some indole-based receptors
with various anions at room temperature

4 5¢ 6" 7t
F- 2100 — 15531 152535
Cl- 170 470 514 821
Br- — — <100¢ <100¢
I- — — <100¢ <100¢
H,PO,~ 6800 20000 9933 78845
HSO,~ 80 250 <100¢ <100¢
NO;~ — — <100¢° <100¢
CH;COO~ — — 206024 244524

“Values from Ref. 7 and determined in dichloromethane. * Determined
by UV-vis spectroscopic titration in DMSO with errors ranging from 3%
(6 + CH;COO™) to 14% (7 + F~). Anions were used in the form of their
tetrabutylammonium (TBA) salts. © Estimated, clear binding profiles were
not observed. ¢ Determined by the fluorescence titration.
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S3, Supporting Information) reveal several isosbestic points as
expected for a 1 : 1 binding stoichiometry. A Job’s plot for the
binding of receptor 7 with F~ (Figure S4, Supporting Information)
and the single crystal X-ray diffraction analysis of the complex
formed between receptor 7 and TBACI (Fig. 4)** confirm their
1 : 1 binding stoichiometry. In the single crystal structure of the
7-TBACI complex the chloride anion is located between the middle
of two indole NH groups in the same plane and stabilized by two
hydrogen bonds with N—H - - - Cl distances of 2.262 A and 2.307 A,
respectively. Furthermore, the planes of the receptor molecule
are partly overlapped as consequence of m-m interactions with
a distance of 3.41 A.

®
Citn

Fig. 4 Single-crystal X-ray diffraction structure of 7-TBACI. Thermal
ellipsoids are scaled to the 30% probability level. The TBA counter-ions
and most hydrogen atoms have been omitted for clarity. Dashed lines
indicate the hydrogen-bond interactions.

A further insight into Table 1 reveals that the highest affinity of
receptor 6 is displayed for CH;COO~ and F-, receptor 7 for F-,
followed by H,PO,~ >> Cl- > HSO, ~NO;". Due to the increase
in the acidity of indole NHs caused by the electron withdrawing
nitro group, nitro-bearing receptor 7 shows much higher binding
affinity than receptor 6. Compared with receptors 4 and 5 whose
binding constants were determined in dichloromethane, receptors
6 and 7 give much higher binding affinity for the anions even
in the more polar solvent DMSO. We ascribe such character to
the flat rigid structure formed by the o,0/-connection of the two
indole motifs. The larger  system (receptors 6 and 7 cf. receptors
4 and 5) along with the electron withdrawing of the nitro group
(receptor 7 ¢f- receptor 5) increases the acidity of indole NHs,
making receptors 6 and 7 bind electron-rich anions more favorably
than receptors 4 and 5. On the other hand, the rigid plane without
any flexible bonds of receptors 6 and 7 gives a fixed cavity for
binding anions without bond rotation.

However, receptors 4 and 5 based on B-connectivity linking
the two indole motifs to the quinoxaline core provide a more open
and less rigid cavity to favor binding the relatively large dihydrogen
phosphate anion. Receptors 6 and 7, further modified through the
0,0/-connection of two indole motifs in receptors 4 and 5, possess
rigid structure and also offer considerable selectivity for special

anions with suitable size, shape and basicity. For instance, receptor
7 shows high selectivity for fluoride anion (K,(F)/K,(Cl) = 185,
K,(F)/K,(HSO,) > 1500, K,(F)/K,(NO;) > 1500).

The flat rigid structure with a large m system also gives the ability
of ICQ to operate as a fluorescent sensor for anions. Significant
quenching of emission with no change in the structure of the
emission bands of receptor 6 was observed upon addition of
CH,COO~ (Fig. 5). A similar result was also observed for F~
and H,PO,~. The quenching of emission by these anions indicates
that the receptor—-anion complexes participate in photoinduced
electron transfer (PET) quenching phenomena.* Significant fluo-
rescence quenching also occurred upon addition of these anions
to receptor 7. A typical such change for CH;COO™ is shown in
Figure S6 (Supporting Information).
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Fig.5 Fluorescence quenching of receptor 6 (1.5 x 10> M) upon titration
with CH;COO~ in DMSO.

It is worth mentioning that the shape of the indole NH groups
of the flat molecule is similar to that of urea and thiourea.
Therefore, the ICQ system is a particularly excellent receptor for
Y-shaped anions such as carboxylates through the formation of
two hydrogen bonds for 1 : 1 binding stoichiometry like urea
binding these anions.** The proposed conformation (Scheme 2)
is confirmed by single crystal X-ray diffraction analysis of the
complex formed between receptor 7 and TBACH;COO (Fig. 6).'
The N-H - - - O distances of the two hydrogen bonds between the
O (acetate anion) and the NH (receptor 7) (1.799 A and 1.828 A)
are similar to those between the O (acetate anion) and the NH
(urea) (1.797 A and 1.852 A).¥ '"H NMR titration in DMSO-d,
shows that the addition of acetate anion resulted in a significant
downfield shift and disappearance of the two split indole NHs
as a result of the formation of two hydrogen bonds (Figure S7,
Supporting Information).

Conclusions

We have successfully developed a novel series of indole-based
receptors 6 and 7 that are particularly efficient for sensing acetate
and fluoride anions. Combined use of receptors 6 and 7 on the
basis of their color change upon addition of acetate and fluoride
anions also offers a simple way for distinguishing these two anions
by the naked-eye. This new ICQ system with a large 7 system gives
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Fig. 6 Single-crystal X-ray diffraction structure of 7.-TBACH,COO-
CHCI;-1/2H,0. Thermal ellipsoids are scaled to the 30% probability
level. The TBA counter-ions, most hydrogen atoms and solvent molecule
(CHCI;) have been omitted for clarity. Dashed lines indicate the hy-
drogen-bond interactions. The water molecule is disordered over two
positions.

NH
a) X=<

R,
R N NH R N N-H-0
O et OO
N7 NH N? N-H-O

Scheme2 a) The formation of two hydrogen bonds between acetate anion
and the urea (X = O) or thiourea (X = S) receptor. R, and R, are functional
groups. b) Proposed conformation of ICQ system (R; = H, receptor 6; R; =
NO,, receptor 7) Binding with acetate anion through the formation of two
hydrogen bonds for 1 : 1 binding stoichiometry.

a unique spectral feature, being promising as the basis for new
dyes or electron-donor—receptor materials.

Experimental
General

All reagents used were of at least analytical grade. All solvents
were purified by standard procedures. Tetra-n-butylammonium
fluoride trihydrate, tetra-n-butylammonium iodide, tetra-n-
butylammonium nitrate, tetra-n-butylammonium hydrogen sul-
fate, tetra-n-butylammonium acetate, tetra-n-butylammonium
dihydrogenphosphate were purchased from Alfa Aesar China
(Tianjin) LTD, tetra-n-butylammonium chloride and tetra-n-
butylammonium bromide were purchased from Guangfu Fine
Chemical Research Institute (Tianjin, China) and used without
further purification. '"H NMR and *C NMR spectra were
recorded on a Varian UNITY PLUS-400 and a Bruker Avance

300, respectively. High resolution mass spectra (HRMS) were
determined on an IonSpec 7.0T FT-ICR mass spectrometer.
UV-vis absorption spectra were measured with a Shimadzu
UV-3600 UV-Vis spectrophotometer. Fluorescence spectra were
recorded at room temperature on a Hitachi FL-4500 fluorescence
spectrometer.

Synthesis of receptor 6

2,3-Di(1 H-indol-3-yl)quinoxaline (4, 302 mg, 0.84 mmol) and
dichlorodicyanoquinone (DDQ, 230 mg, 1.01 mmol) were dis-
solved in neat trifluoroacetic acid (30 mL) and the resultant
solution was heated at reflux for 4 hours until the reaction
was complete (TLC). The residual trifluoroacetic acid was then
removed by vacuum distillation. The semi-solid was washed
with brine, saturated aq. NaHCO; and brine. The product was
recrystallized from ethyl acetate to give 6 (101 mg, 34%) as
orange-red needle-shaped crystals. '"H NMR (400 MHz, DMSO-
ds, 298 K, TMS,) 6 = 7.45-7.52 (m, 4H; ArH), 7.88-7.93 (m,
4H; ArH), 8.41 (dd, J = 3.43 Hz, 6.46 Hz, 2H; ArH), 9.11 (dd,
J = 1.83 Hz, 6.67 Hz, 2H; ArH), 12.00 (s, 2H; NH); *C-NMR
(75 MHz, DMSO-d;, 298 K, TMS) 6 = 112.0, 112.5, 121.3, 122.4,
124.2,124.8, 128.3, 128.8, 129.9, 137.9,139.7, 140.2; HRMS (ESI)
C,HsN,: caled. 359.1297; found m/z 359.1282 [M + H*]; UV-
Vis (dimethyl sulfoxide): A,.(¢) = 272 (47017), 283 (52917), 307
(44417), 320 (50050), 420 (22900).

Synthesis of receptor 7

2,3-Di(1 H-indol-3-yl)-6-nitroquinoxaline (5, 300 mg, 0.74 mmol)
and dichlorodicyanoquinone (DDQ, 201 mg, 0.89 mmol) were
dissolved in neat trifluoroacetic acid (30 mL) and the resultant
solution was heated at reflux for 4 hours until the reaction
was complete (TLC). The residual trifluoroacetic acid was then
removed by vacuum distillation. The semi-solid was washed
with brine, saturated aq. NaHCO; and brine. The product was
recrystallized from N,N-dimethylformamide to give 7 (150 mg,
50%) as red needle-shaped crystals. 'H NMR (400 MHz, DMSO-
ds, 298 K, TMS) 0 = 7.40-7.50 (m, 4H; ArH), 7.84 (t, J = 8.41 Hz,
8.41 Hz, 2H; ArH), 8.36 (d, J =9.19 Hz, 1H; ArH), 8.43 (dd, J =
2.05 Hz, 9.14 Hz, 1H; ArH), 8.93 (t, J = 8.60 Hz, 8.60 Hz, 2H;
ArH), 9.00 (d, J = 1.88 Hz, 1H; ArH), 11.98 (s, IH; NH), 12.05 (s,
1H; NH); HRMS (ESI) C,,H,,N;O,: calcd. 404.1147; found m/z
404.1138 [M + H*]; UV-Vis (dimethyl sulfoxide): A,..(e) = 275
(39714), 305 (38733), 318 (39152), 371 (20390), 451 (21800). The
structure was also confirmed by the single crystal X-ray diffraction
analysis.

X-Ray crystallography

Single crystals of 7-TBACI and 7.-TBACH;COO were obtained
by slow diffusion of n-hexane into a chloroform solution of
receptor 7 and the corresponding anion at room temperature.
The X-ray single crystal diffraction data for 7-TBACI and
7-TBACH,;COO-CHCI;-1/2H,0 were collected on a Rigaku Mi-
croMAX007 with Mo-Karadiation (A=0.71073 A)at 113K £ 2K
in the w26 scanning mode. The structures were solved by direct
methods using the SHELXS-97 program and refined by full-matrix
least-squares techniques (SHELXL-97) on F2.'%'7 Anisotropic
thermal parameters were assigned to all non-hydrogen atoms.
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The organic hydrogen atoms were generated geometrically. Details
of crystal data, data collections, and structure refinements are
summarized in Tables S1 and S2 in the Supporting Information.
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The host—guest stability constants for the inclusion of a series of small neutral polar organic guests in
cucurbit[7]uril (CB[7]) have been determined in aqueous solution by 'H NMR titrations. The
dependence of the stability constant on the nature of the guests indicates that hydrophobic and
dipole—quadrupole interactions are responsible for the binding. The complexation-induced chemical
shift changes in the guest proton resonances, coupled with energy-minimization calculations, suggest
that the guests are located such that their dipole moment is aligned perpendicular with the quadrupole
moment of the CB[7] host. The stability constants for acetone and acetophenone decrease in the
presence of Na* or K* cations as a result of cation capping of the CB[7] portals.

Introduction

The cucurbit[r]urils (CB[n], n = 5-8, 10) are a family of cyclic
host molecules comprised of n glycoluril units bridged by 2n
methylene groups.! The portals of the hydrophobic cavity are
lined with ureido carbonyl groups which afford ion—dipole, dipole—
dipole, and hydrogen-bonding interactions with the guest. There
has been increasing research interest in their host-guest chemistry
during the past several years since improved methods for preparing
the minor CB[n] products, where n = 5, 7, §, and 10, were
reported.> The CB[6], CB[7], and CB[8] hosts have comparable
cavity volumes to the well studied cyclodextrins, a-CD, B-CD,
and y-CD, respectively.! In general the stability constants of
the cucurbit[r]urils are larger than those of the corresponding
cyclodextrins with the same guest, and can be several orders of
magnitude larger when the guest is a dication. The CB[7] host
(Scheme 1) in particular has demonstrated remarkably strong
binding (K¢ = 10°-10" dm® mol™') towards guests such as
cationic substituted ferrocenes® and organic dications.*
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7

Scheme 1 Cucurbit[7]uril.

While the majority of guests studied with the CB[n] hosts
have been cationic, binding to neutral and anionic guests have

Department of Chemistry, Queen’s University, 90 Bader Lane, Kingston,
ON K7L 3N6, Canada. E-mail: donal@chem.queensu.ca; Fax: +1 613 533
6669; Tel: +1613 533 2617

been observed. The smallest member of the family, CB[5] (and
its Me,CB[5] derivative) bind small neutral gas and solvent
molecules.® Very recently, it has been shown that these hosts also
bind anions such as Cl~ and NO;~.* With CBJ[6], aliphatic alcohols
CH;(CH,),,OH, exhibit very little dependence of the stability
constant (logK g = 2.53-2.73 in 50% (v/v) aqueous formic acid)
on the aliphatic chain length (m = 1-5).” With CB[7] capped
by Na* on each portal, the selectivity towards CH;(CH,),,OH is
somewhat greater, with K¢z = 90, 710, 1220, and 410 dm® mol™
(in 0.05 mol dm~* NaCl) for m = 1, 2, 3, and 4, respectively.® The
binding of alkali metal cations on the portal(s) of cucurbiturils has
been demonstrated to significantly reduce the binding of a variety
of guest molecules.

The vast majority of guests investigated with the larger CBJ[7]
and CBJ[8] host molecules have been cationic, including neutral
molecules which become protonated upon inclusion, due to
complexation-induced increases in the guest pK, values.® In this
study, the host—guest interactions between cucurbit[7]uril and
a series of common neutral polar organic solvents, including
ketones, amides, sulfoxides and nitriles, have been investigated.
The host—-guest stability constants were determined from 'H NMR
titrations and are compared to values reported previously for f-
cyclodextrin. The effects of Na* and K* cations on the stability
constants of the CB[7] host-guest complexes of acetone and
acetophenone have also been studied.

Results and discussion
Host—guest stability constants

The host-guest stability constants and stoichiometries were
determined from 'H NMR titrations with cucurbit[7]uril, by
monitoring the integrations of the free and bound guest proton
resonances (slow exchange) or the chemical shift changes in guest
resonances (fast exchange). For all of the guests investigated,
with the exceptions of the larger ketones pentan-3-one and 3,3-
dimethylbutan-2-one, the guest exchanges were fast on the 'H

1796 | Org. Biomol. Chem., 2008, 6, 1796-1801

This journal is © The Royal Society of Chemistry 2008





NMR timescale (400 MHz). The host-guest stability constants
for fast-exchanging guests may be determined from chemical shift
titrations (Fig. 1).

—AS, ppm

10° [CB[7]], mol dm™3

Fig. 1 'H NMR chemical shift titrations for cucurbit[7]uril with (H)
acetone, ([J) 2-butanone, (A) acetophenone, () dimethylformamide,
(©) methyl acetate, (¥) dimethylsulfoxide, and (@) acetonitrile (guest
concentrations 0.90-1.0 mmol dm~?) in aqueous solution at 25 °C.

The limiting chemical shifts of the aliphatic proton resonances
of the guests (A0 = Jyoua — Oee) Provide an indication of the
preferred orientation of the guest in the cucurbituril host cavity.'
Upfield shifts (Ad < 0) are associated with guest protons located
within the shielding hydrophobic cavity, whilst guest protons
located at the deshielding carbonyl-laced portals result in down-
field shifts (Ad > 0). For pentan-3-one and 3,3-dimethylbutan-2-
one, the addition of CB[7] resulted in broadening of the proton
resonances and the formation of bound and free signals, indicating
slow guest exchange on the "H NMR timescale. Mezzini et al.'’
have recently reported that 1-phenylbutan-2-one and 3,3-dimethyl-
1-phenylbutan-2-one bind to CBJ[7], with intermediate and slow
exchange behaviour, respectively. With the slower-exchanging
guests the stability constants were determined from integrations
of the proton resonances for the bound and free guests. The host—
guest stability constants Kcg; determined in this study and that
of Mezzini et al.,'* along with previously reported values for B-
cyclodextrin with these guests, are presented in Table 1.

The host—guest stability constants for the neutral guests with
CB[7] are about two orders of magnitude greater than those
of the corresponding guests with B-cyclodextrin (Table 1).!**
The stability constants for the binding of dimethylsulfoxide,
dimethylformamide, and acetonitrile with B-CD have not been
reported, however the corresponding values with a-CD are very

Table 1 Stability constants (Kcgp;) and limiting complexation-induced chemical shifts (Ad) for the CB[7] host-guest complexes with small polar organic
guests in aqueous solution at 25 °C (no added electrolyte), along with available literature values for the p-CD stability constants

Guest Ad g/ ppm Kcg/dm® mol™! Ky cp/dm® mol™!
Acetone —0.92 (CH,) 580 + 50¢ 2.7+0.4°
Butan-2-one —0.91 (CH;) 3100 + 500° 9.3+0.2°
—1.05 (CH,)
—0.70 (CH,CHs5)
Pentan-3-one —0.53 (CH;) 2060 + 550¢ 18+ 1°
—0.97 (CH,)
3,3-Dimethylbutan-2-one —0.83 (CH;) 6740 £ 620¢ 585 + 55°
—0.76 (C(CHs)s) 64-3431
Acetophenone —0.29 (CH;) 9600 £ 700* 123 +9*
—0.82 (0-CH)
—0.86 (m-CH)
—0.65 (p-CH)
1-Phenylbutan-2-one* —0.73 (CH,Ph) 4600° —
—0.68 (CH,CHs;)
—0.34 (CH,CH,5)
—0.62 (0-CH)
—0.81 (m-CH)
—0.83 (p-CH)
3,3-Dimethyl-1-phenylbutan-2-one* —0.75 (CH,Ph) 27340° 6238-183007
—0.79 (C(CH;)y)
+0.29 (0-CH)
+0.01 (m-CH)
—0.05 (p-CH)
Methyl acetate —0.85 (CHs;) 1020 + 100* 11.8+ 1.
—0.80 (OCHs;)
Dimethylsulfoxide —0.91 (CH;) 140 £ 20 <l1#
0.41 & 0.04"
Dimethylformamide —0.78 (CHs) 1000 + 80¢ 3.1¢
—0.80 (CHs)
—0.80 (COH)
Acetonitrile —0.67 (CH;) 1141 4.6¢
5.6 +0.1"

“Determined from '"H NMR chemical shift titrations. ® Ref. 11. ¢ Determined from relative integrations of bound and free guest proton resonances.
4Ref. 12. The values of K;cp were dependent on the host or guest proton resonance monitored. ° Ref. 10. /At 22 °C, ref. 13. £ For ¢-CD, ref. 14. " For

0-CD, ref. 15.
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small (<1, 3.1, and 4.6 dm® mol~', respectively)."* The stability
constants for acetone (also butan-2-one) with a-CD (2.94 + 0.05
and 2.0 dm’ mol™') and B-CD (2.72 £ 0.35 dm® mol™") are very
similar' and therefore these other solvents would be expected
to show similar stability constants with B-CD. For the ketones,
the magnitudes of both K¢y and Kycop generally increase with
the hydrophobicity of the alkyl groups (Table 1). We observe no
change in the methyl resonance of the more hydrophilic methanol
upon addition of CBJ[7], even up to 10 mmol dm~3 host.

The cucurbituril, with two polar carbonyl-laced portals at
opposite ends of the cavity, has a quadrupolar moment. With small
polar molecules, such as acetone, we anticipate that the carbonyl
oxygen would prefer to align with the center of cavity, such that the
two methyl groups would be deep within the hydrophobic cavity.
While the quadrupole-dipole interaction is not expected to pro-
vide a large portion of the stabilization of the host—guest complex,
it could have a significant influence over the position and orien-
tation of these small molecules in the CB[7] cavity. This should
manifest itself in a significant upfield complexation-induced shift
in the methyl proton resonance. Mock and Shih observed that
the stability constant of CB[6] with the 1,5-pentanediammonium
dication (Kcpg = 2.4 x 10° dm® mol™") decreases by factors of
6 and 460 when the central methylene group was replaced by
thioether S and ether O atoms, respectively.'® They related this
decrease in the stability constant to the trend of CH, > S > O in
the hydrophobicities of the central atom in the guest molecule.

Energy-minimized structures (MM?2) were determined for the
host—guest complexes'” (Fig. 2) and the resulting locations and
orientations of the guest molecules in the CB[7] cavity are in
agreement with the complexation-induced chemical shifts (Ad)
of the guest protons. All of the guests which exhibit fast exchange
on the NMR timescale are located with the C=0 group pointing
towards the center of the linkage between two glycoluril units and
the plane of the O=CRR’ (or O=SR,) guest lying more or less
perpendicular to the major axis of the CB[7] cavity. As a result the
alkyl proton resonances of the guests exhibit Ad values in the —0.70
to —1.05 ppm range. With pentan-3-one, 3,3-dimethylbutan-2-
one, and 3,3-dimethyl-1-phenylbutan-2-one,' which exhibit slow
exchange on the NMR timescale, the C=0 group is also pointing
to the center of the bridge between the glycoluril groups, however
the O=CRR’ plane is now parallel with the major axis of the host
cavity. The methyl proton resonances in pentan-3-one, for example,
shift upfield by only 0.53 ppm, suggesting that the methyl group
is located closer to the portals than the methyl groups on butan-
2-one."

The CB[7] complex with acetophenone exhibited fast guest
exchange, with Ad values (Table 1) and the molecular mod-
elling study (Fig. 2) indicating that the phenyl ring in fully
included in the cavity. A recent study of the interaction of ben-
zyl tert-butyl nitroxide and 2,2,6,6-tetramethyl-pyridinyl- N-oxyl
(TEMPO) radicals also included measurements of the stability
constants of the corresponding ketones as diamagnetic analogs.
The 1-phenylbutan-2-one exhibited fast exchange on the NMR
timescale, with significant upfield shifts in both the aliphatic and
aromatic proton resonances, implying that the CB[7] is shifting
back and forth over the entire guest molecule length. With the
3,3-dimethyl-1-phenylbutan-2-one guest, exchange is slow on the
NMR timescale and the CBJ[7] is clearly located over the aliphatic
portion with the hydrophobic #-butyl group.’®

Fig. 2 Energy-minimized structures (MM2) of the host-guest com-
plexes of CB[7] with (a) acetone, (b) butan-2-one, (c) pentan-3-one,
(d) 3,3-dimethylbutan-2-one, (e) acetophenone, (f) methyl acetate,
(g) dimethylsulfoxide, (h) dimethylformamide, and (i) acetonitrile. The
hydrogens on CB[7] have been removed for clarity.

Host—guest—cation complexes

A number of studies of the host-guest complexes of cucur-
bit[n]urils have demonstrated that the stability constants are
dependent on the nature and concentration of the cations which
make up the background electrolyte.*!*®20 This arises from
binding of cations to the portals, modulating the formation and
dissociation rate constants and therefore the overall stability
constant for the host—guest complex. With CB[6], stepwise stability
constants of 1560 and 60 dm® mol' for {CB[6]-Na}* and
{CBJ[6]-Na,}** and 560 and <20 dm’ mol™' for {CB[6]-K}* and
{CBJ[6]-K,}**, respectively, have been reported.’® Mezzini et al.*®

1798 | Org. Biomol. Chem., 2008, 6, 1796-1801

This journal is © The Royal Society of Chemistry 2008





have observed that for 1-phenylbutan-2-one, the stability constant
drops from 2.50 x 10* dm® mol~" for inclusion in CB[7] to a value of
6.15 x 10° dm® mol™' for inclusion in K*-capped CB[7]. From the
dependency of the stability constant on the concentration of K*,
they have determined binding constants of Ky;; = 600 and Ky, =
53 dm’ mol™ for {CB[7]-K}* and {CB[7]-K,}** respectively. The
relationships between the equilibria of host-guest, host—cation,
and host—guest—cation binding are illustrated in Scheme 2.

Ke
G + CB[7] G+CB[7]
+
+M oMt
K1
Komt
G + {CB[7]"M}* (G°CB[7] M}
+ M*
K e
M2
Komz

G+ (CB[7]. Mo}2* {G. CB[7]. Mo}2*

Scheme 2 The CB[7] host—guest—cation equilibria.

The '"H NMR chemical shift titrations of acetone (Fig. 3) and
acetophenone (Fig 4) with CB[7] in the presence of 0.20 mol dm~3
Na* and K* have been carried out. With both guests, the presence
of the cations results in a reduction in the magnitude of the host—
guest stability constants compared to the titrations in the absence
of added cations. For acetone, the value of K¢y is reduced from
580 to 370 and 250 dm® mol~' in the presence of 0.20 mol dm™
Na* and K*, respectively.

-AS, ppm

103 [CB[7]], mol dm"®

Fig. 3 Dependences of the complexation-induced chemical shift A
Jos for the methyl resonance of acetone (0.7-0.8 mmol dm~3) on the
concentrations of CB[7] in the (@) absence and presence of 0.20 mol dm
(M) Na* and (a) K*.

The stability constant for acetophenone decreases from 9600 to
1350 and 350 dm’® mol~" in the presence of 0.20 mol dm~ Na* and
K, respectively (Fig. 4). The much larger decreases in K¢y in the
presence of the cations with this guest is consistent with both the
methyl and phenyl groups protruding somewhat from the cavity
of the host into the portals and being more hindered from binding
by the presence of the cations at the portals.

0.30

-A8, ppm

10° [CB[7]], mol dm™®

Fig. 4 Dependences of the complexation-induced chemical shift Ad,
for the methyl resonance of acetophenone (0.7-0.8 mmol dm~) on the
concentrations of CB[7] in the (@) absence and presence of 0.20 mol dm~
(M) Na* and () K*.

With acetone, the limiting chemical shift of the methyl proton
resonance (—0.92 ppm) is very similar in the absence (Table 1) and
presence of 0.20 mol dm= cation, as are the aromatic proton
resonances of acetophenone. The methyl proton resonance of
acetophenone has a somewhat lower limiting chemical shift change
in the presence of the cations (—0.26 and —0.23 ppm with Na* and
K*, respectively) than in the absence of the cations (—0.29 ppm),
likely as a result of the presence of the methyl group near the portal
where the cations would bind.

The changes in the chemical shifts of the acetone and acetophe-
none proton resonances, in the presence of an excess of CB[7] (4—
5 mole equivalents), with increasing cation concentrations have
been measured (Fig. 5). If it is assumed that the chemical shift
of the resonances of the host—guest complexes (G-CB[7]) do not
change upon binding of the cations (M*), then the change in Ad
is simply the result of decreases in the stability constants of the
{G-CB[7]-M}* and {G-CBJ[7]-M, }** complexes. The plot in Fig. 5
for acetone and acetophenone in the presence of K* (similar for
Na*, not shown) clearly exhibits the effects of a stronger binding
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Fig. 5 Dependences of the chemical shift changes of the guest proton
resonances (in the presence of 4-5 mole equiv. CB[7]) on K* concentration;
(O) acetone, (@) acetophenone methyl, (M) acetophenone o-phenyl.
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of the first cation, followed by a weaker second cation binding,
resulting in progressively weaker inclusion of the organic guests.

If it is assumed that the limiting chemical shift change
experienced by the guest protons in the CB[7] cavity is not
significantly affected by the presence of the cations, and that
the free concentrations of the cations are approximately equal
to their respective total concentrations (because of the low relative
concentration of the host and host—guest species), the dependence
of the observed stability constant (K, which may be calculated
from the Ad.,s and Ady, values®') on the cation concentration may
be fit toeqn 1.

— KG + KGMIKMI [M+:| + KGMZKMIKMZ |:NI+:|2
I+ Ky, [M+] + KKy, [M+:|z

M

obs

Using K = 580 dm® mol™', the fit of the data for acetone
in Fig. 5 to eqn 1 gives values of Ky, ~ 400 dm® mol™" and
Koz ~ 150 dm® mol™!, using the reported values for K* binding
constants of Ky, = 600 dm® mol~' and K;, = 53 dm® mol~'.° For
the acetophenone, with K = 9600 dm® mol~', values of Kgy;, ~
2000 dm* mol~" and Ky, ~ 500 dm® mol~! were obtained from a fit
to the o-phenyl proton resonance. These specific stability constants
have similar trends to the values of K5 = 4600 dm*® mol~! and
Koy =470 dm?® mol™! for 3,3-dimethyl-1-phenylbutan-2-one with
CBJ[7] in the presence of K*, reported by Mezzini et al.*® The more
the guest protrudes from the cavity into the portal, the greater
the effect of cation binding on the magnitude of the host-guest
stability constant.

The two solvents which exhibited the weakest interaction with
the CB[7] cavity in aqueous solution are acetonitrile (11 dm® mol ")
and dimethylsulfoxide (140 dm?® mol™"). The CB[7] is reasonably
soluble in both solvents and the use of these solvents, or mixtures
with water, represent alternative media for studying the host-
guest chemistry of cucurbit[7]uril and other members of the host
family.” The small host—guest stability constants for these solvents
would allow for substantial stability constants for competitive
guests in these non-aqueous media.

Experimental

Cucurbit[7]uril was prepared and characterized by the method
of Day.?” The guest compounds were used as received (anhydrous,
Aldrich). The "H NMR spectra were measured on a Bruker Avance
400 MHz instrument using D,O as the solvent. The host-guest
stability constants were determined from least-squares fitting of A
O fOr the guest proton resonances as a function of [CB[7]] to a
1 : 1 binding isotherm (fast guest exchange), as described
previously,? or from the integrations of the bound and free guest
proton resonances (slow guest exchange). The values of Ady,
and Kcgy for acetonitrile were determined from the intercept
and intercept-slope ratio, respectively, of a plot of (Adu,)™"
against [CB[7]]"'. The energy-minimized structures of the host—
guest complexes were determined using the MM2 program of the
Chem3D software (CambridgeSoft)."”

Conclusions

Small neutral polar organic guests form complexes with the
cucurbit[7]uril host through hydrophobic effects and dipole—

quadrupole interactions in aqueous solution. The host-guest
stability constants for the ketones increase with the hydrophobicity
of the guest and decrease upon the complexations of the portals
with sodium or potassium cations.
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2433 ) watet pfochemo 25, WalCu we ceu l‘td" asas \'
158N B 76% yy c-f $hatesfap. Al es’@ﬁ cec é‘nsﬁys\ovﬁ j
25 18 n.aser tue assdptiet t.at epes 8¢ epdt ¥ g occu? s wit
¥ velsioh ; phief ek atuf e’ as WE 1385 tu’e pfest!‘\eW‘\ece’a! 1
Previdés a yasis ref tuis dssﬂ‘mptlﬁ se @ a asic aqueeus
seutiol Yot cpes 8¢ epd ¥ g, as eppescilVie at of gat ic so yd ¢,
appeaf eWto fepesd t toe opthhid™ ceol Whieh s. Y.e pithaty
j'Wo‘Sy 01 25 was piotec}ewn.y st i)u& a Woetdva ¥ g sec-

oy 'yWo‘Syiwasfep TlceW|,y 108 e ush gf qi' -1, Y‘u&vizof
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TsO

OSiMe,Bu-t OSiMe,Bu-t
| h,i |
TsO TsO

26 27

MeO
(e}
/© OS|MezBu t Tso/©
TsO OS|MezBu t
30

Scheme=4 aReagents and conditions: (a)‘isC =\I N (y) ?I t")zi' -
OL,C™N) 1t B, 81%; (c)PIB b, 95%; }WS af p ess asy"f‘\eﬁ 1c
epes 1Wdtiel | 93%; (¢)Ma” Y, watdt, 24, 76%; ( )t-}u\‘} ,S1C , P, 96%;
(@1, L, Pyl 89%: )i’m'f 2., W e, 99%; (1)? 1(/*”‘
M e Y, 91%; ) Bu; ST, IpN ! Q{e 80°C, 72% yleFVﬂ 28 af #29.

(25 — 26).7 % Wdue wit.! N A0, W e ¥ gd o atet.cl ey
d @ss- co‘!qugateﬁ ctet es 27 5! ese WY 84 wd t S5-exo-tf 1gel a
§ a¥ca cyc zatied W ¥4 stal Mﬂh&i’co‘! Wiel s (s oW adiiYti®) @

stz?”zf!e JW IPN to a et se tl.' @ 2713 1 \'{e) te
anothdee ftactieh s ab tet c“‘matogﬁ ap.y. Y .efastest e ptd I3
chpert Wwas 28 (26%) A Wt e s gwest ¢ utd '® was 29 (45%).

ACAT: Tfactiel was tuc isé MW is tuf e 30 (10. 5%)‘ 1s attef
Peatet1a . aloe twe sun.stltue! tseh t ew Weutal cisa)
Wscal 8¢ WeM otc.afactef1ze t eh g\uSlJ stef coc. ™ 1sﬁ y

& 30, yut & pect® toat'it was at™itufe & toe twe pessly, £ cis-
{usc¥Vcé ™ peut WY ete tlve stef cocodistiy o 28 at W29 was
estau,i‘ eWn.yt e -ﬁ '\easui e ts st waf 1zeWi flg 1.
28 a1 W29 wdk e pf ecesscil WVlWld (Scud™e 5).
Ye.e \d"‘eﬁ was tf cate@wit., E-1-pf epd y t 1J‘| g& e atedViy
t e’:aetl& o -Bulh o cé¥adcia. E-1- nji‘\opf opd ¢ ( e eV
9%E) 13 &S pef Pl t gave a o o 31w1t A E:Ztatie &
97:3,as est}“ ate¥y TIMH R _S# ce we&’ﬁr h[o-,taf! C‘S.CJilSIVC?/

TsO TsO

OSiMe,Bu-t
28a 29a

OSiMe,Bu-t

nOe: H, <—> H, nOe: H, <—> H,

Ha Hn oro

Hb Hc

Fig. 1 I casuf 89 ts.

MeQ, OH
@ @ 0SiMe,Bu-t
28 Si* = SIMSZBU t
|
it \
SO~ i OSiMe,Bu-t

33 E/Z =97:3 from 31
E/Z = 1.8:1 from 32

d1

MeO OH

TsO :

29 Si* = SiMe,Bu-t

OSlMezBu -t

Scheme 5 Reagents and conditions: (a) E-1-pt opa y .t AR () cdw-
p of su ,i;' 1c aci®V OF1,C,, 30T} | 54% evet twe steps; }c) 1-pf opdd yi
'\ag‘f esi™ W PARY S ¥y caf‘np.'d su%& ic acidy O"IZC%, 2 v 71% evel
twe steps.

¢ E-1s€%d we Wécidédvte tfeat t 1 wek - eft‘! g céNpeut W
2 wit lpiopa yrhag esn™ -j:‘uw WeICs 1S c“f‘wjma
aValiil'fa Base gives al E: ZMWiStube (32). Wit n,otdeage‘! 15
a Wouy, ¢ o sJ\ehzaUJ (Z — E) weu yefequif oW as we
wele lI' ay, ¢ te diect sepat atiel o t.'e ged™etiica 1sl‘|e§s evel
Wy af &d ticc.f $Nateghap

iU i, et. cascs, teatwa twit CSA & ectelif $Matizatieh (31 —
33;32 —'33). We' t & equur} ateWthe E/Z 15€%es of 11 ath g
HJW 31, us¥ g’rHC TN,V te ol.ta‘! 34 wit. &t E:Ztatie
& ca. 97:3(Sc @\e 6). Ré‘wva o t.csijcel pretectd g sfeup
a Wep cdnd ter t efesu ¥ s Wo‘iy‘il,ylo&‘! e*(34 - 35 >
36), 10 weWn'y .{y Hé Wsp cEhdt @ toc 108 e% t;l\'lln”)
gave 3 t t 1s tee, ust g t e sccel WA eute Wsd 1,eWV'i e

aWWscon edVt.at pie of selVeipesuie te tue pa ‘|
cata yst W g “UI’f l‘o‘! equifuf e atiel T‘\pfoveWt e E: Z
fa‘uo te a ‘IA.'efe tee Z-1sé%d wasV ot Wtectay, l,y Ve
FIMR 5 Coot wi g , cdNpeut W37 was ﬁeate W1t tee
133 dizatiel catayst” Yef 48 . te av el W ged et ica puie
P atet 1a1(74%€§ Al L'e IQW)."esu!‘;! yfm.‘v Ma@lg), W ¢ Y1,
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34 Si* = SiMe,Bu-t 35

QH@“Q \

\—> 1 [(-)-conocarpan]

Scheme 6 Reagents and conditions: (d)l. UC
95%; (v,) BuF , 100%; (©)F o, 1, WL (82% M t;N (85%) at W

tod Mal, IZW\etko yet ;%e fer m 98%:; ( Wﬁ % SSK (e)Na(ﬂg)
@e Y, 95%; ()fvc?d d*)z ot Cy. 28ys, 74%38 &% 36.

ay,, CH Cy. 3.5 Wys,
).‘x

95%)] tod save cet ecaf pat oY 1s"‘14tehd was S48 ey
ﬁ a T}!' hC at W o Wto .ave al' e & 98%; its [a]2 was —99.7
(cl 0} M e"\‘l).‘i esig o t’ especitct etatiel 1s eppesite te tuat
fepef teWﬁoﬁ (+)-cot ecafpal’ ¥ Wcatd g t.at eitud toc ofi1gh'a
cot Fgub atioh a_assigtt v twas ) Wecll el as suggesteWi,ytae
c.f eptica . stullves,”® of t.at t € S a? pgss epes 1Wdtiel Ladvtal
a au:! o™a_ stefcec.d™ica coui se s Wsd 1 edViec ow, t ese
Pwattedt s weke ated setf c@Vd Yavel o cet Fgubatieh a_fevisiel o
(+) cel ecaf pa‘j3 se toat tee cd N peul Wive uaHV‘x a¥é was actua
(—)-cet ecaf pal , wite t e’ 2R,3R aise ute c;! i‘guﬁ atiel s .\3'
Ly stiuctufe 1. ¥ewevd, ¢ pel tead ta pho\ was ¥ ot ol,taf! Y
uti, ‘we _’aMJ‘\p fteWa seco‘! Moutc teo t_'e! atufa Tpﬁ odVict (see

e&]w). .
1e well 1 g o tu.c ayeve syl toesis we Wéve opedVal ot.cf
feute tuat 1s s.of tef af Wt.at ase []ovﬂéWzI! eppet tlI! ity te
cénpate t}( cis @ trans § atie ui twe Wt tThedds @ 5-exo-

th1geh a_falivca cycizatlo‘! N \eﬁ ey step ¥ ta1s sccet Wapph eac.
1 3 1
18 t.'efa ca cyc*za 100 38 — 39.
CHO
BuzSnH, AIBN
PhMe
80 c 69%

uf stafth g po‘! t was agaf! epo‘S 18 23, ut wite tais -v,atchi
we d ysta jze@t.c ¥4 ve@p 1 ol_e! zeate (23 — 23a — 23b) te
faise tue ce Mheasuf edViy c_'ﬁa =i hC) 8™ ca. 89% te 97.8%
(Scud™e 7).

“pA N g & epes@é 23b ut WA wasic cet Wtet s (aqueeus
Ma ¥) wit. tocselvl™ sa e p.d 0.40% (2equiv.) gave e 413
83% yie BMar te ceffectiol Veof feCove clepes 18¢). !151‘1 esy atiel
(100%) 2 W ealhet t wite Mal® § fe-us ¥ g 2-qutal of e s vedV
te col vt tuc We. ¥ te tuc ot 3824 [65% of 80% abtel
cettectiol §of ecovea eWu.ls!lesy te (19%)]¥ ccWER of t_’efa&’ca
Cyc zatio) 1s was cet @cte®i¥ t.e usua Wdy Wy w aut1o}
o asentiel & stallaleal WAI!?" e te a ot (80 °C)
seyitiol @ toe sui,stf ate 1! toe sdNe soy t‘i U:;!sﬁ e®Virans
Wsu-.stltuteﬂ&v ‘yWol,é! zof Q) 39 was 1se ate®d 69% yie 3V We
WY ot oysef ve (T MR | 300M ¥1z) t_ecoﬁ espel W g cisisé N

(0]

Tso)ij/Q

o[ 23R = H (ee = 89%)
23aR = COC5H4N02 -P
o[, 23b R = H (ee = 97.8%)

| J
ﬁ@%

Scheme 7  Reagents and conditions: (a) p-N"‘ZCJ‘LC"C =I M, t.d fe-
d ysta gze pt oWict 70% ah tef #§ st & ystajzatiel ; ¥ a sepaf ate &5 pef THel t
yie fW/as 62% a tek t feedysta izatlo‘! Ell')k C™,, 80%M &Y, 97%; (c)
aNa Y1, watef, 40, 64%oi 83% ah tef c.necu.‘i Y of fecovel cW23b; ww sC

) 1M, 100%; () Mal, 2- wutat o e fes pus 1% 6) Bu.SFL ST ? Ne
80 °C, 69%; (£) et w’v etfipd y osp\'ofz;! €, 69%; (& )'.mid c}\),,
CHLC 4, 10 Wiys, éy% () Maqlle). f{e"\'{ 95%.

al Wse tee dhout t e Nel® i at y,Must cave ied vy §‘1aTi
Y.e afé’ & gioup was ¥ &5t col veiteW‘! te a l- piopa y bt
Wy Wi g feactiel wit et_.y; etf 1p_’ ospuf e ‘i 1S
feactiol an of WéWVa 3 : toistufe' (43), 1\ Wequl -j a‘u}
wit. | ¥C (1' a7 10? 24 gave'\atef 1a (37)t at was ‘Y
35 AL ?E :Z=96.9: ;1) ¥ eat qu tltatlve yle;\'
tie equi iatlo‘l th%e was ple geﬂ\fof 10 Wdys, ¥ @ 1s3qe§
cou L@tecteW(‘ﬂ M R 40 \'{TIZ) wut tuis was ac.levedVat
tee 5 p& sc @ a wei y1ef\’(85%) fra ig,’\ovaim t)e tosy“
seup w1t.'Na(ﬂg) 1t eW¥ice®(—)-cel oca} pat (95%) [a]z —46.5
(c0.28, M )04 Ak sy teetichhatel 1a . ca@VAl ee & 88% (ie
e‘! A uéndictatie = 94 : 6) asyudgedViy c.fa 1'11' hC. We 8@V
Yot estay, 1S« tue stage at w 1c tee d at tid™ 1c§ atie was cf o¥é#V
f1d™ 99 : 1};' epe’ 18¢ 23 )tok!)4 6 (ot syt toctic cet ecaf pal
1), yut suspect tuat tee a ‘Y c-,e! zy jc etach 38 1s ¥ ve ye¥® as, ¥
tue eaf 3¢ steps, s 4% ‘! gatt.e et zy 10 pesitiel wouf\’faﬂvlo
&"astei co1s€ e s—waic. wekel ot oi,scf vedlvyy 71 M R { of aly
o t.'e"\ atef1a TuseWi! tue sy t es1s

Proof of absolute stereochemistry

Sh ce ouf syt tuctic cel ecaf plt was cvel etatefy ¥ stea®V e
A& 1 of otatef y, al ? Sout taf get aW:,e& tee al_so te col ¥ guf atiel
seowl Wy 1, waice 1s iepd tekkf }dotatd yMhatef1a, we
‘! ce¥¢iMe cstal, s kl att.e djp ss asy W ett 1c epes 18 t1ol

10 weWhe & pecte}\é 1 2147 sq toat t (C s qite cet Fguf atlo‘!
o ouf syl etic cé peut Wwas‘! UzeWt at s ovs?f 1. We Wde
o al, ﬁ wa ef\pf ¥t e 1te§atu§e—w1ta Pee @ t3

stef eocu?‘x 1Cd<i eutcéNe—e S. df pfss as et 1’c epes 18t
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@ a styid e W& vative wite a para ¢ ysd sul,stltue‘! t2Y e
o, o5t st alghn&waﬁmetu;\/ ou,ta‘! ¥ gsuc, plee 1 euf case
weu fi.ave ted yydtay b aysis, yut attd™pts te o-.ta‘! suitay, ¢
dystas e a eavy atd™® W vative @ cel ecaf pal of & cpes1¥é
23b wel e W success u Accﬂﬂ £y, we Soug t evidd ce (% ascWvel
c.ﬁ‘uca Wgk aditiol 01 epes 1¥¢ 2 ib te (S)-1 phé y =1 pfopi’ °
esc ayse pte cet Fguf atiel 1sTY ot 56 ¢ é"uca coﬂe:fttlo‘!
_'S-( W4 at W jc aci@vE®
b 3 A udheficay A fic.clVepes 18 23b was cet vel tedVi te
Pyesy te44(Sch§‘1€8} Tt w I1C. @ ) 45 was$heet. i et clV
-,yﬁeaf\e‘! twite Mal ¥ fes u‘ﬁ‘! P Neitha v 41 weu e
usc#Vte cot vd t tue phest™ el teth % clivate 1086 cpes 18¢ I te af
o cFY ; tue phesdt thhet. odValdes ¥ ot se@\ te \dve l'ee‘! fepef tedV
n,eufe aff_oug Wect cot v siot @ & 10W% epes 1Wé N te at
c a o o n,y?eactlo‘! wit., 10WW¢ 180 .as l.ee‘! suggesteUv
aﬁec a 1st1c scad%e TIyWo% f etectiol Ly st tiel (45 —
46) at MUI' et dV. Weed dtl& save 47. Y.e tosy of oup was
tod f&Nevely toc actiol & Ma(lg) Vi 1e & toefesu P
padt 0.(48 — 49) a_.swelvus te f &N eve toc p o o 1c o yed By
ogc! @ ysis™ (49 — 50). fra 4}/ (S)-1-p opal @.51 was
te casclVyy Wési fm.‘v A X ch ol Woa ]N[a], -29.3 Ec 1.23,
(en(® )[ t.% —45.6 (c13 a1C ), coﬁespo‘lﬂgtoa‘! ce o
64%. b staf th g epes @€ 23b _aW@val cc & 98% al Wwe WAV
Y ot 184 tﬁy t.c stage at waice tacdie 15 o @siel o eptica. puT 1ty;
b \ g’ a atiet viath atlo‘!‘ o tee
possu,?/ it eccufs 8 1 g tee oL o hiw
Pouy, n'o‘! W1 te celyugatiel wit. t e n.é zdetd g Vo pwe
-.y satuf atiet . Stef cec 3‘1 ica . sd 'Bn' t s at aly et.cl stage 1s
wiey o '\ecd’ 1st1c ghu‘!“w al,so te cel ‘“guf atiel e
fvof etatef y 51 uias ed esta-,is eh%“"‘ al Wse euf Wéeh alhtiol

o)
/@QN\\OH a
TsO

23b R =H (ee = 98%) 44
b
0SiMe,Bu-t OH
} @M
TsO O
46 45

d
J OSiMe,Bu-t OSiMe,Bu-t

4
f%

TsO
47 48R =H

49R = sozcaj

OH g l OSiMe,Bu-t

h

@%
@?

51 50

Scheme 8 Reagents and conditions: (a) M sc I N () Mal,
1,2-8%et.of yetoal e, fesuis, 7% ovel twe steps; (C) t- !u\‘{ eSS d
sym-ce W e, 100%; @y %R N1 1'{7 9% (@) Malg) W e ¥,
60% a) W ccevel c@AT (32%); ( ?)(& S N, 75 (T WC N,
¥1,, 100%; (4 BuMN | 71%.

Spd e ts cot F% toat toe asf et ic epes iWdtiol (22 — 23)
e wstk'e &5 pectedcets se; cot sequdl ty,¥ atuf a(+)-cet ecaf pat
Pust JAve the ayse e stk eoc.'t!‘nstf y s_’ovs! ¥ 52

52 [(+)-conocarpan]

Conclusions

e phesd t woh seows teat stefcecodica.tevisiol §ef (+)-
cj ecal pat 1s fequif c¥Y as scusse¥Vay,eve. “ub i st syb tuests,
walcs gives a ¥ a. pleWict @ vy 1. cc, Wéest ot phceeﬁ\’via
a et_'ef t at 15 ot '1_51 zyical Wa c & Wt e appedt s te e
Voctesiol '@ & at idNelic puf 1ty. f! eseco‘! ;\"oute, we.lc. dées
1 ve ye sucy affagie C- ot H\/we staf te@Vwit, &t epes1

18, ce at Wotal ciCel ocaf pat & swet ce.Y etwo"‘ o¥és & 5-
exo- thgo' afa¥ca.cesufe af. anoﬁ et ve Eﬂ cis/trans
sefctmty, wit. cosufc @ at aly.fadica. el te a pd ¥ t VI y4‘
sdeup, as the secet @ eute, | e‘! ghefese IFCUVC

Experimental
General methods

‘i e J vapes ate spach gstheasuf cWVA ect y 1 €% toe spectf .

e‘Spei dts whe Whhe W W& & ¥t alvesp efe(l“ o

B ss stateWVte t.c cel fafy Ce :{‘\‘! sizes dﬁe quote&Vds
W netd' x k,elg_’t. [als !/a 1,168 adfegvd ¥ 107 Wgdn2 g,

First route

Toluene-4-sulfonic acid 4-[(/%5 3R)-3-hydroxymethyloxyranyl)]-
phenyl ester (23). Cius.c®4’ ™% e ccu af sieves (0.5 g), dcthdteW
at >200 °C a¥ WO.S"f‘ﬂ:'lgui 24 o, wel e alliéiVte a S.%ltl;’ o
(—)-Wisept epy af t ate (0.050M%h, D23 ve )} O] C @),
a! e 'a§ was swel @Vl te a ce yate (=25 °C, C,—CCy).

Y hh)z‘ 0.10"%h, 0. 34Mmi was t:év AW @ :wewl,y
BV YL G} seectdd ¢, 1.6, 48"\"‘0% Y e tufe
was stftcliet 10T9) at Wi d 22 (728.4T%g, 2.390T%e ) B
o, C (1.2P%0 pus 0.8M%0b as a t ¥ se) was auNe@VaVepwise | (N
syﬂ se. ‘i e"u‘&t ufe was stffclief 2 . at Wt 3 quet celViy
adivtiel 01 aqueeus MNa Y (30% w/v, b(538?‘”;) satuf ate&un
NaC. Stftd g was cet ti ucthef 10MY at Wi.d M £S5, (ca.
500M%g) at WCe jte (ca. 1 8) wde aded e"n‘i uf e was swif @V
a Wocse W w eF o el V&p.fdtl." ) the' {fateef! W 5

_’E‘\atog @ t.cfesilivic ovel si age (2. 5 x '35 &%), usf! g
st 50-60% 1 & al e (step gha ét tld)z;!Wte‘! 6 :
3: lal 7 e e‘S‘;! 64& e Y1, save 23 (712. 441 , 93%) as d weite
s01W‘|p 51 }3 °C; ¥ R (c)c,i 500M¥z) 5 1.74 (W J =
5.1, 7.7z, 1), 2.49 (s, 3¥), 3.18 (WM J = 2.3, 2.3, 361'12
17), 3.83 (WY J = 3.6, 7.8, 12.6T1z, 17), 3.93 W J =2.07z,
1 1), 4.06 (WY J = 2.5, 4.9, 1297z, 1), 6.99 (appaf d t &

as paft & BB systd%, J = 8.7 ¥z, 2¥1), 7.21 (appaid t W
as paft e ‘BY systd%, J = 8.5z 2¥), 7.30 (appaft t W
as pait o ‘BY systd%, J = 8.3 ¥z, 2¥1), 7.71 (appad t &
aspaft & BB systd%, J = 8.371z, 2¥1); PCMMR (c»c,i,
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100 M ¥1z) 6 22.0 (1), 55.1 (W), 61.3 (1), 62.8 (W, 122.8 (W, 127.2
(W, 128.7 (&, 130.1 (&, 132.5 (s), 136.1 (s), 145.7 (s), 149.7 (s);
Wz ((]"1C4i cast; $%1) 3419, 3069, 2986, 2926, 2872, 1598, 1505,
1372, 1198, 1176, 1150; ¢ act™ass m/z cafmfui C L, Mas
343.06107, % eut @343.06134.

Sdpes & toe M oos.d esteds fidw tee ayeve epti-
ca.y aclive epesy ace.e. al W tue ceffespet ¥ g facd™ic
epli’y z}f‘o_'o% Wge piepal edV iy aley g (R)-(xf\e._t" o‘iy-a-
(f1~uef §Netuy )pacl v acety.c. of 18¢ te a stifcilse ntiet @ toe
epo‘i’ya ) o%!iﬂa th?ﬁ O:ilztffxg! aysis e t evjlver uaé
W .Shid estel s 'y FIMMR g owei\’[ e Wastcd ed ek icfatie @ toe
ayeveepeiyace.e to'u.e94:6.A) a smoﬂtk’eepo‘ﬁ.yafu’o“ﬁ‘l\
a otuci 'n,atc{ii,ut epaf c@Vil W& t_'e sdwecet Wtiet s) Ly cufaui
P [Caf o pd BREL (150 x 46M%), 1: 1 W eON_witd.
cow 0.5M LN -1 Wtectiol at 2323, Fase{! e sepaf atiet @ a
facdnic sdupe; tetd e thhes 11.9M%1 &) @14.3%1 ] sh’owew
th'e 3 & udhdictatie te e 94.7: 5.3.

Toluene-4-sulfonic acid 4-[(1S,2R)-1-(4-Allyloxyphenoxy)-2,3-
dihydroxypropyl]phenyl ester (25). 1 pely af. hio_ 123 (>88% ee,
10.94 &, 34.157¥%e) was aWWEWVY o ¢ peftiel te a stffcdV
a W.cate® (70 °C) se 1,1t10‘! ¢ O-a ﬁ/ ?/quul‘! o (1232 8,
82.04 .Q:;v ®aqueousMa ¥ (1M | 331 b, 34 e ) ¥ watel
(66T, Q) Wstht N g was cel th ucliof 2.5 h'ﬁ hie?‘u‘&tuie was
ay welVte cee , peuf et te aqueeusMa Y1 (1M ] 100M%h), & &
e‘S;acteWtJ ee tH%es wit ﬂ tz‘".‘i wc cé™ '1‘1‘! ciVel g'cf! 1c &t acts
wel e was ek’wn\ iﬁ! e, kaleW(N a!S’\) a Wevapet ate® ¥ as
cidmatesta lﬁ tue fesillvic evel sijca ge. (5 x 35 &%), usTl; I3

BERY ® e o) )
50-80%1 ¥ c-ocSal e col tad B g=I N (ca. 3 Weps ped 100M%Ib)
(of al¥d t e pntioh ), gave 25 (12.26 g, 76%) as a ye ilesa 011 AW
fecovel V23 (1.09 g, 10%). P1e. 25 LallV [aly Jhe 77 (c 1.94,
OLC,): FIMHR (OBC,, 400 M¥LZ) 5 2.16 (vf s, 1¥71), 2.46
(ovek 1appfm gsal Wi s, 4111), 3.79 tw, 2¥T1), 3.93 MV J = 5.4,
9.8z, 1), 445 (WY J = 1.5, 1.5, 5.3z, 2¥), 5.08 (W J =
6.17z 17), 527 NNV J = 1.4, 1.4, 1.4, 10.57z, 17), 5.38
(WY J = 1.6, 1.6, 1.6, 17.3%1z, 1T), 6.02 (WY J = 5.3, 5.3,
10.6. 17.3¥z, 1¥1), 6.71-6.77 P%, 4¥T), 7.00 (appaf & t Was pal t
o BB systdY, J = 8.6z, 2¥1), 7.30 (appai & t Was paft
o AN BR sysdN, J = 8.1F1z 2¥1), 7.33 (appatd t Was paft
o AA’!!/ systd™, J = 8.671z, 2¥1), 7.69 (appat & t as pak t &

‘BB systdn, J = 8.3%1z, 27); BCMHR (CPC.,, 100 MF1z)
021.7(q), 62.8 (1), 69.4 (1), 74.5 (¥, 81.1 (W, 115.6 (W, 117.1 (W,
117.6 (s), 122.6 (W, 128.3 (¥, 128.4 (W, 129.7 (W, 132.4 (s), 133.4
(W, 137.1 (s), 145.4 (s), 149.3 (s), 151.4 (s), 153.4 (s); . (CPC
cast; #%1) 3400, 3069, 2924, 1597, 1505, 1373, 1212, 1199; & acl

Pwass m/z cafmﬁd C¥LMa™S 493.12915,  eud #493.12900.

Toluene-4-sulfonic acid 4-[(15,2.5)-3-(zert-butyldimethylsilany-
loxy)-2-iodo-1-(1-methoxy-4-oxocyclohexa-2,5-dienyloxy)propyl]-
phenyl ester (27).

(a) Toluene-4-sulfonic acid 4-[(18S,2S)-3-(tel t-butyldimethyl-
silanyloxy )-1-(4-hydroxyphenoxy )-2-iodopropyl [phenyl ester.
.98 W (2693, 0.2330 ™o ) was adWéd te a stffcW
selitiel @& 26 (2.5371 g, 3.652M %o ) at Wl Wl ¢ (1.1353 g,
8.0 9?‘Moj ¥ YT (13M0), & WStEEY g was cet ) ucl of
1 .1 vapetatiet e ta'e so?/é‘!t A W -as. c.idvategiap
o ;[A?'e fesilic evd sijca se. (3 x 45 &%), usd g 10-20%

X coochal e (of aW¥ t'e ntied ), save te 115' e-4-sufl @ 1c aci®V4-
[(1S,25)- -(zert-i.uty??‘\et_'y]m? yf‘? y)-l—(4-a.yWo‘2 yp%& &« y)-
2-10867} opy ,]p_'& ¥y estd '(2.3587 's, 99%) 'as a ul stay, £,

[ oWl 15, e1.t.at was pf ecesse®Vpi $4pty: [a]y +13.04 (¢ 1.38,
OHC,): " WIR (CBC., 400 MT1z) 5'0.00 (s, 3 ¥1), 0.04 (s,
3T, Uss (s, 9¥1), 2.43 (s,gfi), 3.79 (W J = 4.5, 10.6¥1z, 1¥1),
3.99 WV J = 8.2, 10.6T1z, 1¥1), 4.21 (NN J = 4.3, 4.3, 8.3¥1z,
17), 5.05 (Wevel apph g wit. vf s, J = 4.2¥1z, 2¥1), 6.65-6.73
Py, 4¥1), 6.96 (appal & t Was paf t & ‘BY systd%, J = 8.6¥1z,
2¥), 7.27 (appat & t Was patt e ‘BY systdw, J = 8.5 ¥z,
2¥), 7.29 (appat & t Was paft e ‘BY systdw, J = 8.7 ¥z,
2¥), 7.65 (appaf & t Was paft & ‘BB systd%, J = 8.4 ¥z,
2¥1); BCMMR (CPC,, 100M F2) 5 —5.5 (q), —5.4 (q), 18.2 (s),
21.7 (q), 25.8 (q), 40.9 (W), 65.7 (1), 77.9 (W, 115.9 (W, 117.5 (W,
122.4 (¥, 127.8 (&, 128.5 (&, 129.7 (W, 132.0 (s), 138.8 (s), 145.5
(s), 149.1 (s), 150.2 (s), 151.7 (S); W (O"{C,i cast; &%) 3489,
2952, 2927, 2856, 1597, 1507, 1373, 1198, 1176, 1092, 837; €5 act
Yassm/z cafm Co 1IN SS1 677.08606, § et #677.08627.

(b) Toluene-4-sulfonic acid 4-[(18S,2S)-3-(td t-butyldimethyl-
silanyloxy )-2-iodo-1-( 1-methoxy-4-oxocyclohexa-2,5-dienyloxy )-
propyl]phenyl ester (27). ‘.hI({AC)z (454 %%g 0.141 Pe
was aWWé@V N et ¢ peftiel ’to a stitc®V at & ceo cV (0 °C‘;
sentiel & t.e ayeve te ud e-4-sutel ic aci®a-[(15,2S)-3-(tert-
Lty et ‘?1 ¥y % Y)- -(4-..yWo‘$.yph’é! oy)-2-108pt opy‘]-

dy. estd (cottad ¥ g ca. 6.5% anti 15€%d) (81.0 Tug,
0]24?%. ¥ M e YL (1.3%0). St} gwascet th ucliet 307N Y
A Wt d e (10Mh) was aWWEWVY Le™ S tuf e was was.c®V
wity, satuf atedVaqueeus NaﬂC""3 a W-.h:‘ e, WleW(\'{ &S™) 23 W
evapef ate®{ as cf“matog‘ apu'y @ t.cfesilivic evel sijca se.
(1.5 x 30 &%), huod 202008 Ve ¥ e cat tad 3 &) LM (ca
3 Weps pet 100M%b) (sf aW¥S t e pit ), gave 27 (77.3%g, 91%)
as a ig.'t ol se ollzw 1c. appeai cdVte e a st g 1sé%e (T
MR RO R ): [0]2 +39. 8((:1.49,0'»{2(:,‘); FINMR (ePC,,
400M¥1z) 6 0.00 (s, 3¥1), 0.04 (s, 371), 0.88 (s, 9F1), 2.41 (s, 31‘1;,
3.33(s,37),3.52 (WVJ =4.2,11.07z 1), 3.79 (W J = 6.9,
11.0™z, 1¥), 3.99 WV J =4.3,5.1,6.8Vz 17),4.72 WJ =
5.2z, 1), 5.95 (W J = 2.1, 10.3%z, 17), 6.08 (WY J = 2.1,
10.5¥z, 1), 6.48 (W J = 3.2, 10.37z, 1), 6.64 (WY J =
3.2, 10.4 ¥z, 1¥1), 6.90 (appatd t Was patt e j:p} systd™,

J = 8.7¥z, 2¥), 7.18 (appai & t Was patt & ‘BY systé™,
J = 8.6 ¥z, 2¥), 7.27 (appai & t Was paft & ‘BY systé™,
J = 8.5¥z, 27), 7.64 (appaid t Was pait & ‘BB systd™,

J =8.4¥z 2¥); BCMNHR (CPC,, 100M¥z)d —5.4 (q), —5.2

(q), 18.2 (s), 21.7 (q), 25.8 (q), 41.3 (W, 51.5 (q), 65.5 (1), 73.1 (W,

93.6 (s), 122.3 (&, 128.2 (¥, 128.5 (&, 129.0 (W, 129.7 (W, 129.8

(W, 132.2 (s), 139.7 (s), 143.5 (W, 144.2 (W, 145.5 (s), 149.3 (s),

184.8 (8); Wy (O,C. cast; %) 3055, 2953, 2930, 2896, 2857,

1688, 1674, 1639, 1599, 1501, 1471, 1378, 1199, 1177, 1094, 867,

839; &5 actMhass m/z ca W ot C,0¥1,,IMNa",SS1 707.09663, § et WV
707.09677." ¥ a cafm C, ¥, I7,SS1: C 50.87; ¥ 5.45; S 4.68.

fett &vC 50.78}1 5.55: S 4.87%.

Toluene-4-sulfonic acid 4-[(2R,35,3a8,7aS)-3-(tert-butyldi-
methylsilanyloxymethyl) - 2,3,3a,4,5,7a - hexahydro - 7a - methoxy -
5-oxobenzofuran-2-yl]phenyl ester (29) and Toluene-4-sulfonic
acid 4-[(2R,3S5,3aR,7aR)-3-(tert-butyldimethylsilanyloxymethyl)-
2,3,3a,4,5,7aAhexahydr0-7a-meth0xy-5-oxobenzofuran-Z-yl]phenyl
gster (28). sontiet & Bu, T (0.04M™h, 0.15M%e) A W

BN (6.0Mg, o.tsﬂ‘h. ¥ T Me 3T was adWéeW oved
4 . te a stffc@vVal W.catc#V(80 °b) sentiel o 27 /&65.4"@,
O.OK!JSS tofve) ¥ fd‘{-'e SRATS) (Nz ail‘wsp de). Tt tee
aWviie | h'eat'f! : wab col (¥ uciief 1 ¥ a Wtk,e Pyt e was
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t_'a a.swelVte cee. te fod™ t$‘1pe§ atu§e=I vapet atiel o tee
so y t‘cf! . .fl\atoﬁi d;:Ay o t.c fesidic evedl sijca ge
(1.5 x 30 &%), us'ﬂgg 20% &N eod tah b & UM (e
3 Weps pet 100M4h), save t.fee ﬁactu‘i S, €aCy as a ye.#ewis
0. Y .c Yastest entd I3 ﬂactll was o ¢ 1s€%d (28) (14‘.‘ A gh?
26.]3%), tueh 1“2 eptd gifacti® was atWStufe @ o wab te®V
astet e‘*eﬁs [ie cis Wsu’-,stltutm‘! o t.c etysd .etd ecyc
(see e ow)] (5. 6™ g, 10.5%), A Woe waest e utd g!! actiet was
a ot.ci Wastel cers€nd (29) (23. 6;.‘1 &, 45.3%). ie teta ‘iyle PVU
Vst WVt edtict % oul telvte 72%.
Y .eteative cot F suf atiel s wefe estai"lsh'eW-,y N’al Py casuf e-
"w:! tss ow 3 f 1g. 1.
elaste tfv g1sénd 28 K'dW[a 2 _56.66 (¢ 2.49, OFIC ,); ¥1
N\"[a (CP, 400\“11'12) 0 0.00 (s, 671), 0.97 (s, 971), 1.80 &W\(
J =43,43, 838, 8.8z, I T]), 1.87 (s, 37), 2.48 (WY J = 4.8,
16.6¥1z, 171), 2.60 (WY J = 6.4, 16.6¥1z, 171), 2.93 (WNNWV ./ = 1.4,
4.9,6.2,9.7%z, 17), 3.28 (s, 371), 3.30 (W J = 4.2, 10.9%1z, 1),
3.41 (WY J =4.6,10.871z, 171), 5.05 W J = 8.9%1z, 1), 5.95 (W
J =10.4¥1z, 1 ¥1), 6.56 (W J = 1.4, 10.4¥1z, 1¥]), 6.70 (appat & t
WWas pat t o ‘BB systd%, J = 0.6, 8.5z, 271), 7.12 (appat & t
Was paft @ BB systd%, J = 8.7%1z, 2¥1), 7.22 (appaf & t &
as paf t & ‘BB systd%, J = 8.8%1z, 2¥), 7.77 (appaf & t Was
paft & BB systdh, J = 0.3, 8.5%1z, 2¥]); BCMMR (C/
100\'{\"12) (twe sigh a s evel p ) tie af :\atlciegld )0 —5.6 (q)
18.3(s), 21.1 (q), 25.9fove§ opt £ d A B, 37.9 (1), 44.1 (W, 49.4
(q), 55.1 (W, 60.0 (1), 81.8 (iv 103.5 (s), 122.9 (W, 128.8 (W, 129.7
(W, 133.5 (s), 140.1 (s), 143.0 (W, 144.8 (s), 149.9 (s), 196.0 (s);
Wy (O({C‘i cast; %1) 2953, 2929, 2857, 1689, 1597, 1502, 1376,
1198 1176, 1155, 866, 837.
e sowentd g1séNe 29 La® [a] —20.65 (¢ 5.88, OHIC )
¥ @MR (c;(,, 400 M¥1z) 0:50 (s, 371), 0.01 (s, 371), 0.95 }s,
9Y), 1.92 (s, 3¥1), 2.46 MY J = 11.7, 159z, 1 T), 2.63 (W&
J =49, 159z, 171), 2.92-3.00 %, 271, feud ¥Vte yeT1, & &
1, iy 2P S pd N ts), 3.13 (5, 3¥1), 3.45 (W J = 5.9¥1z, 2¥1),
490 @ J =907z 1Y), 6.04 @ J = 0.7, IOSH% 1 ¥),
6.58 (W J = 10.3 ¥z, 1 ¥1), 6.76 (appaf & t Was pai t u ‘BB
systd%, J = 8.1 ¥z, 2¥1), 7.18 (appaid t Was pait & ‘BB
systd%, J = 8.6 Mz, 2¥1), 7.33 (appaf & t Was paft & ‘BB
systd™n, J = 8.6 ¥z, 2¥1), 7.80 (appaf & t Was pat t & ‘BB
systd%, J = 8.3%1z 2¥]); "CMMR (C P, 125M¥2) 6 —5.7 (q),
—5.6 (q), 18.1 (s), 21.1 (q), 25.8 (q), 36.3 (1), 46.6 (W, 49.3 (q),
50.9 (W, 59.8 (1), 83.8 (W, 103.8 (s), 122.8 (W, 128.3 (W, 128.8
(W, 129.65 (W, 129.71 (¥, 133.6 (s), 140.7 (&, 140.9 (s), 144.8 (s),
150.0 (s), 196.6 (5); Waa (O"ICi cast; #%1) 2953, 2929, 2886, 2857,
1720, 1691, 1502, 1376, 1198, 1178, 1154, 1093, 867, 838; S act
Mass m/z ca Wt O, 1, Ma™,SS1581.19997, 5 et W581.19977.
Y .e Yact teat s€Ne cis WSUI.SUHJUJ pt e¥ict was AT Y
was estal, Shehk’l'y af $hatizh g toatthatedf1a . (yy feathe t wity
Y ¥, ) a‘! Ws.ewl g tuat tae ai‘\a'uc ptedict was 1sl‘|ehc‘
Wlt_' .'e P oWiict & af éNatizatie! & t.'e Wésh edVirans @suistitu-
tie ' pf e¥icCt.

Toluene-4-sulfonic acid 4-[(2R,3.5)-3-(tert-butyldimethylsilanyl-
oxymethyl)-2,3-dihydro-5-(1E)-1-propenylbenzofuran-2-yl|phenyl
ester (34). 1 ¥C.0 . ON)2 (84. 6"1 e, 02217 % e ) was a¥ilédVA
o cpeftiel tea stﬂeWso tiet & 33(E:Z=18:1,1.4696 g,
2. 6680""\0?‘! a,C (IENIB) a e?‘n‘ﬁ tuf e was st cliv of
3.5 ®dys (Nzaf‘wsp efe) w te®wits ) 6 (10"1Is) A B sl eV

hiﬁ oug, a paWver | f.'m (3 x 3 &), ush g‘l t;\ 1 vapef dtlb

tie‘“{fatea\ av. s‘c fé%atesf ap o t.efesiivic evel sijca ge.
(1 5x35 5‘1) us': g8%I1 t7° ¢ at e, gave 34 (1.3980 g, 95%) as
ace ss o1.(cel tad 1 g ca. 30/3 o twe Z158%e) w1t.' T R
dvita 1 tlca“to _’oseiepd e of 33.

Toluene-4-sulfonic acid 4-[(2R,3S)-2,3-dihydro-3-iodomethyl-5-
(1E)-1-propenylbenzofuran-2-yl|phenyl ester (36).

(a)  Toluene-4-sulfonic 4-[(2R ,3S)-2,3-dihydro-3-
(methanesulfonyloxy )methyl-5-( Il )-1-propenylbenzofuran-2-yl]-
phenyl ester. M es,C (0.025 ™, 0.32 PYe) was aWWERV
Wepwise iy syi M ge te a stifc@Val Wcee c®V(0 °C) sontiol o
35 (120.0wg, 02750“!\.{)51 YRR (0.041h, 0297 %% o
¥ O1,C, 3Mh) Y .c coo -.at was § &% evelVal Wsthid g
was cel t‘j ucl of 15“\ "n‘Stufe was was.c¥Vwit. watel
a WWleW(\"lgS’\). vapoi atlo‘! o t.c seydt At .'
c E‘Wat:éiap o t.cfesilivic ove sijca ge.(1.5'x 30 &%), usﬂ 4
20%1 t7 cﬂ’e A e, save te ud e-4-suie 1c acidV4-[(2R,3S5)-2,3-
WoyWe-3-Inhioa esu .‘vyt Whetay -5-(1E)-1-pf opd y3d -
zevuf af -2- yj J y ested (120.1M%g, 85 E,y%) asa w 1te soiWW 1C
col tad cW4% @ toc Z 156 (V1 MR ). Mp 40-42'°C; [ ],

49 71 (¢ 6.59, 0‘% ;MM R (CPC., 400M¥z) o 1.86 (WY

= 1.7, 6.6Tz, 31‘1) 245 (s, 37), 29815 37), 3.71 (WY J =
5.1, 5.1, 8.9z, 1¥), 4.39 (W J = 8.4, 10.3%1z, 1¥]), 4.50 (W&
J=15.0,10.3%z, 1), 5.58 W J = 5.2z, 1), 6.08 (¥, J = 6.6,
15.6z, 1), 6.33 (WY J = 1.6, 13.77z, 17), 6.84 (W 8.271z,
1¥1), 6.97 (appaid t Was pait & ‘BB systd%, J = 8.7 ¥z,
2¥), 7.18 (s, 1 ¥1), 7.20 (W& J = 1.7, 8.3%1z, 1¥1), 7.29 (appaf & t

acid

®as paf t & ‘B systd™%, J = 8.8¥1z, 2¥1), 7.31 (appat & t ¥V
aspait & ‘BY systd%, J = 0.5, 8.1%1z, 2¥T), 7.70 (appaf & t &
aspaft & BB systd%, J = 8.471z 2¥1); "CMMR (CBC

100 M ¥z) 6 18.3 (q), 21.6 (q), 37.5 (q), 50.7 (W, 70.0 (t), 85.7 (U}
109.8 (W&, 121.9 (&, 122.6 (W, 124.0 (W, 124.1 (s), 126.7 (&, 127.8
(W, 128.4 (W, 129.7 (W, 130.0 (W, 131.9 (s), 132.2 (s), 139.7 (s),
145.4 (s), 149.3 (s), 158.5 (5); We (OFIC, cast; &%) 3024, 2937,
1503, 1490, 1360, 1198, 1176, 1154, 960, 367, 816; &5 act™wass m/z
cafvﬁ.f G, Ma™.S, 537.10122, et #537.10121.

(b)  Toluene-4-sulfonic  acid 4-[(2R ,3S)-2,3-dihydro-3-
iodomethyl-5-( I\ )-1-propenylbenzofuran-2-yl [phenyl ester (36).
Na[ (177.8M4 g, 1.186" % e ) was ad¥éiVte a stlﬂeWsuspé siol
o 5 pewdd (0.1681 &g, 2571?‘1\.%51 Wte a e-4-sufet 1c
acidV  4-[(2R,395)-2,3-W. y¥e-3 (‘net al esu 0‘! y #5 yhet 5-
(1E)-1-piepd y 3,8 i:‘y Rj .‘v Owyé

op yJ‘ ze uf o ] y. estei (Cot tal ¥ g4% @& Z
1s%eh) (120.17%g, 0.2334M % 0 ‘!e 0.26™0h).Y .S tde
was f e 1% clVevel ¥ 1g t,a fwe ocoo a Wt a F de foug

J| e se Vé tay %V

a padver Ce jte (3 >< 1 5¢ Vapoi atld ot

cuf ‘Watogap o ti’efesﬂiﬁe ovdl s1 fea ge 1 5% 30 &%), usy g
5 8%‘\ 7 LSS al e, gave 108YW¢ 36.
=Ivﬂ%t teloYWé 1s ¥ it to felictiot B feusH g g %e

wodl ff cate@Vinit, £ powdd . Y .is & udéryate 12, was t_’dade
fe;ﬁceWusﬂ g pu35‘1 ¥ (see atel). !

I & etud Spdtha t, speciFca ?/ Wsigh clVte piepafe tue
10¥Wé, M al (566 0"| s 3. 776'"\0 was alWE o c pef tie} tea
stkt ciso ntiot o te nd e-4-su 0! 1c acidM4-[(2R, 3S) 2,3-W. yWe-
3- f\etm‘! esu o‘!y ‘Sy’\et_ 5 (1E)-1- pfope‘! é!zﬂufc;! -2-

17 std (a .,atc cel fa;ﬂ V6% @ Z 1sJ‘1e§) (403.5Mn g,

8 1"' ° f! g?"\ ?3'\!5)‘ e"n‘itufewas?e ool 1.5
a_.swedVte coo a WY teWw1t Ac (10"\Ib)"i '\fi.tu?e
was st_'ean. wated (1 x 5":‘») satuf ate@Vaqueceus Ma, S,

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1831-1842 | 1837





soytiol (1 x SP4h), &t Wafd e (1 x sms), WieW™ ¢S, A W
evapet ate® T as. cdf “\dtt&f ap o t ¢ fesilvie ovel s1ica ge
(2 x 30 &%), ust g 1ol ¢ 5! e, gave 36 (421.1M g, 8%)
asacofijss 011W_’1c CJ tad 3/6%01 tue Z 156 ek (71 N\'{?)

|5 2 (¢ 5.97, ); I R (o‘b , 400M ¥1z) 5 1.88
(WY J = 1.4, 6.6%z 3r1) 1z 47 (s, 371), 3.34 (WY J = 9.7, 9.7¥1z,
1¥1), 3.53 (W J = 4.0, 10.2¥1z, 1), 3.54 (WY J = 4.0, 4.0,
8.9%1z, 1¥), 5.49 W J = 4.3¥z, 171), 6.10 (W4, J = 6.6, 15.6¥1z,
1¥1), 6.36 (WY J = 1.2, 15.8¥1z, 1¥1), 6.85 (W J = 8.271z, 1 ¥]),
6.98 (appaid t Was paft @ BB systd%, J = 8.7 ¥z, 2 ¥),
7.21 (s, 1¥1), 7.24 W J = 8.3%1z, 1¥), 7.32-7.36 %, 4¥1), 7.73
(appafd t Was paft e ‘BB systdw, J = 8.2 ¥z 2 ¥); BC
Ml R (GIC,i, 100M ¥1z) 6 9.7 (1), 18.6 (q), 22.0 (q), 53.4 (¥, 89.3
(W, 110.2 (W, 122.1 (&, 122.8 (W, 124.2 (@, 127.0 (W, 128.0 (W,
128.4 (s), 128.8 (WY, 130.1 (WY, 130.5 (&, 132.2 (s), 132.7 (s), 140.3
(s), 145.6 (s), 149.6 (s), 158.6 (s); Wy (C’C4i cast; &%) 3021,
2913, 2851, 1597, 1502, 1489, 1374, 1245, 1198, 1177, 1154, 1093,
966, 862, 551; & acttass m/z cafmﬁof Co 31, 1M e, S 569.02540,
fout W569.02546.

Toluene-4-sulfonic acid 4-[(2R,3.5)-2,3-dihydro-3-methyl-5-(1E)-
1-propenylbenzofuran-2-yl|phenyl ester (37). I}N (7.9 g,
0.048M9% ¢ ) was alWéWVte a stifclVse utiot & o udé 10WVE 36
ftd™ '\esyane (0.1201 g) at WassheWVte e 0.233M %o ] at W

Bu:SHFL (009780, 0.3 %e) 3 T e (3. 6"\Is) Y .eteactiol
vesse was LS eWt eioug. v wit az a . d eatf}\’ A el
l ty ueH\f z?! vt a t e

yat set at %0 C. Feat? g'was ¢
by, fﬂluf ewasa fweWto cee. | vapetatiel & the se v& t 5! 4
E‘\atog‘apu'y o t e?em e ovedt 10% KF Lo ca £ 32 (1. g‘

30 &%), ust g 5 8% c— Sale (ha®hd t entiel ), gave al
¥ sepaf aye7: 3"\1‘5tufe o staf 1 g 1oWvaé at W37 Y Lsta i tufe
was' e- suq ectelie toc ayove cot Wtiel S us‘l £Bu,S Ti'(O 08 )
i Me (3 6t ). C, i‘\ ategt ap d u?é"n atef 12, 0t W&
tee sdhe cot Wil s as ayeve gaveg7 (67.0M g, 68% evel } steps
YA the"\esy te).

I a' Dok evet ciictiol pf eccivie, 5 t. B (1§ Y,
3400 34PN e ) was aHWWWolese Ly syt M ge te a stlﬂeW
A Woe fW(O C) se ntie! @ 36 on.taf! e¥Wia t.e phecedi e e fw
(923 4tye, 1.690M%e ) ¥ YTIF (10MB). Y <6 1ce yaty was ?t

ce yut? etfec a? geWz;! Wsthf ¥ g was cet t uc#ief 3.5 .
Watj (0.5M%h) was aHWW!o wedViyy aqueeus Ma YT (1 M
i) a WY a yFL, (1.5, 0%)‘i i tuf e was stﬁieﬁoﬁ
5! aHtho‘! a Zg“‘! a WM. é pal titiel e@Vietwed watet (10M%h)

t,"(ZO"l‘\Ib)‘i eoiga IC p.ase was was edvit. watel (1 x
10"|Ib) a Wuj‘! e (1 X 10"\Ib) 1eW(§'{ gS"4) a Wevapef ate®V
f c fé%atesf ap o tiefesﬂﬁe ove sijca ge.(2 x 35 &%),
usi I3 ;!Szf! cal W‘ug 13(V'=| t’ c—aSal e, gave §7 (697.9%% g,
98%) as a cofi fss 01 1c. cob tall cV3% @ tuc Z 1séNd (¥l
MR R ): [0]2 —59.93 (c 2) céh C,); FIMp R (Q}C1,400Mﬂz)
01.42(WJ =697z 37), 1.86 M J = 1.7, 6.6%1z, 3¥7), 2.45 (s,
371), 3.34 P%, 171), 5.12 (W J = 8.471z 171), 6.09 (@4, J = 6.7,
15.7%1z, 1), 6.36 (W J = 1.7, 15.7¥1z, 1¥), 6.77 W J = 8.8¥1z,
1 ¥1), 6.99 (appafd t Was paft o A ‘BB systdn, J = 8.7 Flz,
21’{) 7.12 (s, 1¥1), 7.12-7.13 bW, 1¥1), 7.32 (appaf & t @Vas paf t
‘BB systd™, J = 0.7, 7.9%1z, 2¥1), 7.33 (appaf & t s pan
‘B systd%, J = 8.4%1z, 2¥1), 7.72 (appat & t Was pak t &
BB systdh, J = 8.4¥1z 2¥); "CNMR (CPC ., 100M Fiz) o
18.3 (q), 18.4 (q), 21.7 (q), 45.6 (W, 91.7 (&, 109.3 (&, 120.8 (W,

p AA
AA

Soud #266.13042. ¥ hC & a ysis [C ﬁai

122.6 (W, 123.3 (W, 126.4 (&, 127.2 (&, 128.5 (&, 129.8 (&, 130.6
(WY, 131.6 (s), 131.8 (s), 132.4 (s), 140.0 (s), 145.4 (s), 149.3 (),
158.1 (s); wa (OF1,C cast; @‘r]) 3021, 2962, 2928, 1598, 1503,
1486, 1375, 1243, 1199, 1177, 1154, 1094, 968, 868; SactM™ass
m/z cacliel CF1,Na™,S 443.12875, 5 eud #443.12864.

‘i <1s" atef 1a .‘was t.ﬁe‘i & pescite the actiel e ¥ UC%(l' e )N

asu WS:

(1. _'CN)Z 21M% e 0. 55"f‘|oiswas aluedd o e pef tioh te
astlﬂe&fs tiel @ 37 (0.281™% g, 0.667 %o ) ¥ OF1,C, (3TNh)
A Wi tuf e was st f il of 48 . (Nz af‘msp de) W%l eWKmt
(A !IONIL) a Wf“{eﬁeWt Eoug a paWo\ 7 1s1.(3'x 3 J‘\)
usf! g1 ;1 vapef atiet e t e' ate at We as c ij\atogi %wy
o t.c ieswﬁe ovd sijca ge x 35 6‘\5 usf! g S%HI t

e‘iaa e, gave 37 (0. 20745’\ g, 4% 1™ tic 108W¥) as a cofi fss
ol‘Iﬁee o thlsJ‘\ef (‘HN?{? 400\‘4[1:'12)

Toluene-4-sulfonic acid 4-[(2R,3.5)-2,3-dihydro-3-iodomethyl-
5-(1E)-1-propenylbenzofuran-Z-yl]phenyl ester (36). TWiddze

(20.6" g, 0.303'*!\.? Yo swelly T . (42.6Mg, 0.162M % e
a Wt_'e‘q 1, (46.9M% g 0.18 ‘3 was a¥@é#Me a stif clise ntiel
@ 35(74.0M%g, 0. 170'*!\ b M e 3Mh). Y Letwis tuf ¢ was

eateMthO Clet 1.5 & a werocn Ac(l(f‘ﬂs)
was aWWéVa) WVt e?‘| fiiuﬁe was Was clVwit sa1u§ atedVaqueeus
Ma,S 7, se ntiel (2 x 5Pi) A WMM &S A)ﬂ vapef atie! o
tu,e S.T\; 5W'Q.Sh ?J‘\at\/éi ap.y & thefesﬂﬁe ovel 511ca ge
(15 x 30 &%), udh gl o c-ocial e, gave 36 (75.9Mg, 82%)
as a ce SO W1t spectfa_ Wita 18 tica . te t.ese fepef tedV
s ki 3 i 1l

4-[(2R,3R)-2,3-Dihydro-3-methyl-5-(1 E)-1-propenylbenzofuran-
2-yllphenol [(+)-conocarpan] (1). Na(\"lg) (A 1ce, 10% Ma,
868.9M% g, 3.779"?\0 Ma) was AWV o ¢ pef tiel ' te a stf§ edV
sufm.‘v o séhdica.y pufe 37 (197.0™g, 0.4685 M\.‘% b
80% W Y1 (8"\Ib) a; Wt g was cel t} ucWeve 124 t
sottlo‘f was tod Wécal te@ifd™ t evg, a! teWw1t Watd
(1074 1), Y Ae’lu‘stufe was & tf acte Wltk 7 (r X IO’WIL) Wy
W.IC, stage tu’e aqueeus ?yef wastee ou pfo?vﬁct Z'i hC cet o
sijca, 30%=| c— &al e). Y e cdnid civet gt 1c e‘S fiacts wele
was.clwit u_if! cal Wlew £57,).1 vapef atiel @ t.cseyd t

H&) .Ehatogiadp '}/\o\ tec fesilvic evel sijca ge. (1.5 x
25 J“) L'ls‘sgo 15% e‘!a?!e gavel(119$?‘|g, 5%) as
aw, ite, dysta e se W"\p 120-123 °C [it 4 133-135 °C;
124- 126 °Cl; 1] —99.7 (¢ 1.03, M YY), t4 [aly +122 of
W ot otaly c.‘v ecat pal ) (¢ 1.03, M ¢ ¥I); V1 e R (ch,i
500 M ¥1z) 6 1.40 (W J = 6.8 ¥z, 3¥1), 1.86 (W J = 1.6, 6.6z,
3¥7), 3.37-3.43 %, 1 ¥1), 5.00 (s, 1 ¥1), 5.08 (W J = 8.9%1z, 1 FI),
6.09 (W, J =6.6,15.6Mz 1), 637 WJ = 15.21‘{2, 1), 6.76
WJ = 8.1z, 171), 6.83 (appaf & t Was pait & BB systd™,
J = 8.5¥z, 2¥), 7.12-7.14 I%, 2¥1), 7.30 (appat & t Was paft &

‘BB systd™, J = 8.5z 2F]); BCMMR (O)Ci, 125 M ¥1z)

0 17.9 (q), 18.4 (q), 45.3 (W, 92.7 (&, 109.3 (W, 115.5 (W, 120.8
(WY, 123.1 (W, 126.3 (&, 127.9 (W, 130.8 (&, 131.3 (s), 132.4 (),
132.9 (s), 155.7 (s), 158.3 (8); ves (O‘IzCﬂi cast, W 1cf escepe; %)
3395, 3022, 2962, 2928, 2882, 1614, 1517, 1487, 1240, 1202,
1171, 964, 831; S actt™ass m/z ca W o C M, 266.13068,
P ce f“‘v (0.46 x
15.0 &%); 95:5 Leptal e—1sop§ opa! o oW ate I™IMNG 15 40 °C;
Wtectiol  at 287 Wy fetd tieh tfkes 74090 A W10.9Mw) ]
svweWt_qat th'e cé™ poﬁ! W?aWS! ce @ 98%.
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Second route

Toluene-4-sulfonic acid 4-[(1.5' ,2R)—1-§4-f0rmy] -2,3-dihydroxy-2-
iodophenoxy)propyl]phenyl ester (41). 1 peSy afo_o 23b (e? =
98.9:1.1) (1.8694 &, 5. 8350"?\.3 was WGV of ° poﬁ tiol te
a stff cWVal W cate®V(sal W-.at 0 °C) se %ltl;f o 4-yWes y-
3-10¥,d zaf& W (2.6359 g, 10.628 e ? ¥ atwStufe o
aqueeus Ma” Y1 (1 M | 5.8™Wh, 538 M“.t A Wwated (6Th).
Stff ¥ gat 70 °C was cet ti uc¥ief 2.5 N i tfe was a_pwedV
te cee.al Wwas tud peu clVi te aqueous‘\“a (1 M 10 ).
Y he aqueeus p.ase was e‘ﬁﬁacteana 7 ) Wee C“\ 1:! 2 Y
dgﬁ! 1c e‘ﬁﬁacts wele was.edVwit -j‘! e 5! WWle'W(\“[ gS’\)

vapet atiel @ t e soyd t at We ?J\atogﬁa ot e
§ esidvie ovei s1jca ge (2.5 x 358%), us‘! g5 80% ae‘Sa‘! e
cet ta ‘! gt (ca. 3 Weps pd 100M%b) (sf aW¥d teliltla 3 gave
41 [2.1124 g, 64%, of 83% yasc@Vel fecevele®23b (436.8M%g,

23%)] as a wulite, dystaﬂ\ e 501W"|p 55-58 °C; [aly —39.52
(¢ 5.69, OFIC 5); FINMRY(CPCY, 400 M Fz) 5 2.33 (4f s, 1¥71),
2.45 (s, 37), 375 (f s, 17), 3.8 iZ(HWJ =3.7,11.5¥z, 1 ¥),
3.94 W& J = 5.2, 11.5¥1z, 17), 4.03-4.06 &%, 1 ¥1), 5.40 (W J =
5.8%z, 1Y), 6.64 W J = 8.6Y1z, 17), 7.03 (appa?é! t @vas paft
3 ‘BY systd™, J = 8.7z, 27), 7.30 (appat & t WVas pal t &
‘BB systd%, J = 0.6, 8.6%1z, 2¥1), 7.33 (appaf & t #as pal t &
‘BB systd%, J = 8.6¥1z, 2F1), 7.60 (W J = 2.0, 8.6¥1z, 1¥1),
7.69 (appat & t Was pat t o ‘BY systd%, J = 8.4¥1z, 2¥T), 8.27
(WJ =2.0¥z 1¥1),9.76 (s, 171); BCMMR (CPC,, 100 M Fiz)
021.7(q), 62.3 (t), 74.4 (WY 81.4 (W, 87.4 (s), 113.3 (WY, 122.9 (W,
128.2 (W, 128.3 (W, 129.8 (W, 131.7 (&, 131.8 (s), 132.3 (s), 135.2
(s), 140.9 (W, 145.6 (s), 149.6 (s), 160.1 (s), 189.2 (&; W (ODC,i
cast; $%1) 3417, 3067, 2927, 2883, 2731, 1694, 1587, 1502, 1480,
1371, 1255, 1198, 1177, 1155, 1093, 1038, 869; csactt™ass m/z
ca fw?.i C, L, NS 590.99450, 5 eud W590.99454.

AA

Toluene-4-sulfonic acid 4-[(R)-1-(4-formyl-2-iodophenoxy)allyl]-
phenyl ester (38). NaI 91.7%%g, 0.6127%%e) was ad¥é®Vte
a stftcWVse utiel @& 42 (29.5M%g, 0.04084 .i ¥ 2-qutal ot e
(2"\Is) a U\r MW tufe wasfesiSciel 4., &t . a.ewcite
cee se vef t was evapet ate&Va! .t esﬁﬁe whs paftitieh c¥V
n.etwee‘!b‘ﬁ c at Wsatuk ate¥Vaqueceus Navsv 3. Y e cé™ 1.1! eV
o st 1c Stfacts wede was,, eWw1t. uj‘! e, WieWM g57,) a W
evapet ateW T as ?J‘\atog? ap.'y o t ¢ fesilie ovel sutca ge
0.5 x 20 &%), us‘ k'}o% S Tsa e gave 38 (15. 7% g, 71%)
asal Ny o1 —8.88 (¢ 13.43, OFL,C,); FIMMR (CPC,,
500M ¥ 1z) 6 2. 4% (s, 31'{) 5.36 (WYJ =0.8, 13 4%z, 1), 5.50 (
J=0.8,17.1Mz, 1), 5.83 W J = 597z, 1), 6.05 (W J =
5.9,10.4, 17.071z, 171), 6.88 (W J = 8.5%1z, 171), 7.06 (appat & t

Was paft ™ ‘BY systd%, J = 8.6z, 2¥1), 7.33 (appaf & t &
as paft o ‘BY systd™, J = 8.5Tz, 27), 7.45 (appat & t Was
paitm ‘BY systd™, J = 8.8%1z, 2¥1), 7.73 (appaf & t Was paf t

‘BB systdy, J = 8.3¥1z 2¥1), 7.76 M J = 2.0, 8.5¥1z,
m) 8.34 (WJ = 1.9%1z 1), 9.83 (s, 1 FI); "CMMR (CPC
125M¥1z) 9 21.7 (q), 81.4 (W, 87.8 (s), 113.6 (W, 117.8 (1), 12218
(W, 127.8 (W, 128.4 (&, 129.8 (W, 131.5 (@, 131.6 (s), 132.4 (s),
136.2 (W, 137.6 (s), 141.2 (W, 145.5 (s), 149.3 (s), 160.6 (s), 189.2
(W W (OF1,C, cast; &%) 3065, 2922, 2834, 2727, 1695, 1587,
1501, 1479, 1371, 1252, 1197, 1177, 1154, 1093, 866; ¢ actt™%ass
m/z cacihel CoF L, IMa™\S 556.98902, § et #/556.98890. A .y
cachet C ¥, \S: C 51.69; ¥1 3.58; S 6.00. feut wvC 51.41;
¥13.65; S 5.92%.

w.d tie Spe W t was fepeatclvet a af gdf sca w1t" tee
Wesy ate (2 1255 ¢, 2. 94’\"\01 teeyle ?ans 65% [&f 80% n.as;.W
o fecevel c®38 (398.1M% g, 19%)).

Toluene-4-sulfonic  acid  4-[(2S5,3R)- %3 dihydro-5- formyl-3-
methylbenzofuran-2-yl|phenyl ester (39). sontiel @& Bu,STI
(0.62M% 1, 231 e ) 2 W IBM (48.1M%g, 0.29 M‘..i‘a T e
(18M%1h) was amﬁbvd 4. (syt M ge pdhp) te a stit cWal W. eateW
(80 °C) se ntiet 38 (913 4tne 1. 704'*!\.1 »P e (1@",1»)
(Nz at%esp.et 1te§ t c aWlvuel t.ehh i tuf e was ceatc®iof a
Subtod 2 .i!Wté a weWtocoo vapef atiet m’tesovét
a U\} S‘-’ !J‘\atogﬁ ap-y & eiesﬂﬁie ovdt Kf —s1 ca ge.(10%

i.3 S al ¢, gave 3 (482]6"\ g,

w/w, 2.5 x 30 &%), ush gzs% t
69%) as a g_t ye WIS [aly —50.54 (¢ 0.77, O'Cy)
L Te Yo \‘{13{2) 3 1.40 (W J = 6.9 ¥z, 3¥), 2%8

(s, 3¥1), 3.31- 331; Ps, 1F), 5.19 W J = 8.4¥z, 1), 6.88 (W
J = 8.1 ¥z, 1), 6.96 (appat & t Was paft e ‘BY systé™,
J = 8.7%z 2¥1), 7.24-7.27 P%, 4¥), 7.64-7.67 b%, 4¥1), 9.80 (s,
1¥D); BCMNMR (CPC,, 100 M¥iz) (ta'e spectfi f% s.owsta Y of
at §matic Phpul ities) 5 18.3 (q), 21.7 (q), 44.8 (W, 92"/ (W, 109.8
(W, 122.8 (W, 124.7 (W, 127.1 (W 128.5 (W, 129.8 (W, 131.0 (s),
132.4 (s), 133.1 (s), 133.4 (W, 138.9 (s), 145.5 (s), 149.6 (s), 164.3
(s), 190.5 (W; was (O‘IQi cast; &%) 2964, 2928, 1690, 1605,
1504, 1483, 1373, 1247, 1198, 1177, 1154, 1093, 867; ¢ act™ass
m/z cafaﬁ.ﬁ CoFLMa™S 431.09237,  eut @431.09242.

Toluene-4-sulfonic acid 4-[(2R,3S)-2,3-dihydro-(3-methyl-5-
(1E)-1-propenylbenzofuran-2-yl)phenyl ester (£-43) and toluene-4-
sulfonic acid 4-[(2R,35)-2,3-dihydro-3-methyl-5-(12)-1-propenyl-
benzofuran-2-yl|phenyl ester (Z-43).

(a) Use of t-BuOK. t-}u"I\ (33.0M% g, 0.294M % o ) was aWWéV
te a stff c@Vsuspd sieh @ " T Jal 1~ (129.6M% g, 0.3098M % e ‘!

N (2MN0), a Wtke"n‘ﬁtufe was stffcief 0.5..7 soyutiol o
39 (54.2M%g, 0.133 67 (1M9) was AWy Sy ) ge.
Y ceMuistufe was stﬁiei\zd 15M%% a Wt =I L (5"\Ib) was
&%W A Wie™ St e was was e@Vtwice wits wate at @Vel ce
Wltu -jf! e a‘!thWwW(\‘{ gS"4) vapef atiel e tue soydt t at W

Su' h;‘\atog?ap.'y ot e?esﬂ%e ovcl s1lca ge 1 5% 30 &%),
ust £5 IO%I t c— e‘Sef! e (sf ali te tie? ), gave 43 (33. 9"\g,
62%) as a ye. WlS Tt tesh atioh o t.’e a.) i r‘1et..y peéﬁ S
¥ tee T N\‘{‘ spectf&‘x scoweldVtee £ Z1atie te :,e 1:3;
apa?%ﬂ‘\ toisfatie WA ce, a specﬁa Wita ceffespet Weilite

osc fepef te@vayeve (ot 37 (ie. t e 97 : ;I"u‘i.tufe o t_'e sdne
}‘\ peut ¥).

(b) Use of BuLi. Bulsi(1.6M ¥ .&5ab es,0.06™% 1, 0.096" ¥ o
was aWW¢ite a stf cial Wcoe W(a °C) suspd siet of 11T
(39.5M% g, 0.0944T % e ) B Y¥f (2"0b). StEEN g was cet ty uclV
fof 15T%) @) W39 (35.7M%g, 0.0796M%e ) ¥ YT (1.3Mh pys
0.3M% as a § 1} se) was adWé@VWepwise yy syi B ge. Sthf# g was
co‘i th uctviof 2 . a) WP tufe was t e‘! qud ¢ edVi,y adevtiel

@ satuf ate®aquceusMaIC™, (0. 5"|Ib) a Wpat tl-ll.IO‘f eWn,etwea
watd (STHh) @ @ 7 (1oms) ¥ qe ofed 1o & fact was WickV
™ £5,) @ Wevapet atedV T ché™ at\o&? o t.cfesilie
ovel s1qcage (0.5 x 30 &%), us‘! g2 ?)%ﬁ oS ecel tad ¥ g
ca. 1%1 t™, gave 43 (23.2M% g, 69%) as a ye Tles.' 01] nglcw was
atwEtufc e Za WE 1sénds.

Toluene-4-sulfonic acid 4-[(2R,3.5)-2,3-dihydro-3-methyl-5-(1E)-
1-propenylbenzofuran-2-yllphenyl ester (37). {¥C (1' O“)2
(9.4%g, 0.025 M\.? was aWWédVte a stﬁfeWsoJ[ltlo‘! e 43
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(102.3P% g, 0.2433 ?‘M.{ ¥ OL,C, M), & WstFtd g was
cet t} ucWiof 23 G ’\Ib) was aWWeVa) Wt.e souitiol
was ¥ 1c ¥Vt ?oug a paWo\  otis (3 x 2 &%) ust g
(PRATN =\ vapdatl ® t.cse e‘! tab 54 ¢ f“\atogap_'yo\

tee Yesilvie evel s1 ca ge }1 x 30 &%) usf! I3 8%‘\ t” cfae‘Sa e
cl\ tad ¥ gt (ca 3 ﬁ.ps pet 100M), gave 37 (10000,
99%) as aCOfi fss ol [a] —54.15(c5.94, O Ci).ﬁ k’e'ﬂ atef 121‘i
cot tal c®3.1% @ t ele“wj ('FINWW)

7

Isomerization w1th 10-day reaction time. {¥C (!' ),
(5.3M%g, 0.0138"¥%e ) was al¥Wé®Vte a stifclVse ntiel e 43
(36.0%g, 0.0856"¥%e) ¥ OFL,C, 2MWh), & Wsthtd g was
cet t} uclVhef 10 Wys. Y.e sentioh ' was I jef edVt foug. a padVv
MT is1.(1 x 1 &%), ust g O1,C,, as ah se.1 vapef atiet e

e se V@fl a W-as cuf J\atogﬁ ap o t.cfesidiie eved sijca

Y 0.8 3089 usd ¢ 1308 %0 Tesat cooh tad B gl 0 (v

Hl’ops pet 100M% 1), gave 37 (30.5M% £, 85%) as a cofi SS @1. Wit
spectf a. ¥dta 18 tica.te t.eseiepet teWa-,ovend fstieute,
ehcept t at tue Z 1s€%d cou?\) ot e Wtecte®d tue TTMMR
spectf ¢ (403 WLz, !

4-|(2R,3R)-2,3-dihydro-3-methyl-5-(1 E)-1-propenylbenzofuran-
2-yllphenol [(+)-conocarpan] (1). ‘Wesu fo yatiel was el e Wy

esdndmet. olhas Wesch u_eﬁoi Sai st# eute: [a]p —46.5(c0.28,
\‘{"e ). ¥ AC & aysis o tke s} t etlc cet ecaf pat [C.fface
P cug:“! (0.46 x T 5.0 5‘\) 90: 10 \epti! e—1seph epal o
fate 0.67WAMYY —1; 40 °C; Wetectiot at 2101 ; fetd e tY{ es
10.69M% 1 at W12. 60"|f! ] s_'ower.'at tu'e c“npoﬁ! W_’aWa‘! cc o
88%.

Proof of absolute configuration

Toluene-4-sulfonic acid 4-[(.S)-1-hydroxyallyl]phenyl ester 45).
Mal (2.42 g, 16.1"% 0 ) was a¥lWéW e a sti | clise t10‘! o 44 (teta
piocht!i‘\ pf evieus & pef Y‘\a t,ca. 1. 6"”0 i"\e(S"\lb)

e vesse . was -us eWWlt ef! vt e"n‘Stu‘e was -u‘S cWh of

3‘ a H&}t a difweWto coo. ¥ k*‘11‘5tufe was @ tean\
C (10"||s), was eHan satuf ateWaqueousNaZSz 5 (8"\Is)
watet (8T%) af lei e (5"|Ib) WleW(\"I &S™,) a dVevapef atedV
fas.c i:\atoﬁi ap_’yu teefesidvic ovel si 1ca ge. (1 5x 30 8‘\)
usi g2 %a| Sal es CJ tad ¥ g a face (04 1% v/v) e
t™N gave 45 (279.8M%g, 57% evd 2 steps TN t.e yWely
epe’ 1¥8¢) as a ce ss o1 [aly +4.63 (¢ 0.57, O‘IC?) VL R
(CMe, 300M ¥z 5ﬁ 10 W J =3.7Mz, 1), 1.74 (s, 37), 4.62—
4.65 1%, 1 ¥1), 4.86 W, J = 1.5, 10.3 71z, 1 ¥), 503 W, J =
1.5, 17.1Mz, 1Y), 5.64 (WY J = 5.9, 10.3, 17.1 Mz, 1Y), 6.57
(appaf & t@aspaiter BB systé‘. J =8.3%z, 2¥1), 6.92-6.98
P, 4¥1), 7.63 (appaf & t Was paf t & ‘BY systd™%, J = 8.3z,
261); "CMMR (CB,, 100MFL) (twe sigh as col ci¥®d t) 5 21.2
(q), 74.4 (W, 114.7 (1), 122.6 (W, 128.7 (W, 129.8 (W, 133.4 (s),
140.5 (W, 142.3 (s), 144.9 (s), 149.5 (s); Wee (O‘{C4i cast; &%)
3533, 3400, 3068, 2981, 2924, 2872, 1597, 1500, 1402, 1371, 1197,
1175, 1154, 1093, 867; esactPhass m/z cafmfuf C X MNa,S
32‘Z 06615,5 eut W327.06657.
ttdwpts te pepate t eM osKeT estef Wy a jtef atuf EATSI Y 4
gavetWatd 1a . tat La@Ve gaf II! o4 go‘! e & td sive eplad izatieh
Wi N gtoc W vatizatiel | as thei atie & Wastel eolsl“ef swas2.3:
095(‘1‘{““’“() wel gt epa?e‘!tepo‘ﬁl alvat o & 98.9:1.1.
We wek e ot a"f te sepal ate t e ceffespel ﬂa ghacdnic af.u.
cyfa fH hC. v

Toluene-4-sulfonic acid 4-[(.S)-1-(zert-butyldimethylsilanyloxy)-
propyllphenyl ester (47). R RELEN 5% w/w, 9.7 g,
0.0047 *¥%e) was aWWé®V te a seytiel & 46 (30.3 Mg,
0.0724™ % e ) ¥ YEIf (1.8MWhv). Y.e NS tufe was stff c@Val W
WégasseiVi,y sequdl tia ‘Yevacuatf! gt.ee si ( Aouse vacull%) &t &
tue‘i it g ¥, thls sequdl ce :.e‘! gfepeateWtwme"‘ofe Y.e
M taf 0 was suff el 1£t 0 W FL (o pel ) ) W3 i adw

foug. as oitpaW(OSx 1&%) & si cage us g as

i“! se‘ﬁ vapef atie! o toe b fate gave 47 (38 LAY 99%) as a

i‘fss [a]y —26.43 (¢ 3.03, OFIC.); FIMMR (©BC., 400
Z) OO‘b (s, 371), 0.18 (s, 3¥I), 11)0 t, J =72¥%z, gﬂ),
1.03 (s, 9 ¥1), 1.72-1.88 %, 2¥1), 2.61 (s, 3 ¥1), 4.70 (appaf & t
t,J = 5.5%1z, 171), 7.08 (appaf & t Was paf t & ‘B systé™,
J = 8.6 1z 2F1), 7.36 (appafd t Was paf t o “" BB systd™,
J = 8.7¥z, 2¥), 7.45 (appat & t Was pait e A}p systd™,
J = 8.6%1z, 271), 7.84 (appat & t Was paf t & ‘B systd%, J =
8.3¥1z, 2¥1); BCMMR (CPC,, 100MT1z) 6 —5.0 (q), —4.7 (q),
9.8(q), 18.2(s),21.7(q), 25.8 (q}, 33.5(t), 75.5 (W, 121.9 (W, 127.0
(WY, 128.5 (W, 129.6 (W, 132.3 (s), 144.7 (s), 145.2 (s), 148.3 (s);
Yo (O"IC4i cast; %1) 3034, 2957, 2929, 2857, 1598, 1501, 1472,
1463, 1378, 1257, 1198, 1175, 1155, 1094, 1060, 1014; ¢ act™ass
m/z cafmﬁd 1M 2™, SS1443.16828, Y eut #443.16826.

4-[(S)-1-(tert-Butyldimethylsilanyloxy)propyl]phenol (48). Ma-
(1g) (815.0"%g, 10% Na, 3. 543’\'\.1 was adWélVte a stffc#y

qu/ sontiet & 47 (316.4M%¢g, 0.74 4’*?\.? ¥ 80% M e ¥

\Ib)‘i e-as was - us eWmt t ) WEtETY g was cel t uc#V

!d 45 tegiveac a? co ss so uet .Y e"u‘StuTewast
Wecal Wit t. ef df! ) gf Ya s Vtea sepdfatofyu?!?e.‘
cet tad ¥ g p osp ate n,unej se yitiel (I\T{f“ Ma ¥, prl 7,
AT QP (S (8;"| ). Satuf ateil’aqueous ®ajc act®(2MWh) was
t.d aWWéVal Bt.c yip asichw S tuf e was soa & ab Wsepaf atedV
Yie aqueeus ayd was €5 ﬁactean. N2 x 6P @) Wtue
cd 1:! c¥lel gat 1c €5 tf acts wef e was e nj‘! e, WiclvM gS"4)
a Wevapet ateW ¥ s_' ct$natest ap 1 e?esﬁﬁe ovel sijca
ge.(1.5x 258%), ust g0~ 20"/<=\ AC*ACK&" cs (of al¥ tentief ),
gave 48 as a ce Ss e1 (119 3"1g,' 60%) a1 W ecove:r‘ew47
(102.3M% g, 32%).7 . .' 48 aWv [a]y —19.32 (¢ 1.41, OICy)
e e R (CP, 400 \'{ﬂz) (p_’eW 010 “Y{Y ot oisef vedly 0 —0 %9
(s, 37), 0.05 (s, 37), 0.87 (t, J = 6.7 ¥z, 3¥I), 1.06 (s, 97),
1.66-1.88 1%, 211), 4.54 (W J = 5.5, 7.1%1z, 171), 6.62 (appaf & t
Was patt & ‘B systd%, J = 8.8 ¥z, 2¥), 7.19 (appafd t
WVas paft @ BB systdh, J = 0.6, 8.6 F1z, 2¥]); BC MR
(CM,, 100 M¥1z) 5 —4.8 (q), —4.4 (q), 10.3 (q), 18.4 (s), 26.1
(q), 34.1 (), 76.5 (W, 115.1 (W, 127.4 (W, 137.7 (s), 155.4 (s);
W (O‘IC4i cast; $%-1) 3349, 3024, 2958, 2930, 2858, 1614, 1600,
1514, 1472, 1463, 1361, 1252, 1059, 836; €% actMhass m/z ca fﬁd
C,FL,Ma,81289.15943, Y et #289.15935.

Trifluoromethanesulfonic  acid  4-[(S)-1-(zert-butyldimethyl-
silanyloxy)propyllphenyl ester (49). (CY ;$,), (0.07 ™,
0.4t¥%e) was dHWWWolese Wy syid ge te a stffcadval W
coo oV (—78 °C) septiet @ 48 (99.9 Mg, 0.375MH%e) @ W
| ( (0.09Mh, 0.6 jfv CFLC (18T ('t alvespade).
Stft & was co‘f th ucthet 10T 3 a! vt e! satuf atedVaqueeus
NAFIC™, (0.5Mh) was AW Y e cool g -,dt was | &% evelV
at WeeMN i tuf e was peuf iVl te a sepaf Lfy \ LI! c.col tad ¥ g
watet (5T4h) &t WOL,C, (5™h). Y eMh i tufe was s S dw
t.c ofgal ic p.ase was JVleW(\'{ gS:l4) a Wevapet atewv ¥
ch'f $Mates ap_'y o th'ef esi¥vic evel si 1ca ge “(1.5 x 20 &%), usB
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13% I t”Acf & al es col tad ¥ g a thace (0.5-1% v/v) .ﬁﬂ taN,
gave 49 (111. g’ﬁg, 75%) as a ce sS 01 [aly —21.08 (¢ 0.48,
or{c,i) MM R (C P, 400M ¥ 2)5000 (s, 371), 0.18 (s 3¥1),
0.95 (t, J = 7.4¥z, 3¥), 1.12 (s, 9¥), 1.57-1.77 b, zﬂ) 4.54
W& J = 5.1, 6.9z, 1¥1), 7.04 (appaid t Was pait e ' BB
systdw, J = 8.7%1z, 2 1), 7.18 (appaf & t WVas pait & ‘BY
systdw, J = 0.5, 8.9 ¥z, 2 ¥); "C MMR (C P, 100 M¥iz) §
—5.0 (q), —4.7 (q), 9.7 (q), 18.3 (s), 25.9 (q), 33.6 (1), 75.4 (W,
119.3 (s, F ; qua tet, J = 318.61z), 121.0 (W, 127.7 (W, 146.1
(s), 148.6 (s); W (OFIC, cast; #%-1) 2959, 2932, 2859, 1500,
1427, 1251, 1214, 1143, 890, 861, 837; ¢t act™hass m/z cafwﬁ.i
C,FLE Ma,SS1421.10872, S eud #421.10906.

(S)-tert-Butyldimethyl(1-phenylpropoxy)silane (50). 'I'WC
(10% w/w, 60.8™% g, 0.05717%%e ) was ali¥iédVte a se utiel o
49 (99.0M% g, 0248"?\037:‘! YR 0.11M%0, 0.79%%e ) ¥

‘Ac (5Mh) Y .o stht e tuf e was WgassedVyy sequel tia
evacuatl g tae » h’ﬁ ( ouse vacult™®) at We.d alittd gV, t
Pt ecedvif e l.(;'.' g EepeateWtwwe'\de k.Wog@f + Wu.a 3
was t «3 cel ¥ ectedVte £ aS @ Wstht g was c t‘! ueq\fof
e eté osd cousM™ i tlf ¢ was F %eﬁ et hug as dtpaW
(Ohg ‘1 0@\)01 s14ca ge, ush gﬁ ¥ casatd seal vapet atie! e
_'e so vd t gave 50 362 6™ g, 100%) as a ye .owis 01.i [aly —32.21
(¢ 0.66, or{ci) I MNMR (C M, 400 Ni‘ 2) 5 —0.10 (s, 3 ¥),
0.04 (s, 371), 0.87 (t, J = 7.3%z, 3¥1), 0.97 (s, 9¥1), 1.58-1.79 ™,
2¥), 451 MV J = 5.2, 7.0z, 1Y), 7.07 (tt, J = 1.3, 6.7 ¥z,
1¥1), 7.16-7.19 %, 2¥1), 7.26-7.28 %, 2¥1); BC MR (C P,
100 M¥1z) 5 —4.8 (q), —4.5 (q), 10.2 (q), 18.4 (s), 26.1 (q), 34.0
(), 76.7 (W, 126.2 (W, 127.2 (W, 128.3 (W, 145.8 (s); Wz (O‘IC,i
cast; #%1) 3065, 3028, 2958, 2930, 2858, 1493, 1472, 1463, 1453,
1361, 1257, 1104, 1086, 1058, 1013, 860, 837, 775, 699; & actM%ass
m/z cafm‘n".f C XL M2 81273.16451, eut 8273.16448.
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Synthesis of imidazolidin-2-one-4-carboxylate and of
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A mild and efficient methodology for the rearrangement of protected asparagine and protected
glutamine is reported; good results are obtained with a wide selection of protecting groups.

The Hofmann rearrangement is a well-known reaction that easily
allows the transformation of primary amides into amines," utiliz-
ing bromine in aqueous basic conditions. Several methods have
been described, employing different reagents that are generally
able to deliver a positive halogen.? However, the classical method
for converting a primary carboxamide into an amine using an
alkaline solution of bromine can be unsatisfactory and unreliable.®
Several reagents have also been reported, such as Pb(OAc),,*
benzyltrimethylammonium tribromide in aqueous NaOH,’ and
NBS with Hg(OAc), or AgOAc in DMF® and more recently some
solid supported reagents.” Analytical and synthetic usefulness have
also been demonstrated in peptide sequencing® and retro-inverso
peptide synthesis.’

In the recent years, iodine(111) reagents!® have been used to
perform the same conversions under acidic conditions. The io-
dine(1m1) reagents normally employed are PhI(OCOCF;),,! PhIO-
HCO,H" and PhI(OTs)OH," which lead to high yields of the
corresponding ammonium salts. Moreover by reacting primary
amides with iodine(1l1) compounds in methanol under basic
conditions, the corresponding methyl carbamates are obtained,™
as methanol behaves both as a solvent and a reagent to trap the
intermediate isocyanate.

While our continued interest lies in the synthesis and application
of proline analogues,’® we want to describe herein a method
for the rearrangement of protected asparagine and glutamine to
imidazolidin-2-one-4-carboxylate and to (tetrahydro)pyrimidin-
2-one-5-carboxylate respectively. This reaction has already been
reported using NaOCI-NaOH' and, more recently, Br,-NaOH."
The reaction times in both cases are quite long and only N-
carbobenzoxy-L-asparagine can be used as starting material, as
N-tert-butoxy-L-asparagine does not afford the desired product,
only by-products. Moreover the authors claim that the reaction is
particularly troublesome, as impurities or incomplete conversion
make crystallization of the desired product difficult;'” of partic-
ular importance is the addition of bromine, the amount added
proving to be crucial in order to achieve good reaction yields.
Furthermore bromine is toxic and its use should be avoided.
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In our approach, imidazolidin-2-one-4-carboxylates and (tetra-
hydro)pyrimidin-2-one-5-carboxylates can be easily obtained in a
short time and under very mild conditions starting from protected
asparagine or glutamine respectively; this method proved to be
quite general because it can be applied to both amino acids in the
presence of several protecting groups (Scheme 1). PhI(OAc), was
the source of iodine(111), as it is cheap and can be easily stored.
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Scheme 1 General method for the rearrangement of compounds 1a—f.

THEF is the solvent of choice for this reaction. The reaction
was also tested in acetonitrile and dichloromethane, but in these
solvents the yield was reduced. The choice of the base was crucial
too; the use of DBU was needed for the formation of 5-membered
rings 2a—d, while better results were obtained with diisopropy-
lethylamine for the formation of the 6-membered rings 2e—f. If
DBU is employed for this reaction, the mixture suddenly becomes
brownish and a poor yield of the cyclic product is obtained.

In a typical reaction, to a mixture of base (for details see
Table 1) and reagent 1a—f in THF, PhI(OAc), was added in one
portion. The mixture was stirred for 15 minutes at 0 °C, then
a few drops (<0.5 mL) of water were added and the mixture
was allowed to stir for an additional 30 minutes. The mixture
was concentrated and THF was replaced with ethyl acetate. The
product was washed with water and the organic layer was dried
and concentrated. Some compounds were obtained pure after
crystallization from cyclohexane, while for others, purification by
flash chromatography was required.

No by-products are present in the reaction mixture. However
if the mixture is allowed to stir for longer reaction times, the
yield drops and several by-products are obtained, probably due to
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Table 1 Chemical yields for the rearrangement of compounds 1a—f

Entry Product n Base (equiv.) Yield (%)
1 2a 1 DBU (2) 87
2 2b 1 DBU (2) 76
3 2c 1 DBU (2) 69
4 2d 1 DBU (2) 55
5 2e 2 Et(i-Pr),N (3) 79
6 2f 2 Et(i-Pr),N (3) 85

partial hydrolysis of the heterocycle. The reaction was successfully
made on amounts up to 0.500 g of 1a—f and can be easily performed
on a multigram scale.

The reaction affords the desired compounds in good to high
yield, independent of the nature of the protecting group on
the amino moiety. Indeed, L-asparagine was protected with
carbamates (entries 1 and 2) or with amides (entries 3 and 4) and in
each case the desired compound was obtained in a high yield. The
reaction was repeated with some samples of protected Cbz-D-Asn-
OMe and of Boc-D-Asn-OBn, and the same results were obtained.
Remarkably, the dipeptide Ac-L-Ala-L-Asn-OBn was successfully
cyclized, thus showing that this method may be employed also
for the formation of 2-oxaimidazolidinone-4-carboxylate starting
from asparagine moieties belonging to polypeptide chains.

Protected L-glutamine was cyclized under the same reaction
conditions: both protecting groups (Cbz, entry 5 and Boc, entry
6) proved to be compatible with this synthetic method, so that
(tetrahydro)pyrimidin-2-one-5-carboxylate has been obtained in
good yield.

The Boc and Cbz protecting groups can be easily removed
following the usual protocol (TFA in dichloromethane and H,
on Pd/C in methanol respectively).

The most likely reaction mechanism follows a path similar to
the classical Hofmann rearrangement.!'<'3«14«18 The first step is the
formation of the intermediate 3 (Fig. 1), that easily evolves into the
corresponding isocyanate 4. Then 4 is trapped by the nitrogen of
the carbamate (or amide) unit, thus forming a thermodynamically
driven five or six-membered ring. The introduction of a few drops
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Fig.1 Reaction pathway for the formation of 2-oxaimidazolidinone (n =
1) or of 2-(tetrahydro)pyrimidinone (n = 2).

of water after 15 minutes enhances the chemical yield, probably
because this favours the formation of isocyanates 4.

The structure of 2a was confirmed by an X-ray diffraction study
(Fig. 2). As this sample was obtained by cyclization of Cbz-D-Asn-
OMe, (R)-2a was actually analyzed, after crystallization from ethyl
acetate.

Fig.2 Molecular structure of (R)-2a.

The molecular structure of (R)-2a shows that the imidazolidin-
2-one ring is almost planar, as has been found in analogous
compounds,'® and the sp* carbon (C(4)) is 0.09 A out of the
plane defined by the five-membered ring. With respect to this
plane, the amido-ester group is slightly twisted [8.1(1)°], while the
methyl ester group makes a dihedral angle of 73.1(2)° with the
oxoimidazolidine ring (Fig. 3).

Fig. 3 View of (R)-2a perpendicular to the oxoimidazolidine ring,
showing the almost coplanar endocyclic (C202) and exocyclic (C303)
carbonyls and the orientations of the side-arms.

The methyl ester chain and the benzyl chain lie on opposite sides
of the oxoimidazolidine ring; while the two planes defined by the
ester group and the phenyl ring are twisted of 12.0°. The absolute
configuration of the stereogenic centre at C(4) is R.

Conclusions

By means of this modification of the Hofmann rearrangement,
protected asparagine and glutamine are easily transformed into
imidazolidin-2-one-4-carboxylate and (tetrahydro)-pyrimidin-2-
one-5-carboxylate, respectively, in good yield. The reagents are
cheap and easily available, the reaction is general, environmentally
friendly and the reaction times are very short. The structure of the
cyclization product has been confirmed by X-ray diffraction.
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Experimental
General notes

Routine NMR spectra were recorded with spectrometers at 300 or
200 MHz ("H NMR) and at 75 or 50 MHz (*C NMR). Chemical
shifts are reported in d values relative to the solvent peak of CHCI;,
set at 7.27 ppm. Measurements were carried out in CDCIl; and
proton signals were assigned by COSY spectra.

Infrared spectra were recorded with an FT-IR spectrometer.
High quality infrared spectra (64 scans) were obtained at 2 cm™!
resolution using a 1 mm NaCl solution cell. All spectra were
obtained in 3 mM solutions in dry CH,Cl, at 297 K. All
compounds were dried in vacuo and all the sample preparations
were performed in a nitrogen atmosphere.

Melting points were determined in open capillaries and are
uncorrected.

Cbz-L-Asn-OH, Boc-L-Asn-OH, Ac-L-Asn-OH, Cbz-L-GlIn-
OH, Boc-L-GIn-OH were purchased. The benzyl esters were
prepared by reaction of the acid with benzyl bromide and TEA
in acetone, the methyl esters were prepared by reaction of the
acid with SOCL,-MeOH at —15 °C. Ac-L-Asn-L-Ala-OBn was
prepared by coupling of Ac-L-Asn-OH and L-Ala-OBn in the
presence of HBTU and TEA in acetonitrile.

General method for the synthesis of imidazolidin-2-ones-
4-carboxylates 2a—d

To a stirred solution of DBU (2 equiv., 0.9 mmol, 135 pl) in
THF (20 mL) was added solid 1a—d (1 equiv., 0.35 mmol). Upon
dissolution, the flask contents were cooled to 0 °C in ice, then
PhI(OAc), (2 equiv., 0.7 mmol) was added in one portion to the
cooled solution and the reaction was left to proceed, stirring at
0 °C for 15 min, after which time a few drops (<1 mL) of H,O
were added and the mixture was stirred for additional 30 min.
The reaction mixture was gently concentrated; the resulting
yellow oily liquid was dissolved in ethyl acetate and washed with
H,O0, dried over Na,SO,, filtered, concentrated and dried under
vacuum to obtain the crude imidazolidinone. Recrystallization
from cyclohexane or silica gel chromatography afforded the pure
final product as a solid.

Methyl 3-benzyloxycarbonyl-imidazolidin-2-one-4(R)-carboxylate
(2a)

Mp = 192°C; [a]p +42.0 (¢ 0.1, CH,CL); IR (CH,Cl,, | mM): v =
3450, 1805, 1759, 1698 em™'; "H NMR (CDCl, 300 MHz): 6 3.45
(dd, 1H, J = 3.6, 9.9 Hz, CHH-Asn), 3.72 (s, 3H, CH,), 3.76 (dd,
1H, J = 9.9, 10.2 Hz, CHH-Asn), 4.82 (dd, 1H, J = 3.6, 10.2 Hz,
CHo Asn), 5.30 (AB, 2H, J = 12.3 Hz OCH,Ph), 5.96 (bs, 1H,
NH), 7.35-7.44 (m, SH, Ph); *C NMR (CDCL, 75 MHz): 6 40.8,
53.3, 56.1, 68.5, 128.6, 128.7, 128.9, 135.4, 137.7, 151.4, 155.2,
170.5. Anal. Calcd. for C,;H,N,Os: C, 56.11; H, 5.07; N, 10.07.
Found: C, 56.08; H, 5.04; N, 10.00%.

Benzyl 3-tert-butyloxycarbonyl-imidazolidin-2-one-4-(R)-
carboxylate (2b)

Mp = 181 °C; [a], +28.0 (c 0.1, CH,CL); IR (Nujol): v = 3291,
1801, 1767, 1741 cm™'; "H NMR (CDCl,, 300 MHz): § 1.41 (s,

9H, 7-Bu), 3.38 (dd, 1H, J = 3.6, 9.6 Hz, CHH-Asn), 3.73 (dd,
1H, J =9.6, 10.2 Hz, CHH-Asn), 4.72 (dd, 1H, J = 3.6, 10.2 Hz,
CHa-Asn), 5.24 (AB, 2H, J = 12.0 Hz OCH,Ph), 6.91 (bs, 1H,
NH), 7.35-7.50 (m, 5H, Ph); "C NMR (CDCl,,75 MHz): 6 28.1,
40.6,56.3,67.8,83.4,128.8,128.9, 135.2,149.7,156.5, 170.2. Anal.
Calcd. for C,sH,N,Os: C, 59.99; H, 6.29; N, 8.74. Found: C, 60.04;
H, 6.31; N, 8.78%.

Benzyl 3-acetyl-imidazolidin-2-one-4(S)-carboxylate (2c)

Mp = 187°C; [a], —12.0 (¢ 0.1, CH,CL); IR (CH,CL, 1 mM): v =
3406, 1755, 1710 cm™'; "H NMR (CDCl,, 200 MHz): § 2.56 (s, 3H,
CH,), 3.41 (dd, 1H, J = 4.0,9.6 Hz, CHH-Asn), 3.77 (dd, 1 H, J =
9.6, 10.2 Hz, CHH-Asn), 4.91 (dd, 1H, J = 4.0, 10.2 Hz, CHo-
Asn), 5.15 (bs, |H, NH), 5.24 (s, 2H, OCH,Ph), 7.28-7.38 (m, 5H,
Ph); *C NMR (CDCl,, 50 MHz): 5 27.0, 40.1, 55.0, 67.8, 128.4,
128.7, 128.8, 137.6, 151.1, 169.4. Anal. Calcd. for C,;H,,N,O,: C,
59.54; H, 5.38; N, 10.68. Found: C, 59.58; H, 5.42; N, 10.69%.

Benzyl 3-L-alanyl-imidazolidin-2-one-4(S)-carboxylate (2d)

Mp = 192 °C; [al, —31.0 (¢ 0.1, CH,CL); IR (Nujol): v = 3423,
1763, 1739, 1700, 1682 cm™'; 'H NMR (CDCl,, 300 MHz): 5 1.48
(d, 3H, J = 7.2 Hz, CH,-Ala), 2.58 (s, 3H, CH,-Ac), 3.61 (dd,
1H, J = 9.6, 11.2 Hz, CHH-Asn), 3.84 (dd, 1H, J = 3.6, 11.2 Hz,
CHH-Asn), 4.60 (q, 1H, J = 7.2 Hz, CHo-Ala), 4.86 (dd, 1H, J =
3.6,9.6 Hz, CHa-Asn), 4.98 (bs, 1H, NH), 5.19 (m, 2H, OCH,Ph),
6.98 (dg, 1H, J = 7.2, 7.2 Hz, NH), 7.37 (m, SH, Ph); *C NMR
(CDCL,75 MHz): § 27.2, 39.4, 48.2, 56.2, 67.6, 128.5, 128.6, 128.9,
135.5, 156.2, 168.4, 172.6, 176.6. Anal. Calcd. for C,iH,,N,Os: C,
57.65; H, 5.75; N, 12.61. Found: C, 57.70; H, 5.78; N, 12.68%.

General method for the synthesis of (tetrahydro)pyrimidin-2-one-
5-carboxylate 2e—f

To a stirred solution of DIEA (3 equiv., 1.02 mmol, 175 pl) in
THF (20 mL) was added solid 1e—f (1 equiv., 0.35 mmol). Upon
dissolution, the flask contents were cooled to 0 °C in ice, then
PhI(OAc), (2 equiv., 0.68 mmol) was added in one portion to the
cooled solution and the reaction was left to proceed, stirring at
0 °C for 15 min, after which time a few drops (<1 mL) of H,O
were added and the mixture was stirred for additional 30 min. The
reaction mixture was gently concentrated, the resulting yellow
oily liquid was dissolved in ethyl acetate and washed with H,O,
dried over Na,SQ,, filtered, concentrated and dried under vacuum
to obtain the crude pyrimidinone. Purification by flash column
chromatography (80 : 20 then 40 : 60 cyclohexane : ethyl acetate
as eluent) afforded the pure final product as a solid.

Methyl 3-benzyloxycarbonyl-(tetrahydro)pyrimidin-2-one-5(S)-
carboxylate (2¢)

Mp =183 °C;[a]p —18.0 (¢ 0.1, CH,CL,); IR (CH,Cl,, | mM): v =
3421, 1745, 1706, 1671 cm~'; '"H NMR (DMSO-d,, 300 MHz): 6
1.62-1.91 (m, 2H, CH,-Glu), 2.95-3.11 (m, 2H, CH,-Glu), 3.65 (s,
3H, OCH;), 4.04-4.13 (m, 1H, CHa-Glu), 5.04 (s, 2H, OCH,Ph),
597 (t, 1H, J = 6.0 Hz, NH), 7.30-7.40 (m, 5H, Ph); "C NMR
(CDCl;, 75 MHz): 6 33.8,36.6,51.7,52.9,67.5,128.4,128.6, 128.9,
136.3, 156.9, 158.2, 173.2. Anal. Calcd. for C,,H (N,Os: C, 57.53;
H, 5.52; N, 9.58. Found: C, 57.56; H, 5.55; N, 9.60%.
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Benzyl 3-tert-butyloxycarbonyl-(tetrahydro)pyrimidin-2-one-5(.S)-
carboxylate (2f)

Mp = 172 °C; [a], —26.0 (¢ 0.1, CH,CL); IR (CH,CL,, 3mM): v =
3430, 1745, 1714, 1671 em™'; 'H NMR (DMSO-d,, 300 MHz):
& 1.37 (s, 9H, ¢-Bu), 1.61-1.82 (m, 2H, CH,-Glu), 2.93-3.08 (m,
2H, CH,-Glu), 3.96-4.03 (m, 1H, CHo-Glu), 5.11 (AB, 2H, J =
12.6 Hz, OCH,Ph), 5.92 (t, 1H, J = 5.7 Hz, NH), 7.30-7.38 (m,
SH, Ph); ®C NMR (CDCl,, 75 MHz): 8 28.6, 33.7, 36.5, 51.5, 67.4,
80.3, 128.5, 128.7, 128.9, 135.6, 156.2, 158.4, 172.9. Anal. Calcd.
for C,H,N,Os: C, 61.07; H, 6.63; N, 8.38. Found: C, 61.04; H,
6.60; N, 8.34%.

X-Ray crystallography

Single crystals of methyl 3-benzyloxycarbonyl-2-oxaimidazoli-
dinone-4(R)-carboxylate (2a) grew as yellow-colourless prisms
from ethyl acetate by slow evaporation.

The X-ray intensity data were measured on a Bruker Apex
II CCD area detector diffractometer. Cell dimensions and the
orientation matrix were initially determined from a least-squares
refinement on reflections measured in three sets of 20 exposures,
collected in three different o regions, and eventually refined against
all data. For the crystal, a full sphere of reciprocal space was
scanned by 0.3 ° o steps. The software SMART" was used for
collecting frames of data, indexing reflections and determination
of lattice parameters. The collected frames were then processed for
integration by the SAINT program,' and an empirical absorption
correction was applied using SADABS.? The structure was solved
by direct methods (SIR 97)* and subsequent Fourier syntheses
and refined by full-matrix least-squares on F2 (SHELXTL),*
using anisotropic thermal parameters for all non-hydrogen atoms.
Two independent molecules were found in the asymmetric unit.
All hydrogen atoms were added in calculated positions, included
in the final stage of refinement with isotropic thermal parameters,
U(H) = 1.2Ueq(C) [U(H) = 1.5Ueq(C-Me)], and allowed to ride
on their carrier carbons.

Crystal data for 2a. [C;H,N,O;], M= 278.26, monoclinic,
space group P21, a = 9.624(1) A, b = 7.956(1) A, ¢ = 9.809(1)
A, p=118.093(1), U = 662.68 A>, Z =2, u = 0.08, theta range
for data collection 1.29-24.10°, a total of 2950 reflections were
measured, and 2499 of them have I > 2a([).
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The synthesis of new pharmaceutically interesting 3-(2-N, N-diethylaminoethoxy)indole derivatives is
described. Starting from 3-silyloxy-2-methylindoles, deprotection and in situ aminoalkylation provided
3-(2-N, N-diethylaminoethoxy)indoles in good yield. Further sulfonylation of these novel indoles gave

access to potential 5-HT; receptor ligands.

Introduction

The 5-hydroxytryptamine, (5-HT,) receptor is one of the latest
subtypes of the mammalian serotonin receptor family to have been
identified.! The high affinity of a wide range of antipsychotics for
the receptor, coupled with its almost exclusive distribution in the
brain, prompted much interest into the potential role of the 5-HT,
as a target for central nervous system (CNS)-mediated diseases
such as schizophrenia, Alzheimer’s disease (cognitive function),
anxiety, and obesity.> A variety of 5-HT, selective agents have
been reported, however, there is still a need for more selective and
active compounds.?

For example, in 1998 Bromidge and co-workers presented SB-
271046 (1) as one of the first 5-HT, selective antagonists which
entered into clinical trials (Phase I, not continued).* As shown
in Scheme 1 SB-271046 is a 2-benzo-thiophene-sulfonamide
derivative, which is substituted with a 4-methoxy-3-piperazinyl-
phenyl group. Recently, this basic unit was replaced by a 4-(2-
aminoethoxy)indole derivative 2 in 2005 by Zhou and co-workers.®
Comparing the latest reported 5-HTj receptor ligands, it is evident
that the majority of active compounds are indole derivatives,
especially with a tryptamine scaffold.®* Some typical examples are
shown in Scheme 1.

Due to their importance as one of the most represented building
blocks in natural bioactive products and known marketed drugs,
there is a continuing interest in the development of catalytic
methods for the synthesis of indoles.” For us especially, domino
sequences whereby a reactive intermediate is generated from easily
available substrates with the aid of a catalyst were of interest.
Apart from domino hydroformylation-Fischer indole reactions,?
alkyne-hydroamination—Fischer indole sequences were studied.’
Most recently, we demonstrated that commercially available aryl-
hydrazines and alkynes yielded a variety of potentially bio-active
functionalized tryptamine and trypthophol derivatives, as well as
3-silyloxy-2-methylindoles in the presence of either Zn(OTf), or
ZnCl,.*°

“Leibniz-Institut fiir Katalyse e.V. an der Universitit Rostock, Albert-
Einstein-Str. 29a, 18059 Rostock, Germany. E-mail: matthias.beller@
catalysis.de; Web: www.catalysis.de; Fax: +49(381)1281-51113
*Laboratories Dr. Esteve S.A., Av. Mare de Déu de Montserrat 221, E-08041
Barcelona, Spain
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Scheme 1 SB-271046 (1) and N-sulfonylindole derivatives 2-5 as 5-HT
receptor ligands.

Herein, we describe for the first time the synthesis of 3-
(2-N, N-diethylaminoethoxy)-2-methylindoles. Deprotection and
sulfonylation gave a novel class of biarylsulfonylindoles as 5-HT
receptor ligands.

Results and discussion

Based on the recently developed synthesis of 3-silyloxy-2-
methylindoles 8, we thought it should be possible to prepare
3-alkoxylated indoles. So far, this class of compounds has
scarcely been investigated.' Of special interest to us was amino-
functionalized alkoxy chains because of their resemblance to
natural tryptamines.

Initially, seven electron-rich indole derivatives were synthesized
in good yields via titanium-catalyzed hydroamination (Ti(NEt,),—
2,6-di-tert-butyl-4-methylphenol) of the silyl-protected propar-
gylic alcohol (Scheme 2).* Due to the exclusive Markovnikov hy-
droamination, only the 2,3-disubstituted indoles were obtained."
Next, the desired 3-(2-N,N-diethylaminoethoxy)indoles 9 were

1802 | Org. Biomol. Chem., 2008, 6, 1802-1807

This journal is © The Royal Society of Chemistry 2008





HZN\N/R1 1. Ti(NEty)s, 2,6-di-t-butyl-4-methyl- OTBDMS
phenol, toluene,100 °C, 24 h R,
{ 2. 3 equiv ZnCl,, 100 °C, 24 h N\ Me
* N
\
OTBDMS R
Re 8 (35-65% yield)
6 7

8a:Ry=Me,R;=H
8b:Ry=Bn,R,=H
8c: Ry =Me, R; =Br
8d: Ry =Bn, R, =Br

8e:R;=Bn,R;=Cl
8f: R1 =Bn, Rz =F
8g: R1=Bn, R, = MeO

Scheme 2 Ti-catalyzed synthesis of electron-rich 3-silyloxy-2-methy-
lindoles (8).

prepared by treating the appropriate 3-silyloxy-2-methylindole 8a—
g with 2-N, N-diethylaminoethyl chloride.

After some optimization, it turned out that a mixture of potas-
sium hydroxide and tetra-n-butylammonium fluoride (TBAF) in
tetrahydrofuran gave the best results for the in situ desilylation
reaction. The resulting 3-hydroxyindoles were not stable and
had to be directly alkylated. Under these conditions, the new
indole derivatives 9a-g were obtained in good to moderate
yields (30-70%) (Table 1). In general, the N-methyl-protected
indoles gave higher yields compared to the N-benzyl-protected
indoles. However, in agreement with previous results on the
synthesis of substituted tryptophols,” the Fischer indole synthesis
of 3,4-dichlorophenylhydrazine with 7 gave a mixture of two
regioisomers of the corresponding 3-silyloxy-2-methylindole 8h.
This purified indole was used without particular analytical inves-
tigations for the synthesis of 3-(2-N, N-diethylaminoethoxy)indole
(9h). Due to the presence of two isomers in the case of 8h, we
also observed the formation of compound 9h as a mixture of two
isomers (Scheme 3).

N N//
o o///\/ OI\/

Cl Cl
N Me \ Me
N cl N
| Bn I Bn
9h
LIl =43

Scheme 3 Regioisomers I and II of the dichlorosubstituted derivative 9h.

Then, we turned our attention to the deprotection of the
benzyl group of the indole system. The different debenzylation
methods were tested with compound 9b, which was the most
readily available product. Initially, reductive debenzylation in the
presence of palladium on carbon was tried.”®* Despite variation
of the solvent and hydrogen pressure or adding acetic acid, we
did not obtain the free indole. The use of aluminium trichloride
in benzene presents another well established method for N-
debenzylation.” But neither applying aluminium trichloride nor
using the known system of potassium zert-butoxide in dimethylsul-
foxide and oxygen,' were effective in the N-debenzylation of 9b.
Apparently, the steric hindrance of an additional substituent in the
2-position makes the debenzylation of these electron-rich indoles
difficult. Finally, the use of sodium in excess in liquid ammonia

Table 1 Synthesis of 3-(2-N, N-diethylaminoethoxy)indoles *

OTBDMS
Ry N Ro N
Me "\ N-diethylamino- N Me
\ ethyl chloride, \
Ry R4
8a_g TBAF, KOH, THF ga_g
Entry Indole Yield (%) ®
1 f 9a 70
N
SN
(0]
N Me
N
\
Me
2 f 9b 60
N
N
(0]
N Me
N
\
Bn
3 9c 65
N
I N
(o]
Br.
N Me
N
\
Me
4 9d 30
N
/// —
[0}
Br:
\ Me
N
\
Bn
5 9e 65
N
/// N
[0}
Cl
N Me
N
\
Bn
6 ﬁ of 50
N
/// N
(0]
F
\ Me
N
\
Bn
7 ﬁ 9¢g 46
N
/// N
(o]

“Reaction conditions: 3-silyloxy-2-methylindole (1.0 equiv), 2-N,N-
diethylaminoethyl chloride (1.1 equiv), KOH (1.1 equiv), TBAF
(2.0 equiv), THF, 50 °C. ? Isolated yield.
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at —33 °C afforded the N-deprotected indole in high yield (95%)
(Scheme 4).¢ Although this method worked well on most of the
indoles, unfortunately, it was not usable for debenzylation of the
5-chlorinated 3-(2-N, N-diethylaminoethoxy)indole 9e.

—

N// N
OI\/ O///\/

Na, NHs,
%Me e mMe
N N
Bn H
% 10

Scheme 4 Deprotection of the N-benzyl-3-(2-N, N-diethylaminoethoxy)-
indole (9b).

Connected with this, not only debenzylation occurred, but
also reductive dehalogenation at the 5-position of the indole.
After successful debenzylation, different sulfonylation protocols
were investigated applying 3-(2-N,N-diethylaminoethoxy)indole
10 as a substrate. Here, phase transfer sulfonylations with 2-
naphthalenesulfonyl chloride (50% solution of sodium hydroxide,
benzene, tetra-n-butylammonium hydrogen sulfate)'” as well as
typical nucleophilic substitution conditions (potassium hydroxide
in ethanol) did not result in any desired product.'®* However, reac-
tion of 10 with sodium hydride'® and subsequent treatment with 2-
naphthalenesulfonyl chloride gave N-naphthalenesulfonylindole
11 in 24% yield (Scheme 5). To our delight this product showed
significant activity in initial binding studies towards the SHT,-
receptor.

Using the latter sulfonylation protocol, we tried to synthe-
size additional biarylsulfonylindoles of heteroaromatic sulfonic
acids such as benzo[b]thiophen-3-ylsulfonyl chloride, 5-chloro-3-
methylbenzo[b]thiophen-2-ylsulfonyl chloride and 6-chloro-
imidazo[2,1-b]thiazol-5-ylsulfonyl chloride. Unfortunately, the use
of the less reactive arylsulfonic chlorides was not successful
in the sulfonylation reaction of the free indole. Interestingly,
by applying n-butyllithium® as a base in these reactions, we
observed deprotonation at the methyl group in the 2-position
of the indole, which is then subsequently sulfonylated. Based on
this observation, we also synthesized the 2-(benzo[b]thiophen-
3-ylsulfonyl)methyl-3-(2-N,N-diethylaminoethoxy)indole 12a in
23% vyield. In addition, we prepared the 2-(5-chloro-3-methyl-
benzo[b]thiophen-2-ylsulfonyl)methyl-3-(2- N,N -diethylamino-
ethoxy)indole 12b and the 2-(6-chloroimidazo[2,1-b]thiazol-5-
ylsulfonyl)methyl-3-(2-N,N-diethylaminoethoxy)indole 12¢ both
in similar yield (20%) (Scheme 5). The reaction of 10 with 2-
naphthalenesulfonyl chloride in the presence of n-butyllithium
gave the N-sulfonylated product 11 in 14% yield. The appropriate
2-methyl sulfonylated product was found only in traces. Because
of the instability of the biarylsulfonylindoles 11 and 12, the
corresponding oxalates were prepared.

Conclusions

To summarize, a variety of 3-(2-N,N-diethylaminoethoxy)indole
derivatives were synthesized. By subsequent deprotection of the
indole and sulfonylation with biarylsulfonyl chlorides, two novel

N
\\/
o}
I
- N
s )
o /
Method A 11 Q
N Me
N
H //
10
Method B N
etho \/
o}
A\
[ N o< S
N \
A "
e} 12a
@j\g_\ s
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12b Me N//
\/
o}
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N 4\N
N 05—~ |
\H N/K
8
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Scheme 5 Sulfonylation of the free 3-(2-N, N-diethylaminoethoxy)indole
10 with biarylsulfonyl chlorides in the presence of sodium hydride (method
A) or n-butyllithium (method B).

classes of potential 5-HT, receptor ligands could be prepared.
Besides the desired 2-naphthalenesulfonylindole 11, an unexpected
sulfonylation of the 2-methyl group of the indole system created
further interesting biarylsulfonylindoles 12a—c.

Experimental

All reactions were carried out under an argon atmosphere.
Chemicals were purchased from Aldrich, Fluka and Acros and
unless otherwise noted were used without further purification.
The compounds were characterized by '"H NMR, *C NMR, MS
and HRMS. "H NMR spectra (300.13 MHz and 500.13 MHz) and
BC NMR spectra (75.5 MHz and 125.8 MHz) were recorded on
Bruker spectrometers Avance 300 and Avance 500 in CDCl; and
DMSO-d;. The calibration of spectra was carried out on solvent
signals (CDCl;: 0 (‘H) = 7.25,6 (*C) = 77.0; DMSO-d,: 0 (‘"H) =
2.50, 6 (*C) = 39.7). EI mass spectra were recorded on an MAT
95XP spectrometer (Thermo ELECTRON CORPORATION).
GC was performed on a Hewlett Packard HP 6890 chromatograph
with a 30 m HPS column.

The preparation of compounds 8a—g is described in the
literature.® The derivative 8h was prepared by this method as well,
but after purification by column chromatography, the product
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mixture was used for the synthesis of compound 9h without
particular analytical investigations.

General procedure for the reaction of the
3-silyloxy-2-methylindoles with 2-/N, N-diethylaminoethyl chloride
to give the 3-(2-NV,N-diethylaminoethoxy)indoles (9a—h)

To powdered potassium hydroxide (1.50 mmol) in a round bottom
flask under an argon atmosphere, 15 mL dry THF and TBAF
(2.75 mL of 1 M solution in THF, 2.75 mmol) were added.
After the addition of the appropriate 3-silyloxy-2-methylindole
(1.37 mmol) and N,N-diethylaminoethyl chloride (1.50 mmol),
the mixture was stirred at 50 °C overnight. When the mixture had
cooled to room temperature, H,O (15 mL) was added. Then the
separated aqueous layer was extracted with CHCl; (3 x 20 mL).
The organic layers were dried (Na,SO,) and the solvents were
evaporated in vacuo. The residue was chromatographed on a silica
gel column (eluent: CHCL;—10% MeOH) to give the 3-(2-N,N-
diethylaminoethoxy)indole derivatives as brown oils.

1,2-Dimethyl-3-(2-N, N-diethylaminoethoxy)indole (9a). Yield:
70%. "H NMR (300 MHz, CDCl;): 6 = 7.57 (d, 1H, J = 8.0 Hz),
7.22 (d, 1H, J = 8.2 Hz), 7.13 (ddd, 1H, J = 1.2 Hz, J = 6.9 Hz,
J =8.2Hz), 7.05(ddd, 1H, J = 1.2 Hz, J = 6.9 Hz, J = 8.0 Hz),
4.16 (t,2H, J = 6.3 Hz), 3.57 (s, 3H), 2.94 (t, 2H, J = 6.3 Hz), 2.72
(q, 4H, J = 7.2 Hz), 2.35 (s, 3H), 1.11 (t, 6H, J = 7.2 Hz) ppm.
BCNMR (75 MHz, CDCl;): 6 = 134.5,133.6, 124.7, 120.6, 120.5,
118.4, 116.7, 108.5, 72.1, 52.4, 47.3, 29.1, 11.2, 8.7 ppm. MS (EI,
70 eV): m/z (relative intensity): 260 (10) [M*], 160 (24), 145 (4),
117 (7), 100 (100), 86 (56), 77 (5), 72 (27), 57 (9), 45 (36). HRMS
(CI, M + H"): calced. for C,¢H,,N,O: 261.1967; found: 261.1952.

1-Benzyl-2-methyl-3-(2-V, N-diethylaminoethoxy)indole  (9b).
Yield: 60%. "H NMR (300 MHz, CDCl;): 6 = 7.62-7.59 (m, 1H),
7.25-7.15 (m, 4H), 7.09-7.02 (m, 2H), 6.93-6.90 (m, 2H), 5.23 (s,
2H), 4.17 (t, 2H, J = 6.4 Hz), 2.90 (t, 2H, J = 6.4 Hz), 2.65 (q,
4H, J = 7.2 Hz), 2.28 (s, 3H), 1.06 (t, 6H, J = 7.2 Hz) ppm. *C
NMR (75 MHz, CDCl,): 6 = 137.9, 135.1, 133.7, 128.6, 127.1,
125.8, 124.6, 121.1, 120.9, 118.8, 117.0, 109.0, 72.6, 52.6, 47.5,
46.3, 11.7, 8.8 ppm. MS (EI, 70 eV): m/z (relative intensity): 336
(6) [M*], 279 (2), 237 (7), 221 (4), 208 (2), 195 (58), 180 (6), 165
9), 117 (5), 100 (100), 91 (36), 86 (12), 71 (5), 57 (7), 43 (16).
HRMS (EI): calcd. for C,,H,xN,O: 336.2196; found: 336.2193.

5-Bromo-1,2-dimethyl-3-(2-V, /V-diethylaminoethoxy)indole (9c).
Yield: 65%. '"H NMR (500 MHz, CDCL): 6 = 7.67 (d, 1H,
J =19 Hz), 7.17 (dd, 1H, J = 8.5 Hz, J = 1.9 Hz), 7.07 (d,
1H, J = 8.5 Hz), 4.09 (t, 2H, J = 6.3 Hz), 3.57 (s, 3H), 2.89 (t, 2H,
J = 6.3 Hz), 2.68 (q, 4H, J = 7.3 Hz), 2.33 (s, 3H), 1.09 (t, 6H,
J =7.3 Hz) ppm. *C NMR (126 MHz, CDCl,): 6 = 134.2, 132.5,
126.3,123.4,122.5,119.5,112.0, 110.1, 73.0, 52.8, 47.5,29.5, 11.7,
8.9 ppm. MS (EI, 70 eV): m/z (relative intensity): 339 (3), 338 (2)
[M*], 266 (4), 239 (10), 159 (2), 130 (4), 100 (100) 86 (36), 72 (13),
56 (5), 44 (11). HRMS (EI): caled. for C,;H,;BrN,O: 338.0988;
found: 338.0976.

1-Benzyl-5-bromo-2-methyl-3-(2- /N, N-diethylaminoethoxy)indole
(9d). Yield: 30%. '"H NMR (300 MHz, CDCl;): d = 7.72 (br s,
1H), 7.25-7.16 (m, 3H), 7.13 (d, 1H, J = 8.4 Hz), 7.02 (d, 1H, J =
8.4 Hz), 6.88 (d, 2H, J = 7.4 Hz), 5.22 (s, 2H), 4.12 (t, 2H, J =
6.2 Hz), 2.88 (t, 2H, J = 6.2 Hz), 2.67 (q, 4H, J = 7.3 Hz), 2.28 (s,

3H), 1.08 (t, 6H, J = 7.3 Hz) ppm. *C NMR (75 MHz, CDCl,):
0 = 137.5, 134.6, 132.4, 128.8, 127.4, 126.3, 125.8, 123.8, 122.8,
119.6, 112.3, 110.7, 72.9, 52.7, 47.5, 46.6, 11.7, 9.0 ppm. MS (EI,
70 eV): m/z (relative intensity): 415 (6), 414 (2) [M*], 149 (5), 101
(11), 100 (100), 91 (68), 86 (33), 44 (12). HRMS (EI): calcd. for
C,H,;BrN,0: 414.1301; found: 414.1298.

1-Benzyl-5-chloro-2-methyl-3-(2-V, N-diethylaminoethoxy)indole
(%e). Yield: 65%. '"H NMR (500 MHz, CDCl;): 6 = 7.57 (d, 1H,
J = 2.0 Hz), 7.26-7.21 (m, 3H), 7.07 (d, 1H, J = 8.5 Hz), 7.01
(dd, 1H, J = 2.0 Hz, J = 8.5 Hz), 6.89 (m, 2H), 5.21 (s, 2H), 4.13
(t, 2H, J = 6.3 Hz), 2.88 (t, 2H, J = 6.3 Hz), 2.67 (q, 4H, J =
7.3 Hz), 2.28 (s, 3H), 1.07 (t, 6H, J = 7.3 Hz) ppm. *C NMR
(126 MHz, CDCl,): 6 = 137.5, 134.8, 132.2, 128.6, 127.3, 126.4,
125.8, 124.1, 122.2, 121.2, 116.6, 110.2, 73.0, 52.7, 47.5, 46.5,
11.7, 9.0 ppm. MS (EIL, 70 eV): m/z (relative intensity): 370 (2)
[M*], 271 (7), 237 (2), 207 (3), 179 (3), 151 (7), 110 (3), 100 (100),
91 (78), 86 (40), 72 (15), 56 (9), 44 (16). HRMS (EI): calcd. for
C,,H,,CIN,O: 370.1805; found: 370.1807.

1-Benzyl-5-fluoro-2-methyl-3-(2-V, N-diethylaminoethoxy)indole
9f). Yield: 50%. '"H NMR (300 MHz, CDCl;): 6 = 7.30-7.21
(m, 4H), 7.09 (dd, 1H, J =9.0 Hz, J/ = 4.0 Hz), 6.92 (m, 2H), 6.83
(dt, 1H, J = 9.0 Hz, J = 2.5 Hz), 5.24 (s, 2H), 4.27 (t, 2H, J =
6.0 Hz), 3.10 (t, 2H, J = 6.0 Hz), 2.91 (q, 4H, J = 7.2 Hz), 2.31 (s,
3H), 1.22 (t, 6H, J = 7.2 Hz) ppm. *C NMR (75 MHz, CDCl,):
0 =157.5 (d, J = 234 Hz), 137.5, 134.8 (d, J = 4.5 Hz), 130.2,
128.7, 127.3, 126.9, 125.7, 120.9 (d, J/ = 9.7 Hz), 109.9 (d, J =
9.7Hz),109.2 (d, J = 26.0 Hz), 101.8 (d, J = 24.5 Hz), 71.4, 51.2,
47.5,46.6,10.7, 9.2 ppm. MS (EI, 70 eV): m/z (relative intensity):
354 (2) [M*], 255 (3), 135 (6), 101 (9), 100 (100), 91 (50), 86 (23),
43 (17). HRMS (EI): calcd. for C,,H,;FN,O: 354.2102, found:
354.2109.

1-Benzyl-5-methoxy-2-methyl-3-(2-N,/NV-diethylaminoethoxy)-
indole (9g). Yield: 46%. "H NMR (300 MHz, CDCl;): 0 = 7.27—
7.19 (m, 3H), 7.06 (d, 1H, J = 8.8 Hz), 7.02 (d, 1H, J = 2.5 Hz),
6.92 (m, 2H), 6.73 (dd, 1H, J = 8.8 Hz, J = 2.5 Hz), 5.20 (s, 2H),
4.31(t,2H,J =6.0Hz), 3.85(s, 3H), 3.13 (t, 2H, J = 6.0 Hz), 3.00—
2.90 (m, 4H), 2.27 (s, 3H), 1.24 (t, 6H, J = 7.2 Hz) ppm. "C NMR
(75 MHz, CDCl,): 6 = 153.7, 137.8, 134.6, 129.0, 128.6, 127.2,
125.8, 125.5,120.9, 110.9, 110.0, 98.9, 70.9, 55.9, 52.1, 47.5, 46 .4,
10.5, 9.0 ppm. MS (EIL, 70 eV): m/z (relative intensity): 366 (20)
[M*], 267 (26), 266 (14), 265 (20), 251 (11), 176 (9), 147 (16), 106
(19), 101 (45), 100 (100), 92 (14), 91 (92), 86 (67), 72 (29), 57 (12),
56 (15), 44 (32). HRMS (ED): calcd. for C,;;H;N,0,: 366.2302;
found: 366.2308.

1-Benzyl-4,5-dichloro-2-methyl-3-(2- N,V -diethylaminoethoxy)-
indole (I)/1-benzyl-5,6-dichloro-2-methyl-3-(2-N,V-diethylamino-
ethoxy)indole (IT) (9h). Yield: 30%. (I) '"H NMR (500 MHz,
CDCl,): 0 = 7.28-7.20 (m, 3H), 7.08 (d, 1H, J = 8.8 Hz), 6.96
(d, 1H, J = 8.8 Hz), 6.88-6.85 (m, 2H), 5.20 (s, 2H), 4.09 (t, 2H,
J =63 Hz), 2.85(t,2H, J = 6.3 Hz), 2.64 (q, 4H, J = 7.2 Hz),
2.29 (s, 3H), 1.05 (t, 6H, J = 7.2 Hz) ppm.”C NMR (126 MHz,
CDCl,): 0 = 136.9, 134.8, 133.1, 128.9, 128.4, 127.6, 125.7, 123.7,
122.4, 121.5, 120.1, 108.6, 73.1, 52.3, 47.6, 46.7, 11.7, 9.0 ppm.
(I1) "H NMR (500 MHz, CDCl;): 6 = 7.28-7.20 (m, 3H), 7.66
(s, 1H), 7.22 (s, 1H), 6.88-6.85 (m, 2H), 5.16 (s, 2H), 4.06 (t, 2H,
J = 6.6 Hz), 2.95 (t, 2H, J = 6.6 Hz), 2.67 (q, 4H, J = 7.2 Hz),
2.25 (s, 3H), 1.07 (t, 6H, J = 7.2 Hz) ppm. *C NMR (126 MHz,
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CDCly) 0 = 137.0, 134.7, 132.6, 128.9, 127.6, 127.0, 125.7, 124.9,
123.0,121.0,118.1,110.7,74.9, 52.8,47.6,46.7, 11.6, 8.9 ppm. MS
(CI, M + H*): m/z (relative intensity): 405. HRMS (CI, M — H*)
calcd. for C,,H,,CL,N,O: 403.1338; found: 403.1334.

2-Methyl-3-(2-N, N-diethylaminoethoxy)indole (10). To a deep
blue solution of Na (684 mg, 29.7 mmol) in NH; (ca. 20 mL) at
—78 °C, a solution of compound 9b (1.0 g, 2.97 mmol) in dry
THF (10 mL) was added dropwise. The mixture was stirred at
—33 °C for 2 h, quenched with NH,Cl at —78 °C, allowed to
warm to room temperature, and concentrated. The residue was
diluted with H,O and extracted with CHCl; (3 x 20 mL). The
combined organic layers were dried over Na,SQ,, filtered and the
solvents were removed in vacuo to give a yellow oil in 95% yield
(700 mg, 2.84 mmol). The crude material was used for the next
reaction.

"HNMR (300 MHz, CDCl;): 6 = 7.72 (br s, 1H, NH), 7.54 (m,
1H), 7.09 (m, 1H), 7.11-7.01 (m, 2H), 4.14 (t, 2H, J = 6.6 Hz),
2.89 (t, 2H, J = 6.6 Hz), 2.66 (q, 4H, J = 7.2 Hz), 2.33 (s, 3H),
1.07 (t, 6H, J = 7.2 Hz) ppm. *C NMR (75 MHz, CDCl,): 6 =
135.1, 132.7, 122.5, 121.9, 120.9, 118.9, 116.9, 110.6, 72.3, 52.6,
47.5,11.6, 10.2 ppm. MS (EL, 70 eV): m/z (relative intensity): 246
(1) [M*], 160 (1), 146 (11), 117 (5), 100 (100), 86 (40), 72 (11), 56
(7), 44 (18). HRMS (EI): calcd. for C;sH,N,O: 246.1987; found:
246.2006.

1-(N-Naphthalene-2-ylsulfonyl)-2-methyl-3-(2-NV, N-diethylamino-
ethoxy)indole (11). The above mentioned crude 10 (700 mg, 2.84
mmol) in dry THF (8 mL) was added dropwise to NaH (682 mg,
28.4 mmol, 65% content in a mineral oil suspension that was
washed with dry n-hexane three times before use) suspended in
dry THF (10 mL) at room temperature under argon, and then
the mixture was stirred for 10 min. A dry THF (3 mL) solution of
2-naphthalenesulfonylchloride (1.9 g, 8.5 mmol) was added to the
mixture, and the resulting solution was stirred at 50 °C for 2 h.
The reaction was quenched by adding aq. Na,CO; (20 mL) and
the mixture was extracted with CHCl; (3 x 20 mL). After drying
with Na,SO,, removal of the solvent and chromatography of the
crude material with CHCL;-10% MeOH gave compound 11 as
brown oil in 24% yield (300 mg, 0.69 mmol).

'"H NMR (300 MHz, DMSO), 11 (oxalate): 5 = 9.53 (br, 2H),
8.70 (d, IH, J = 2.2 Hz), 8.22 (d, 1H, J = 8.2 Hz), 8.18 (d, 1H,
J =8.5Hz), 8.04 (d, 1H, J = 8.8 Hz), 7.99 (d, 1H, J = 8.2 Hz),
7.75-7.66 (m, 2H), 7.65 (dd, 1H, J = 8.8 Hz, J = 2.0 Hz), 7.59 (d,
1H, J = 7.9 Hz), 7.35 (m, 1H), 7.26 (t, 1H, J = 7.6 Hz), 4.28 (t,
2H,J =5.4Hz),3.38 (t,2H,J = 5.4 Hz),3.13(q,4H, J = 7.3 Hz),
2.60 (s, 3H), 1.17 (t, 6H, J = 7.3 Hz) ppm. “C NMR (75 MHz,
DMSO), 11 (oxalate): 5 = 164.4, 140.3, 134.9, 134.4, 133.8, 131.6,
130.2, 129.9, 129.8, 128.3, 128.2, 128.0, 124.9 (2), 124.1, 124.0,
120.9, 117.9, 114.7, 68.5, 50.9, 47.0, 11.4, 8.9 ppm. MS (EI, 70
eV): m/z (relative intensity): 436 (1) [M*], 160 (1), 146 (11), 117
(5), 100 (100), 86 (40), 72 (11), 56 (7), 44 (18), 29 (6). HRMS (EI):
calcd. for C,sHxN,05S: 436.1815; found: 436.1808.

General procedure for the formation of the oxalate

The product oil was diluted in a small amount of dry ethanol.
After addition of oxalic acid in excess (1.1 equiv), the solution
was stored in a fridge. The formed precipitate was isolated. The

yield after the formation of the oxalate from the product oil for
compound 11 constituted 55%.

General procedure for the sulfonylation with n-butyl lithium

n-Butyl lithium (1.6 M in hexane, 1.33 mL, 2.1 mmol) was added
to a solution of the free indole 10 (2.03 mmol) in anhydrous THF
(5 mL) at —78 °C during 20 min. After complete addition, the
mixture was stirred at —78 °C for 10 min, and was thereafter
allowed to reach room temperature over 1 h. After cooling to
—78 °C, a solution of sulfonyl chloride (2.3 mmol) in anhydrous
THF (3 mL) was added over 20 min at —78 °C. The resulting
mixture was allowed to slowly reach room temperature over
3 days, was thereafter poured into water (20 mL) containing brine
(5 mL), and extracted with CHCI; (3 x 30 mL). The combined
organic extracts were washed with water (50 mL) and dried over
MgSO,. After removal of the solvents in vacuo, the desired product
was isolated by column chromatography in CHCl;—-MeOH as
brown oil. This isolated oil was used for the preparation of the
oxalate.

2-(Benzo|b]thiophen-3-ylsulfonyl)methyl-3-(2-NV, N-diethylamino-
ethoxy)indole (12a) (oxalate). Yield: 23% free indole, 70%
oxalate (from product oil). '"H NMR (300 MHz, DMSO): 6 =
11.02 (s, 1H), 9.82 (br, 2H), 8.55 (s, 1H), 8.17 (ddd, 1H, J =
8.0 Hz, / = 1.3 Hz, J = 0.8 Hz), 8.05 (ddd, 1H, J = 8.0 Hz,
J =13 Hz, J = 0.8 Hz), 7.55-7.42 (m, 3H), 7.35 (dt, 1H, J =
8.0 Hz, J = 1.0 Hz), 7.11 (ddd, 1H, J = 8.0 Hz, J = 7.0 Hz, J =
1.0 Hz), 6.98 (ddd, 1H, J =8.0 Hz, J = 7.0 Hz, J/ = 1.0 Hz), 4.88
(s, 2H), 4.04 (t, 2H, J = 5.3 Hz), 3.11-3.04 (m, 6H), 1.16 (t, 6H,
J =7.2Hz) ppm. *C NMR (75 MHz, DMSO): § = 164.7, 140.2,
139.4,137.4,134.1, 134.0, 132.5, 125.8, 123.7, 122.8, 122.5, 119.3,
119.0, 117.8, 113.0, 112.2, 68.3, 52.8, 50.7, 47.0, 8.9 ppm. MS
(EIL, 70 eV): m/z (relative intensity): 442 (28) [M* — oxalic acid],
245 (30), 181 (30), 145 (69), 134 (83), 100 (78), 86 (100), 72 (58),
64 (17), 56 (44), 44 (90). HRMS (EI): calcd. for C;3HyN,O;S;:
442.1379; found: 442.1384.

2-(5-Chloro-3-methylbenzo|b]thiophen-2-ylsulfonyl)-methyl-3-(2-
N,N-diethylaminoethoxy)indole (12b) (oxalate)

Yield: 20% free indole, 46% oxalate (from product oil). '"H NMR
(300 MHz, DMSO): 6 = 11.00 (s, 1H), 8.14 (d, 1H, J = 8.7 Hz),
8.09 (d, 1H, J = 2.1 Hz), 7.64 (dd, 1H, J = 8.7 Hz, J = 2.1 Hz),
7.58 (d, 1H, J =8.0 Hz), 7.35(d, 1H, J = 8.0 Hz), 7.13 (ddd, 1H,
J=8.0Hz J=70Hz J=1.2Hz),7.00 (ddd, 1H, J = 8.0 Hz,
J =7.0Hz, J = 1.1 Hz), 4.94 (s, 2H), 4.18 (t, 2H, J = 5.1 Hz),
3.27 (t, 2H, J = 5.1 Hz), 3.08 (q, 4H, J = 7.2 Hz), 2.38 (s, 3H),
1.15 (t, 6H, J = 7.2 Hz) ppm. *C NMR (75 MHz, DMSO): § =
164.4, 140.8, 140.0, 138.5, 137.7, 135.6, 134.0, 130.8, 128.3, 125.2,
124.1,122.7,119.3,119.1, 117.9, 112.8, 68.6, 53.9, 51.0,47.1, 11.9,
9.0 ppm. MS (EI, 70 eV): m/z (relative intensity): 490 (1) [M* —
oxalic acid], 422 (2), 244 (6), 214 (4), 181 (100), 147 (29), 100 (63),
86 (20), 72 (10), 64 (16), 56 (16), 44 (9). HRMS (EI): calcd. for
C,,H,,CIN,0;8S,: 490.1146; found: 490.1140.

2-(6-Chloroimidazo|2,1-b]thiazol-5-ylsulfonyl)methyl-3-(2-V,/N -
diethylaminoethoxy)indole (12¢) (oxalate). Yield: 20% free
indole, 64% oxalate (from product oil). "H NMR (300 MHz,
DMSO0): 6 =10.90 (s, 1H), 7.55 (d, 1H, J = 8.0 Hz), 7.47 (d, 1H,
J =4.5Hz),7.39 (d, 1H, J = 4.5 Hz), 7.30 (d, 1H, J = 8.0 Hz),
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7.11 (ddd, 1H, J = 8.0 Hz, J = 7.0 Hz, J = 1.0 Hz), 6.99 (ddd,
1H,J =8.0Hz, J =7.0 Hz, J = 1.0 Hz), 4.92 (s, 2H), 4.24 (t, 2H,
J =53Hz), 334 (t,2H, J = 5.3 Hz), 3.17 (q, 4H, J = 7.2 Hz),
1.22 (t, 6H, J = 7.2 Hz) ppm. “C NMR (75 MHz, DMSO): § =
164.4,151.1,138.9, 137.8, 134.0, 122.7, 119.9, 119.3, 119.1, 117.8,
116.9, 116.9, 112.4, 112.2, 68.6, 53.5, 51.1, 47.2, 9.1 ppm. MS
(CI, M + H*, 70 eV): m/z (relative intensity): 467 (7) [M* — oxalic
acid], 445 (8), 403 (67), 245 (39), 159 (40), 100 (100), 86 (15), 72
(10). HRMS (CI, M + H"): caled. for C,H,;CIN,O;S,: 467.0973;
found: 467.0963.
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Ten a-cyclodextrin [2]-rotaxanes have been prepared with alkane-, stilbene- and azobenzene-based
axles, capped through nucleophilic substitution of either 2-chloro-4,6-dimethoxy-1,3,5-triazine or
2,4-dichloro-6-methoxy-1,3,5-triazine in aqueous solution, followed by further substitution of the
remaining triazinyl chlorine in some cases when the latter capping reagent was used. In one case the
rotaxane is a [¢,]-daisy chain obtained by double-capping the corresponding hermaphroditic cyclic
dimer. One of the rotaxane azobenzene derivatives was shown to undergo photochemically-induced
reversible interconversion between its trans- and cis-isomers, causing the cyclodextrin to move back and
forth along the axle, and therefore behave as a molecular shuttle. The methodology is therefore shown
to constitute a general and versatile approach for the construction of supramolecular species as the

basis of photochemical molecular devices.

Introduction

[2]-Rotaxanes are suitable building blocks for the assembly of
supramolecular species, each consisting of a macrocycle threaded
on an axle that is capped or blocked with bulky end groups to
prevent the dissociation of the components.! They are of interest
as building blocks for the construction of nanotechnological
devices. Cyclodextrins (CDs) are well-suited as the macrocycles
for rotaxane synthesis.”® The structures of a- and 3-CD are shown
in Fig. 1. Their hydrophobic interiors and hydrophilic exteriors
promote the formation of inclusion complexes with hydrophobic
guests in aqueous solution. Capping each end of an encapsulated
guest then produces a [2]-rotaxane via what is termed the threading
method.™®

WHL
OH
=100 ONOH
HO \\o
HO o% HO ~YOH bH
Mo
Hof O /
o fon
oHY
HO o\o"'ﬁo n
o
O

HO H HO n =1, a-cyclodextrin («-CD)
n = 2, g-cyclodextrin (3-CD}

Fig. 1 Structures of o- and B-cyclodextrin (left) and their schematic
representation as a truncated cone (right).

A variety of reactions have been utilised in the construction
of CD-based [2]-rotaxanes. These include metal coordination,®**
Suzuki coupling,”*?* amide coupling,*** alkylation®®* and nu-
cleophilic aromatic substitution.”’*® The last of these has most
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often been accomplished using 2.4,6-trinitrobenzenesulfonic acid
as the capping reagent,”** but the product rotaxanes are either
photochemically inert or unstable, which severely compromises
their utility as molecular devices. Here we report a range of
examples of the use of 2-chloro-4,6-dimethoxy-1,3,5-triazine (7)
and 2,4-dichloro-6-methoxy-1,3,5-triazine (13) as complementary
capping reagents for a-CD-based rotaxane synthesis, also through
nucleophilic substitution.

At the outset of this study, Kunitake et al.,*” had already used
the bulky dichlorotriazine 2 to prepare the B-CD rotaxane 3,
which through reaction with aniline 4 afforded the derivative
5 (Scheme 1). The Anderson group® had also employed 2,4,6-
trichloro-1,3,5-triazine to prepare a hexakis(2,3,6-tri-O-methyl)-
a-CD rotaxane, which had been further elaborated through
sequential displacement of the remaining triazinyl chlorines.
However, other chlorotriazines had not been studied, and it was
not clear if the chlorotriazines 7 and 13 would be effective blocking
reagents, reacting selectively with guests complexed by o-CD
rather than either the corresponding free guests, the nucleophilic
hydroxy groups of the CD or the water required to induce guest
complexation, particularly under the basic conditions necessary
to maintain the nucleophilic reactivity of the guest. The Anderson
group explained that they chose to use the termethylated o-CD in
order to prevent coupling between the trichlorotriazine and the
CD.

Results and discussion

In the event such processes did not complicate the synthesis
of rotaxanes using unmodified o-CD. In a typical procedure,
illustrated in Scheme 2, a solution of o-CD and the diamine
6 in 0.2 M carbonate buffer at pH 10 was stirred at room
temperature for 2 h, to allow inclusion complex formation, before
the chlorotriazine 7 was added and the mixture was stirred for a
further 12 h. Product formation was monitored by TLC, which
showed a component with an R; value higher than that of a-CD,
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3 and 5 as reported by Kunitake et al.¥’
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Scheme 2 Synthesis of the rotaxane 8.

and having both the UV absorbance of an aromatic compound
and the characteristic pink colouration of a CD on exposure
to acidic naphthalene-1,3-diol.?*® This material was isolated by
chromatography on a Diaion HP-20 column and identified as the
rotaxane 8, which was obtained in 25% yield.

In a similar manner, the rotaxanes 9a and 10 were prepared in

yields of 31% and 5%, respectively, using the azobenzene 11 and

the diaminostilbene 1 instead of the diamine 6. In the latter case,
triethylamine was used as an alternative to carbonate to control
the pH of the reaction mixture, and the product was isolated using
HPLC.

OMe
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The dichlorotriazine 13 is understood to be generally more
reactive and less selective towards nucleophilic substitution than
the monochloride 7.3** Nevertheless, it reacted with the diaminos-
tilbene 1 and the diaminoazobenzene 12 in the presence of a-CD,
under conditions analogous to those described above, to give the
rotaxanes 14a and 14b, in yields of 20% and 19%, respectively
(Scheme 3). The labile chlorines of the rotaxanes 14a and 14b
provide versatility for further functionalisation, as exemplified in
the earlier reports of Kunitake et al.,’” and the Anderson group.®®
Accordingly, reactions with aniline 15a and 1,3-diaminopropane
15b gave the rotaxanes 16a and 16b, in yields of 33% and 76%,
respectively. Under closely related conditions, the diamine 11
reacted with the dichlorotriazine 13 in the presence of a-CD to
give a 5% yield of the rotaxane 9b, which reacted with allylamine
to give the rotaxane 9¢ in 59% yield.

As the final example of a methoxytriazine-capped rotaxane,
treatment of the hermaphroditic®* stilbenyl-a-CD 17* with the
dichlorotriazine 13 afforded the [¢2]-daisy chain 18 in 13% yield
(Scheme 4). The dimeric nature of this species was established
using mass spectrometry and the symmetry inherent in the cyclic
structure, as distinct from the corresponding linear daisy chain,
was apparent from the simplicity of the 1D 'H NMR spectrum.

The rotaxanes 8, 9a—c, 10, 14a,b, 16a,b and 18 were fully charac-
terised. In each case, *C and 1D "H NMR spectroscopy were used
to confirm the identity of the macrocyclic and axle components,
which were shown by TLC, HPLC and mass spectrometry to
be physically interlocked as a supramolecular entity and unable
to dissociate. The preferred conformations of the rotaxanes in
MeOH-d, and DMSO-d, were determined using DQCOSY and
ROESY 'H NMR spectroscopy. With the rotaxanes 9a—c, 10,
14a.b, 16a,b and 18, NOE interactions in the ROESY spectra show
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Scheme 4 Synthesis of the rotaxane 18.

that the CD is located over the azobenzene or stilbene moiety, as
illustrated in Fig. 2 and 3 for the rotaxanes 9a and 14a, respectively.

One of the objectives of the current work was to estab-
lish chemistry to underpin the development of photochemical
molecular devices. As a preliminary assessment of the utility of
methoxytriaxine-capped rotaxanes in this area, the photochem-
ical behaviour of the azobenzene derivative 9a was examined.
Generally, stilbenes and azobenzenes can undergo reversible inter-
conversion between their frans- and cis-isomers upon irradiation,
and the direction is determined by the wavelength of incident

s C5 ©C3 N

PR AU et Vet
o% N

CD-H4
CD-H2
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RIS i B W — P
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3.9 3.8 3.7 3.6 3.5 ppm

Fig. 2 A section of the 500 MHz 2D ROESY NMR spectrum of
the [2]-rotaxane 9a in MeOH-d, at 25 °C, showing crosspeaks between
azobenzene and cyclodextrin proton signals.

J
MeO
B C G H N)\ ’\<

H{ >\{F\C \ #N)\m
~

Fig. 3 A section of the 500 MHz 2D ROESY NMR spectrum of the
[2]-rotaxane 14a in DMSO-ds at 25 °C, showing crosspeaks between
stilbene and cyclodextrin proton signals.

light.***¢ This has been exploited in the development of CD-based
molecular shuttles.'>3

Irradiation at 350 nm of a dilute aqueous solution of the
rotaxane 9a afforded a 60 : 40 mixture of the starting material and
the cis-isomer 19, at the photostationary state, as determined using
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HPLC and UV-visible spectroscopy. When solutions containing
the cis-rotaxane 19 were irradiated at 420 nm or left standing
under normal laboratory lighting, complete conversion back to
the frans-isomer 9a was observed. A sample enriched in the cis-
rotaxane 19 was isolated through HPLC. Its ROESY spectrum
recorded in MeOH-d, shows no NOE interactions between CD
and azobenzene protons, indicating that the CD moves as a
result of the photoisomerisation. This is consistent with o-CD
less readily accommodating a cis-azobenzene moiety than the
trans-isomer.'>*3% The central methylene protons of the propyl
groups of the rotaxane 19 give rise to resonances at 0 1.84 and
2.06 ppm in the 1D '"H NMR spectrum, which are distinct due to
the asymmetry imposed by the CD. These show NOE interactions
with CD protons, indicating that at various times the CD is
located over each propyl group. If the CD did not move between
these two locations, there would be two distinct compounds with
distinguishable spectra. Therefore, instead, it is logical to assume
that the CD moves from one to the other propyl group, over the
azobenzene moiety, on the NMR time-scale. The operation of the
rotaxane 9a as a photochemical molecular shuttle is therefore as
illustrated in Fig. 4.

OMe

eQ,_ by e C’“’«D i B "

MeO

hv 350 nm H hv420 nm

NH
0 M—NH

Meo—< ‘)—0Me

= o

OMe 19 MeO

Fig.4 Operation of the rotaxane 9a as a photochemical molecular shuttle.

It follows that methoxytriazines are effective blocking groups for
0-CD-based [2]-rotaxanes with alkane-, stilbene- and azobenzene-
based axles. The capping reagents, 2-chloro-4,6-dimethoxy-1,3,5-
triazine (7) and 2,4-dichloro-6-methoxy-1,3,5-triazine (13), both
show the necessary selectivity to react with nucleophilic guests
complexed by 0-CD in aqueous solution, irrespective of whether
the guest is an aliphatic or a less-reactive aromatic diamine. When
the dichlorotriazine 13 is used, the triazinyl chlorines remaining

in the rotaxanes may be displaced through further nucleophilic
aromatic substitution, providing synthetic versatility, and the
methoxytriazine-capped rotaxanes appear to be suitable for the
construction of photochemical molecular devices.

Experimental
General

NMR spectra were recorded on either a Varian Gemini 300
spectrometer or a Varian Inova 500 spectrometer. Chemical
shift (J) values are given in ppm and coupling constants (J)
are given in Hertz. MeOH-d, with an isotopic purity of 99.8%
was purchased from Apollo Scientific Ltd. DMSO-d, with an
isotopic purity of 99.8% and CDCI; with an isotopic purity of
99.8% were purchased from Cambridge Isotope Laboratories
Inc. Electrospray ionisation (ESI) mass spectra were recorded
using either a Micromass-Waters LC-ZMD single quadrupole
liquid chromatograph mass spectrometer or a Bruker Apex 4.7
T FTICR mass spectrometer. Elemental analyses were performed
by the Australian National University Analytical Services Unit
based at the Research School of Chemistry. Melting points were
determined on a Kofler hot-stage melting point apparatus under
a Reichert microscope and are uncorrected. High performance
liquid chromatography (HPLC) was performed using a Waters
600 Controller with a Waters 717 plus Autosampler, a Waters
2996 Photodiode Array Detector running with Empower Pro
Empower 2 software, and a Waters Fraction Collector III. Thin
layer chromatography (TLC) was carried out on alumina backed
plates coated with Merck silica gel F,s,. Developed plates were
visualised using ultraviolet light and/or by dipping the plates
into a solution of 0.1% naphthalene-1,3-diol in 200 : 157 : 43
v/v/v ethanol-water-H,SO,, followed by heating with a heat
gun.®? o-CD was acquired from Nihon Shokuhin Kako Co.,
Japan, in 99.1% purity and was dried over P,Os under reduced
pressure to constant weight before use. Diaion HP-20 resin was
purchased from Supelco, PA. All other starting materials, solvents
and reagents were commercially available.

[V,N'-Bis(4,6-dimethoxy-1,3,5-triazin-2-yl)-1,12-
diaminododecane]-{a-cyclodextrin]-[2]-[rotaxane] (8)

A mixture of a-CD (1.80 g, 1.85 mmol) and the diamine 6 (77 mg,
0.38 mmol) in 0.2 mol dm™ carbonate buffer (pH 10, 25 cm?)
was stirred at room temperature for 2 h, before the triazine 7
(0.27 g, 1.55 mmol) was added and that mixture was stirred at
room temperature for an additional 12 h. The resulting solution
was washed with EtOAc (5 x 25 cm?®) and concentrated under
reduced pressure. The residue dissolved in water (40 cm?) and
the solution was applied to a Diaion HP-20 column (310 x
25 mm). The column was eluted with water (ca. 3.0 dm®) until no
more unreacted a-CD was detected by TLC. A water—-methanol
gradient was then applied to the column and fractions eluting with
30% aqueous methanol were combined and concentrated under
reduced pressure, to give the title compound 8 as a colourless
powder (140 mg, 25%); mp 203-204 °C (dec.); dy (500 MHz,
MeOH-d,)4.98 (6H, d, J 3.5),4.02-3.98 (6H, m), 3.94 (6H, s), 3.92
(6H, s), 3.88-3.86 (12H, m), 3.78-3.74 (6H, m), 3.59-3.51 (12H,
m), 3.42-3.37 (4H, m), 1.71-1.60 (4H, m), 1.57-1.34 (16H, m); J
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(75.5 MHz, MeOH-d,) 172.8,172.2,168.8, 168.5,103.9, 83.3,75.1,
73.7,73.4,61.4,55.5,55.2(3),55.2,55.1,42.1,42.0, 32.4, 32.3, 32.0,
31.9, 31.7, 31.0, 30.6, 30.3, 29.0, 28.2; m/z (ESI, positive) 1451
M + H*); TLC (5: 4 : 3 v/v/v, n-BuOH-EtOH-H,0) R, 0.45
(relative to the solvent front), 1.7 (relative to a-CD); elemental
analysis: found: C, 45.87; H, 6.44; N, 7.11. C5xHyN;O;,-3H,0
requires C, 46.27; H, 6.96; N, 7.44%.

|(E)-N,N’-Bis(3-(4,6-dimethoxy-1,3,5-triazin-2-ylamino)propyl)-
4,4'-azobenzenedicarboxamide]-|a-cyclodextrin]-[2]-
[rotaxane] (9a)

A mixture of a-CD (3.0 g, 3.09 mmol) and the diamine 11 (0.10 g,
0.26 mmol) in 0.2 mol dm~ carbonate buffer (pH 10, 25 cm?)
was stirred at room temperature for 2 h, before the triazine 7
(0.27 g, 1.55 mmol) was added and that mixture was stirred at
room temperature for an additional 12 h. The resulting solution
was washed with EtOAc (5 x 25 cm?®) and concentrated under
reduced pressure. The residue dissolved in water (40 cm®) and
the solution was applied to a Diaion HP-20 column (310 x
25 mm). The column was eluted with water (ca. 3.0 dm?) until no
more unreacted a-CD was detected by TLC. A water-methanol
gradient was then applied to the column and fractions eluting with
40% aqueous methanol were combined and concentrated under
reduced pressure, to give the title compound 9a as an orange
powder (131 mg, 31%); mp 226-228 °C (dec.); dy (500 MHz,
MeOH-d,) 8.54 (2H, d, J 8.5), 8.12 (2H, d, J 8.5), 8.10 (2H, d,
J 8.5), 7.96 (2H, d, J 8.5), 4.88 (6H, br), 3.97-3.92 (12H, m),
3.79-3.77 (6H, m), 3.74-3.70 (12H, m), 3.55-3.49 (20H, m), 3.44—
3.41 (6H, m), 2.02-1.95 (4H, m); d. (75.5 MHz, MeOH-d,) 185.1,
169.4, 169.1, 129.6, 128.8, 125.8, 123.9, 103.7, 82.8, 74.7, 73.5,
73.1, 61.3, 54.8, 39.2, 34.8, 30.0; m/z (ESI, positive) 1633 [(M +
H*), 80], 1655 [(M + Na*), 100]; HPLC # 2.98 min [YMC-PACK
ODS-AQ column (250 x 10 mm), eluting with H,O-MeCN (3 : 1,
v/v), flow rate 3.0 cm® min']; TLC (5:4:3:2v/v/v/v, i-PrOH-
EtOH-H,O-AcOH) R; 0.75 (relative to the solvent front), 1.20
(relative to 0-CD); elemental analysis: found: C, 44.85; H, 6.30; N,
9.10. C4sHysN,,03-8H,0 requires C, 44.59; H, 6.35; N, 9.46%.

[(E)-N,N’-Bis(3-(4-chloro-6-methoxy-1,3,5-triazin-2-
ylamino)propyl)-4,4'-azobenzenedicarboxamide]-[a-cyclodextrin]-
|2]-[rotaxane] (9b)

A mixture of a-CD (3.0 g, 3.09 mmol) and the diamine 11 (0.10 g,
0.26 mmol) in water (25 cm?) adjusted to pH 10 with triethylamine
was stirred at room temperature for 2 h, before the triazine 13
(0.34 g, 1.88 mmol) was added and that mixture was stirred at
room temperature for an additional 12 h. The resulting solution
was washed with EtOAc (5 x 25 cm®) and concentrated under
reduced pressure. The residue dissolved in water (40 cm?®) and the
solution was applied to a Diaion HP-20 column (310 x 25 mm).
The column was eluted with water (ca. 3.0 dm®) until no more
unreacted a-CD was detected by TLC. A water-methanol gradient
was then applied to the column and fractions eluting with 20—
30% aqueous methanol were combined and concentrated under
reduced pressure. HPLC of the residue gave the title compound
9b as an orange powder (20 mg, 5%); mp 252-256 °C (dec.); oy
(500 MHz, DMSO-d;) 8.80 (1H, t, J 4.5), 8.34 (2H, d, J 8.0),
8.07-8.06 (4H, m), 7.93 (2H, d, J 8.0), 7.95-7.90 (1H, m), 7.72

(2H, d, J 8.0), 5.34-5.33 (6H, m), 5.31-5.30 (6H, m), 4.69 (6H,
d, J 3.3), 4.39-4.37 (6H, m), 3.84-3.80 (6H, m), 3.55-3.35 (24H,
m), 3.25-3.24 (6H, m), 3.20-3.18 (14H, m), 1.86-1.79 (4H, m);
Jc (75.5 MHz, MeOH-d,) 172.5, 172.0, 171.9, 171.2, 170.0, 169.1,
168.4,154.9,154.7, 139.2, 138.6, 129.8, 129.1, 126.2, 126.1, 124.2,
103.9, 83.1, 75.0, 73.8, 73.4, 61.7, 55.9, 55.7, 42.1, 39.7, 30.1,
30.0; m/z (ESI, positive) 1642 [(M + H*), 10], 1664 [(M + Na*),
100]; TLC (5 : 4 : 3 : 2 v/v/v/v, i-PrOH-EtOH-H,0-AcOH)
R; 0.75 (relative to the solvent front), 1.30 (relative to a-CD);
HPLC #; 6.5 min [Luna Phenomenex column (250 x 10 mm),
eluting with H,O-MeCN-TFA (70 : 30 : 0.1, v/v/v), flow rate
3.0 cm® min™']; elemental analysis: found: C, 44.44; H, 5.74; N,
9.95. C4,HyC1N(,054.5H,0 requires C, 44.37; H, 5.82; N, 9.70%.

[(E)-N,N’-Bis(3-(4-allylamino-6-methoxy-1,3,5-triazin-2-
ylamino)propyl)-4,4'-azobenzenedicarboxamide]-[a-cyclodextrin]-
[2]-[rotaxane] (9c)

To a solution of the [2]-rotaxane 9b (20 mg, 10 pmol) in anhydrous
DMF (1 c¢m®), allylamine (I cm®) was added, and the mixture
was left stirring for 10 h at room temperature, before it was
added dropwise to acetone (10 cm?). The resultant precipitate was
collected by centrifugation and resuspended in acetone (15 cm?).
The solid was collected, again by centrifugation. HPLC of this
material gave the title compound 9c¢ as an orange powder (12 mg,
59%); mp 270-274 °C (dec.); oy (500 MHz, MeOH-d,) 8.58-8.52
(2H, m), 8.13-8.09 (4H, m), 7.99-7.96 (2H, d, J 8.0), 5.21 (2H, m),
5.09 (4H, m), 4.98 (6H, m), 4.02 (3H, s), 3.93 (3H, s), 3.78-3.70
(20H, m), 3.68-3.56 (16H, m), 3.55-3.50 (6H, m), 3.52-3.50 (6H,
m), 2.16-1.97 (4H, m); . (75.5 MHz, MeOH-d,) 178.3, 172.1,
168.2, 154.9, 136.4, 129.9, 129.1, 124.2, 115.8, 103.9, 83.1, 75.0,
73.8, 73.3, 61.7, 54.3, 44.0, 39.2, 35.4, 30.5; m/z (ESI, positive)
1683 (IM + H*), 100], 1705 [M +Na*), 50]; TLC (5:4 :3:
2 v/v/v/v, i-PrOH-EtOH-H,0-AcOH) R; 0.85 (relative to the
solvent front), 1.15 (relative to a-CD); HPLC #z 9.2 min [Luna
Phenomenex column (250 x 10 mm), eluting with H,O-MeCN-
TFA (85 : 15 : 0.1, v/v/v), flow rate 3.0 cm® min~']; elemental
analysis: found: C, 45.47; H, 6.28; N, 10.53. C;,,H,(,N,,0,,.9H,0
requires C, 45.55; H, 6.55; N, 10.62%.

[(E)-N,N’'-Bis(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4,4'-diaminostilbene]-[a-cyclodextrin]-|2]-[rotaxane] (10)

A mixture of a-CD (0.69 g, 0.71 mmol) and the stilbene 1 (50 mg,
0.24 mmol) in water (80 cm?) adjusted to pH 9 with triethylamine
was stirred at room temperature for 2 h, before the triazine 7
(88 mg, 0.50 mmol) was added and that mixture was stirred at
room temperature for an additional 17 h. The resulting solution
was washed with EtOAc (3 x 50 cm®) and concentrated under
reduced pressure. HPLC of the residue gave the title compound
10 as an colourless powder (17 mg, 5%); mp 264 °C (dec.); oy
(500 MHz, DMSO-d;) 10.23 (1H, s), 9.94 (1H, s), 7.75-7.78 (4H,
m),7.74 (2H, d, J 8.0), 7.22 (2H, d, J 8.0), 6.98 (1H, d, J 16.0), 6.79
(1H, d, J 16.0), 5.42 (6H, s), 5.28 (6H, s), 4.75 (6H, d, J 2.5), 4.41
(6H, apparentt, J 5.5), 3.88-3.98 (12H, m), 3.70 (6H, apparentd, J
9.5), 3.65 (6H, apparent t, J 9.0), 3.59 (6H, m), 3.43 (6H, apparent
t, J 9.0), 3.30 (6H, m), 3.24 (6H, m); d. (125 MHz, DMSO-d,)
173.0-171.8 (br), 165.8, 165.7, 138.0, 137.7, 133.5, 131.4, 131.0,
127.5,127.3,125.8,125.2,120.1,119.7,102.1,81.7,73.2,72.1,71.8,
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61.0, 54.2-55.8 (br); m/z (ESI, positive) 1462 (M + H*); TLC(5:4:
3 v/v/v, n-butanol-ethanol-water) R; 0.55 (relative to the solvent
front), 1.15 (relative to a-CD); HPLC #; 13.6 min [YMC-PACK
ODS-AQ column (250 x 20 mm), eluting with H,O-MeCN (9 :
1, v/v), flow rate 10.0 cm® min~']; elemental analysis: found: C,
43.70; H, 6.13; N, 6.60. C,Hg,N3O5,.10H,O requires C, 43.90; H,
6.39; N, 6.83%.

(E)-N,N’-Bis(3-aminopropyl)-4,4'-azobenzenedicarboxamide (11)

A solution of Boc,O (6.0 g, 28 mmol) in CHCI; (38 cm®) was
added dropwise to a solution of 1,3-diaminopropane (138 cm?) in
CHCI,; (250 cm?®) at 0 °C, then the mixture was allowed to warm
to room temperature and stirred for 2 h, before it was filtered
and the filtrate was concentrated under reduced pressure. The oily
residue was dissolved in EtOAc (125 cm®) and the solution was
washed with brine, dried (MgSO,) and allowed to evaporate over
2 weeks, to form N-(tert-butoxycarbonyl)-1,3-diaminopropane as
a colourless solid (2.4 g, 50%); mp 94-96 °C; J,, (300 MHz, CDCl;)
493 (1H, s), 3.21-3.15 (2H, m), 2.76-2.71 (2H, m), 1.71 (9H, s),
1.63-1.54 (2H, m), 1.41 (2H, m); m/z (ESI, positive) 175 (M + H*).
(E)-4,4-Azobenzenedicarboxylic acid (0.10 g, 0.37 mmol), N-
(tert-butoxycarbonyl)-1,3-diaminopropane (0.15 g, 0.88 mmol)
and BOP (0.39 g, 0.89 mmol) were dissolved in anhydrous DMF
(4 cm®). Triethylamine (0.13 c¢m®) was added and the mixture
was stirred for 12 h at room temperature. The resultant precip-
itate was separated by filtration and recrystallised from ethanol
to yield (E)-N,N’-bis(3-(tert-butoxycarbonylamino)propyl)-4,4'-
azobenzenedicarboxamide as an orange solid (0.20 g, 93%); mp
260-261 °C (dec.); dy (300 MHz, DMSO-d;) 8.66 (2H, t, J 5.7),
8.05(4H,d, J 8.0),7.98 (4H, d, J 8.0), 6.85 (2H, t, J 5.5), 3.30-3.26
(4H, m), 3.01-2.95 (4H, m), 1.66-1.62 (4H, m), 1.37 (18H, s); ¢
(75.5 MHz, DMSO-d,) 165.4, 155.7, 153.2, 137.1, 128.6, 122.6,
77.6,37.8, 37.2,29.6, 28.3; m/z (ESI, positive) 583 [(M + H*) 95],
605 [(M + Na*), 100]; elemental analysis: found: C, 61.51; H, 6.99;
N, 14.23. C;yH,,N(O, requires C, 61.84; H, 7.26; N, 14.42%.
(E)-N,N'-Bis(3-(tert-butoxycarbonylamino)propyl)-4,4'-azo-
benzenedicarboxamide (0.19 g, 0.33 mmol) was dissolved in
4 mol dm— HCl in dioxane (8 cm®) and the solution was stirred for
2 hatroom temperature. The resultant precipitate was separated by
filtration and redissolved in saturated aqueous sodium hydroxide
(75 cm?). That solution was extracted with EtOAc (3 x 50 cm?)
and the combined extracts were dried (MgSO,), and concentrated
under reduced pressure to afford the title compound 11 as an
orange powder (0.12 g, 95%); mp 280-282 °C (dec.); d (300 MHz,
DMSO-d;) 8.97 (2H, t, J 5.5), 8.11 (4H, d, J 8.5), 7.99 (4H, d, J
8.5), 3.38-3.35 (8H, m), 2.88-2.81 (4H, m), 1.90-1.82 (4H, m);
dc (75.5 MHz, DMSO-d,) 165.6, 153.3, 136.8, 128.6, 122.6, 36.8,
36.4, 27.3; m/z (ESI, positive) 383 [(M + H*) 100], 405 [M +
Na*), 15]; elemental analysis: found: C, 52.36; H, 6.28; N, 18.22.
CyHyxNyO,-2HCl requires C, 52.75; H, 6.20; N, 18.45%.

|(E)-N,N’-Bis(4-chloro-6-methoxy-1,3,5-triazin-2-yl)-
4,4’ -diaminostilbene]-[a-cyclodextrin]-[2]-[rotaxane] (14a)

A mixture of a-CD (0.69 g, 0.71 mmol) and the stilbene 1 (50 mg,
0.24 mmol) in water (80 cm?) adjusted to pH 9 with triethylamine
was stirred at room temperature for 2 h, before the triazine 13

(90 mg, 0.50 mmol) was added and that mixture was stirred at
room temperature for an additional 17 h. The resulting solution
was washed with EtOAc (3 x 50 cm?) and concentrated under
reduced pressure. HPLC of the residue gave the title compound
14a as an colourless powder (69 mg, 20%); mp 265 °C (dec.); oy
(500 MHz, DMSO-d,) 10.81 (1H, s), 10.62 (1H, s), 7.80 (2H, d, J
7.5),7.76 2H,d,J 7.5),7.71 2H,d, J 7.5),7.27 (2H, d, J 7.5),7.02
(1H, d, J 16.5), 6.83 (1H, d, J 16.5),4.75 (6H, d, J 2.5), 4.04 (3H,
s), 4.00 (3H, s), 3.56-3.69 (18H, m), 3.43 (6H, apparent t, J 4.0),
3.29 (6H, m), 3.23 (6H, dd, J 3.0, 12.5); m/z (ESI, positive) 1492
(M + Na*); TLC (5: 4 : 3 v/v/v, -BuOH-EtOH-H,0) R; 0.70
(relative to the solvent front), 1.80 (relative to a-CD); HPLC
10.8 min [YMC-PACK ODS-AQ column (250 x 20 mm), eluting
with H,O-MeCN (7 : 1, v/v), flow rate 10.0 cm?® min~']; elemental
analysis: found: C, 42.87; H, 5.69; N, 6.61. CxHC1,N;0;,-9H,0
requires C, 42.68; H, 5.93; N, 6.86%.

[(E)-N,N’-Bis(4-chloro-6-methoxy-1,3,5-triazin-2-yl)-4,4'-
azobenzenedicarboxamide]-|a-cyclodextrin]-[2]-[rotaxane] (14b)

A mixture of o-CD (3.0 g, 3.1 mmol) and the azobenzene 12
(100 mg, 0.47 mmol) in water (25 cm?®) adjusted to pH 10 with
triethylamine was stirred at room temperature for 2 h, before the
triazine 13 (0.34 g, 1.9 mmol) was added and that mixture was
stirred at room temperature for an additional 12 h. The resulting
solution was washed with EtOAc (5 x 25 cm?®) and concentrated
under reduced pressure.

The residue dissolved in water (40 c¢cm®) and the solution
was applied to a Diaion HP-20 column (310 x 25 mm). The
column was eluted with a water-methanol solvent gradient and
fractions eluting with 20-30% aqueous methanol were combined
and concentrated under reduced pressure. HPLC of the residue
gave the title compound 14b as an orange powder (128 mg, 19%);
mp 262-265 °C (dec.); oy (500 MHz, MeOH-d,) 8.46 (2H, d, J
8.5), 8.09 (2H, d, J 8.5), 7.96 (2H, d, J 8.5), 7.80 (2H, d, J 8.5),
4.92 (6H, d, J 3.5), 4.13 (3H, s), 4.10 (3H, s), 3.85-3.70 (18H,
m), 3.60-3.45 (18H, m); dc (75.5 MHz, MeOH-d,) 166.4, 166.2,
149.6, 149.1, 142.2, 126.6, 124.2, 121.7, 103.5, 82.7, 74.9, 73.4,
73.3, 73.2, 72.9, 61.2; m/z (ESI, positive) 1493 (M + Na*); TLC
(5 :4: 3 v/v/v, - BuOH-EtOH-H,0) R; 0.50 (relative to the
solvent front), 4.0 (relative to a-CD); HPLC: #; 21.0 min [Luna
Phenomenex column (250 x 10 mm), eluting with H,O-MeCN
(9 : 1, v/v), flow rate 3.0 cm® min~']; elemental analysis: found: C,
41.75; H, 5.82; N, 8.70. CsxHxCl,N,,05,.7H, 0O requires C, 42.08;
H, 5.68; N, 8.76%.

[(E)-N,N’-Bis(4-phenylamino-6-methoxy-1,3,5-triazin-2-yl)-
4,4'-diaminostilbene]-[a-cyclodextrin]-|2]-[rotaxane] (16a)

A solution of the [2]-rotaxane 14a (30 mg, 20 pmol) in 50% aqueous
acetonitrile (10 cm®) was adjusted to pH 9 with triethylamine,
before aniline (19 mg, 20 pmol) was added and the mixture was
stirred at 50 °C for 3 h. HPLC of the crude product obtained
by concentration of the reaction mixture under reduced pressure
gave the title compound 16a as a colourless powder (11 mg, 33%);
ou (500 MHz; DMSO-dy) 9.81 (1H, ), 9.71 (1H, s), 9.47 (2H, s),
7.83 (4H, d, J 7.5), 7.80-7.75 (6H, m), 7.31 (4H, t, J 7.5), 7.16
(2H, m), 7.00 (2H, t, J 7.5), 6.88 (2H, m), 5.44 (6H, s), 5.31 (6H,
s), 4.77 (6H, d, J 3.0), 4.45 (6H, t, J 5.0), 3.94 (6H, s), 3.70-3.73
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(12H, m), 3.61 (6H, m), 3.47 (6H, apparent t, J 4.0), 3.32 (6H, m),
3.26 (6H, m); o (500 MHz, DMSO-d,) 170.8, 164.9, 128.5, 125.7,
120.1, 102.1, 81.6, 73.2, 72.2, 71.8, 59.2, 54.0; m/z (ESI, positive)
1583.578 (M + H*) (calculated for C,iHyN,(O;, m/z 1583.580);
TLC (5:4:3v/v/v,n-BuOH-EtOH-H,0) R; 0.75 (relative to the
solvent front), 2.1 (relative to a-CD); HPLC #; 18.9 min [YMC-
PACK ODS-AQ column (250 x 20 mm), eluting with H,O-MeCN
(3:1, v/v), flow rate 10.0 cm® min~']; elemental analysis: found:
C,46.74; H, 6.45; N, 7.52. C,(Hy;N,,03,-12H,0 requires C, 46.72;
H, 6.38; N, 7.78%.

|(E)-N,N’-Bis(4-(3-aminopropylamino)-6-methoxy-1,3,5-triazin-
2-yl)-4,4'-azobenzenedicarboxamide]-[a-cyclodextrin]-[2]-
[rotaxane] (16b)

To a solution of the [2]-rotaxane 14b (25 mg, 17 pmol) in anhydrous
DMF (1 cm?), 1,3-diaminopropane (2.8 um?, 40 pmol) was added,
and the mixture was left stirring for 10 h at room temperature,
before it was added dropwise to acetone (10 cm?). The resultant
precipitate was collected by centrifugation and resuspended in
acetone (15 cm?). The solid was collected, again by centrifugation.
HPLC of this material gave the title compound 16b as an orange
powder (20 mg, 76%); mp 282-285 °C (dec.); dy (500 MHz,
MeOH-d,) 8.47 (2H, d, J 8.5), 8.03 (2H, d, J 8.5), 7.94 (2H,
d, J8.5),7.85(2H, d, J 8.5),4.90 (6H, d, J 3.5),4.13 (3H, s), 4.10
(3H, s), 3.81-3.73 (18H, m), 3.55-3.49 (26H, m), 2.07-2.00 (4H,
m); d¢ (75.5 MHz, MeOH-d,) 166.4, 166.2, 126.6, 124.4, 121.9,
121.5, 117.2, 103.9, 83.2, 75.0, 75.9, 73.3, 73.2, 72.9, 61.2, 37.0,
36.0, 28.7; m/z (ESI, positive) 1548 (M + H*); TLC (5:4:3:
2 v/v/v/v, i-PrOH-EtOH-H,O-AcOH) R; 0.45 (relative to the
solvent front), 0.56 (relative to the [2]-rotaxane 14b); HPLC #;
5.2 min [Luna Phenomenex column (250 x 10 mm), eluting with
H,0-MeCN-TFA (85:15:0.1, v/v/v), flow rate 3.0 cm? min~'].

[(E)-6*-0O-(N-(4-chloro-6-methoxy-1,3,5-triazin-2-yl))-
4’-aminostilben-4-yl-[a-cyclodextrin]-|c,]-[daisy chain] (18)

A mixture of the cyclodextrin derivative 17 (52 mg, 46 pmol)
in 0.2 mol dm~ carbonate buffer (pH 10, 3 cm?®) was stirred at
room temperature for 5 h, before the triazine 13 (8 mg, 44 pmol)
was added and that mixture was stirred at room temperature
for an additional 10 h. HPLC of the crude product obtained
by concentration of the reaction mixture under reduced pressure
gave the title compound 18 as a tan powder (14 mg, 12%); mp
266-268 °C (dec.); oy (500 MHz, DMSO-d,) 10.54 (2H, s), 7.94
(4H, d, J 8.0), 7.87 (4H, d, J 8.0), 7.28 (4H, d, J 8.0), 7.04 (2H,
d, J 15.5), 6.90 (2H, d, J 15.5), 6.65 (4H, d, J 8.0), 5.76-5.22
(12H, m), 4.87-3.04 (112H, m); o (125 MHz, DMSO-d,) 171.1,
169.5, 164.3, 157.6, 136.5, 132.3, 128.6, 127.5, 126.7, 126.0, 125.9,
120.3,113.9,102.3, 102.0, 101.8, 101.2, 83.1, 82.0, 81.8, 81.4, 73.6,
73.4,73.3,73.0, 73.0, 72.9, 72.6, 72.4, 72.2, 72.0, 71.9, 71.7, 71.5,
71.4,71.2, 68.9, 66.4, 59.6, 59.3; m/z (ESI, positive) 2658 (M +
K*); TLC (5:4: 3 v/v/v, n-BuOH-EtOH-H,0) R; 0.3 (relative
to the solvent front); HPLC #; 14.9 min [YMC-PACK ODS-AQ
column (250 x 10 mm), eluting with H,O-MeCN (19 : 1, v/v),
flow rate 3.0 cm® min~']; elemental analysis: found: C, 43.51; H,
6.22; N, 3.75. C,03H 46C1, N3O, -20H, O requires C, 43.54; H, 6.29;
N, 3.76%.

[(Z)-N,N’-Bis(3-(4,6-dimethoxy-1,3,5-triazin-2-ylamino)propyl)-
4,4'-azobenzenedicarboxamide]-[a-cyclodextrin]-[2]-[rotaxane] (19)

A solution of the trans-azobenzene-based rotaxane 9a (30 mg, 18
umol) in water (0.6 dm?) in a quartz reaction vessel was irradiated
at 350 nm in a Luzchem photochemical reactor for 0.25 h, before
it was concentrated under reduced pressure to a volume of 3 cm?®.
HPLC of this solution afforded a 65 : 35 mixture of the title
compound 19 and the trans-isomer 9a as an orange powder (12 mg,
40%). The title compound 19 showed: J4 (500 MHz, MeOH-d,)
7.83 (2H, d, J 8.5), 7.75 (2H, d, J 8.5), 6.95 (4H, d, J 8.5), 2.08—
2.07 (2H, m), 1.89-1.87 (2H, m); HPLC # 3.74 min [YMC-PACK
ODS-AQ column (250 x 10 mm), eluting with H,O-MeCN (3: 1,
v/v), flow rate 3.0 cm® min~'].
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A mild and efficient one pot method for the synthesis of indolo[3,2-a[carbazole derivatives by the
para-toluenesulfonic acid catalyzed condensation of indole with acyclic 1,2-diones is described. With
cyclobutene-1,2-diones the reaction afforded indole substituted carbazole derivatives in good yield.

Introduction

The indolocarbazole framework is present in a number of alka-
loids which exhibit potent biological activities.! Inter alia, these
include antitumor, antihistaminic and antimicrobial activities.?
It is also noteworthy that, by virtue of their thermal stability,
intense luminescence and other desirable properties, carbazole
derivatives have been widely used in molecular electronics.® Their
potential applications as organic LEDs,* high performance p-
channel semiconductors and thin film transistors are also worthy
of mention.®

Of the five isomeric forms of indolocarbazoles,' the [3,2-
alcarbazole framework has received the least attention, presum-
ably because of its limited access from natural sources and the
lack of efficient methods for its synthesis. In this context, the
recent one pot synthesis of the related indolo[3,2-b]carbazoles
is noteworthy.® The first report on the natural occurrence of an
indolo[3,2-a]carbazole consists of the isolation of acorinazole by
Bergman et al., from a marine sponge Ancorina species.” In 1951,
Tomlinson reported the first synthesis of indolo[3,2-a]carbazole
by the double Fischer indolization of bis(cyclohexanone)-m-
phenylenedihydrazone.? Subsequently, Hall and Plant reported
another method for the synthesis of indolocarbazole by heating 5-
aminotetrahydrocarbazole with 2-chlorocyclohexanone.’ In spite
of the large amount of work on the synthesis of carbazoles,'
no direct and efficient method for the synthesis of indolo[3,2-
alcarbazole derivatives has been reported. In the context of our
interest in the chemistry of 1,2-diones" we surmised that a con-
densation of these with indole, if successful, would provide a direct
route to the synthesis of indolo[3,2-a]carbazole. Surprisingly, such
a simple protocol has not been reported.
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Results and discussion

Against this background, our studies were initiated by heating
a solution of benzil and N-methylindole in dry toluene under
reflux in the presence of para-toluenesulfonic acid (20 mol%) for
10 h. The reaction mixture, on processing, afforded a product in
74% yield which was characterized as the indolo[3,2-a]carbazole
3 (Scheme 1)

Ph  Ph
o /CH3
@ )k[rph PTSA (20 mol %)
+ Ph
N Tol. reflux, Ar, 10 h
\ o \
4 CHs 2 CHs,

3 (74%)

Scheme 1 Reaction of N-methyl indole with benzil.

The product was characterized on the basis of spectroscopic
data. In the '"H NMR the two methyl protons resonated at
0 4.51 and 3.28 ppm and, in the *C NMR, the signals at &
35.7 and 33.2 ppm correspond to the two methyl carbons. The
high resolution mass spectrum was also in accordance with the
assigned structure. Unambiguous evidence for the structure of
the compound 3 was confirmed by single crystal X-ray analysis
(Fig. D

The reaction was investigated with various Lewis and Brensted
acids and the results are shown in Table 1. It appears that PTSA
is the best catalyst for the condensation reaction.

The reaction appears to be general with the analogs of benzil
and the results are presented in Table 2. Similar reactivity was also
observed in the reaction of indole with 2,3-butanedione 21, but
the product 22 was obtained in low yield.

1 Crystal data for compound 3: C;,H,,N,, M, = 436.53, triclinic, space
group P-1, a = 9.819(3), b = 11.498(3), ¢ = 11.946(3) A, a = 68.553(4),
B = 69.635(4), y = 69.955(4)°, V = 1140.4(5) A°, Z = 2, paca =
1.271 g em™, u = 0.074 mm~', T = 293(2) K, reflections collected =
7966, independent reflections = 3975, R;,, = 0.0295, R1 = 0.0591, wR2 =
0.1389 [I > 20(1)]. CCDC-658189.1 These data can also be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table 1 Condensation reaction of indole and benzil with different
catalysts

Ph Ph
©3 ”W i O
Entry Acids Mol % Product %
1 PTSA 20 mol % 62%
2 AuCl, 1 mol % 58%
3 Cu(OTf); 20 mol % 57%
4 Yb(OTf), 20 mol % 28%
5 SnCl, 20 mol % 29%
6 Sc(OTf), 20 mol % 52%
7 BF,0OEt 20 mol % No reaction

i = catalyst, toluene, reflux, argon, 10 h.

Table 2 Condensation reaction of indole and N-substituted indole with
various benzils

R! 0
m + R3)H‘/R3 —=
N Tol. reflux, Ar
,‘?2 0 10h

Entry R', R? R® Product %
1 R'=R’=H@®) Phenyl (2) 5(62)
2 R'=R*’=H®@4) 3,4-Dichlorophenyl (6) 7(76)
3 R'=R’=H@4) 4-Fluorophenyl (8) 9(57)
4 R'=H,R*=CH; (1) 4-Trifluoromethylphenyl (10) 11 (79)
5 R'=H,R?>=CH; (1) 3,4-Dichlorophenyl (6) 12 (67)
6 R'=HR>=CH,(1) 4-Bromophenyl (I3) 14 (67)
7 R'=H,R?=allyl(15) Phenyl(2) 16 (60)
8  R'=H,R*=cthyl (17) Phenyl (2) 18 (64)
9 R'=Br,R*=H(19) Phenyl (2) 20 (74)

10 R =R*=H@) Methyl (21) 22(12)

Fig. 1 ORTEP digram for the compound 3 (40% probability factor for
the thermal ellipsoids).

Mechanism

A mechanistic rationalization for the reaction is given in Scheme 2.
Indole 1 first reacts with benzil to form the intermediate 23
which loses one molecule of water to form the highly electrophilic
species 24. The latter reacts with another molecule of indole

Scheme 2 Proposed mechanism for the formation of indolocarbazole.

and subsequent cyclization and aromatization affords the product
3. The possibility of the diarylation followed by pinacol-type
rearrangement is excluded since it will lead to the formation of
only indolo[2,3-a]carbazole.

The success of the above reaction prompted us to explore the
indole condensation reaction with cyclobutene-1,2-diones. In the
event of 3,4-dimesitylcyclobutene-1,2-dione 29 reacting with N-
methylindole 1 the carbazole derivative 30 was obtained in 64%
yield (Scheme 3).

HsC.
\ . Ar O PTSA (20 mol %)
N Tol. reflux, Ar, 10 h
\
CH, Ar (6}

29
Ar = Mesityl

30 (64%)

Scheme 3 Reaction of N-methyl indole with cyclobutene-1,2-dione.

The structure of the product 30 was established on the basis of
spectroscopic data. The peak at 3523 cm™! in the IR is diagnostic
of the OH group. In the '"H NMR the OH proton resonated at o
5.29 ppm (exchangeable with D,0) and the two N-methyl protons
resonated at 6 4.27 and 3.64 ppm. In the *C NMR the signals at &
29.8 and 29.4 ppm correspond to the two methyl carbons attached
to nitrogen. The structure of the compound was finally confirmed
by single crystal X-ray analysis (Fig. 2)§

The reaction appears to be general with analogs of cyclobutene-
1,2-diones and the results are presented in Table 3.

& Crystal data for compound 30 : C, H,,CL,N,0, M, = 647.65, triclinic,
space group P-1, a = 8.2446(10), b = 14.3609(17), ¢ = 15.8071(19) A,
a=111.220(2), # =95.001(2), y = 105.513(2)°, V = 1645.5(3) A*, Z =2,
Peatea = 1.307 gem ™, 1 = 0.234 mm~", T = 100(2) K, reflections collected =
10889, independent reflections = 5147, R;,, = 0.0431, R1 =0.1089, wR2 =
0.2814 [I > 2 o(I)], GOF = 1.091. CCDC-659431.1 These data can also
be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 3 Condensation reaction of indole and N-substituted indoles with
various cyclobutene-1,2-diones

Ar. O
\ PTSA (20 mol %)
NoF Tol. reflux, Ar, 10 h

"?1 Ar (¢}
Entry R! Ar Product (%)
1 H4) Phenyl (31) 32 (50)
2 Allyl (15) Mesityl (29) 33(72)
3 Methyl (1) Phenyl (31) 34 (75)
4 Allyl (15) Phenyl (31) 35 (54)
5 Methyl (1) 4-Methylphenyl (36) 37(52)
6 Ethyl (38) 4-Methylphenyl (36) 39 (62)

Fig. 2 ORTEP digram for the compound 30 (30% probability factor for
the thermal ellipsoids, lattice dichloromethane molecule is omitted for
clarity).

Mechanism

A mechanistic rationalization for the reaction is given in Scheme 4.
Presumably, the diarylation of cyclobutene-1,2-dione takes place
to form an intermediate which then undergoes ring opening to
form the ketene, which conceivably undergoes ring closure and
subsequent aromatization to afford the product 30.

Scheme 4 Proposed mechanism for the formation of indolylcarbazole.

Conclusions

In conclusion, we have devised a direct and efficient acid catalyzed
protocol for the annulation of indole with acyclic 1,2-diones and
cyclobutene-1,2-diones, affording indolo[3,2-a]carbazoles and in-
dole substituted carbazole derivatives. The experimental simplicity
and the mild reaction conditions are noteworthy.

Experimental section
General methods

All reactions were carried out in oven-dried glassware under argon
atmosphere. Progress of reaction was monitored by thin layer
chromatography (visualization was effected by exposure to UV
light or iodine), while purification was effected by silica gel column
chromatography. NMR data were collected at room temperature
in CDCIl; or (CD;),SO at an operating frequency of 300 MHz
(75 MHz for *C NMR). IR spectra were recorded on Bomem MB
series FT-IR spectrophotometer. Melting points were recorded
on a Buchi melting point apparatus and are uncorrected. High
resolution mass spectra were recorded under EI/HRMS (at 5000
resolution) using JOEL JMS 600H mass spectrometer.

General experimental procedure for the synthesis of carbazole
derivatives

To a solution of indole derivatives (2.5 equiv.) and 1,2-diones
(1 equiv.) in dry toluene was added 20 mol% of para-
toluenesulfonic acid under an atmosphere of argon. After refluxing
the reaction mixture for 10 h, the solvent was removed in vacuo
and the residue was purified by silica gel column chromatography
(60-120 mesh, hexane—ethyl acetate solvent mixtures) to afford the
product as colorless crystalline solid.

Characterization data of 3

Mp: 240-242 °C. IR (KBr) v, 3049, 1579, 1500, 1479, 1444,
1417, 1386, 1323, 1255 cm™'. 'H NMR (CDCl; + DMSO-d6): 6
8.59(d, 1H, J = 8.0 Hz), 7.46-7.17 (m, 16H), 6.87 (uneven triplet,
1H,J, =79 Hz, J, = 7.1 Hz), 6.48 (d, 1H, J = 7.9 Hz), 4.51 (s,
3H), 3.28 (s, 3H). *C NMR (CDCIl; + DMSO-d6): 6 142.7, 142.1,
140.4, 139.2, 132.6, 130.6, 128.2, 127.5, 126.9, 126.8, 124.9, 124.6,
124.1,122.9, 121.4,121.2, 119.6, 119.4, 115.4, 109.4, 109.1, 107.5,
35.7, 33.2. HRMS (EI): calculated: 436.1939; found: 436.1909.

Characterization data of 5

Mp: 320-322°C. IR (KBr) v, 3452, 3402, 1635, 1610, 1462, 1442,
1371, 1327, 1255, 1153, 1022 cm™'. '"H NMR (CDCl; + DMSO-
d6): 0 10.46 (bs, 1H), 8.65 (bs, 1H), 8.52 (d, 1H, J = 7.5 Hz),
7.60 (d, 1H, J = 8.0 Hz), 7.48-7.23 (m, 14H), 6.88 (m, 1H, J =
7.1 Hz), 6.80 (d, 1H, J = 7.8 Hz). ®C NMR ((CD,),CO): 5 141.4,
141.0, 140.5, 139.3, 138.8, 132.3, 131.6, 129.0, 128.8, 127.7, 127 4,
125.2,124.2,123.1,121.7,120.1, 119.6, 118.7, 115.3. HRMS (EI):
calculated: 408.1625; found: 408.1665.

Characterization data of 12

Mp: 220-221 °C. IR (KBr) v,..: 3053, 2431, 1612, 1548, 1583,
1490, 1469, 1444 cm~'. '"H NMR (CDCl, + DMSO-d6): § 8.56 (d,
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1H, J = 8.1 Hz), 7.51-7.23 (m, 9H), 7.08-6.96 (m, 3H), 6.58 (d,
1H, J = 7.9 Hz), 4.46 (s, 3H), 3.31 (s, 3H). "C NMR (CDCl, +
DMSO-d6): 142.4,139.7, 133.8, 133.7, 132.3, 131.5, 131.4, 131.3,
130.4, 129.7, 129.6, 129.4, 124.9, 124.4, 123.8, 122.8, 120.8, 120.6,
119.9, 119.7, 109.3, 109.2, 35.5, 33.4. LRMS (FAB): calculated:
572.0831; found: 572.2324.

Characterization data of 16

Mp: 224-226 °C. IR (KBr) v,,.: 3080, 2951, 1610, 1589, 1538,
1440, 1400, 1350, 1250 cm™'. '"H NMR (CDCl; + DMSO-d6): ¢
8.44 (d, 1H, J = 7.7 Hz), 7.43-7.16 (m, 15H), 6.86 (uneven triplet,
1H,J, =7.8 Hz, J, = 7.2 Hz), 6.59-6.51 (m, 1H), 6.44 (d, |H, J =
7.8 Hz), 5.62-5.43 (m, 5H), 4.93 (d, 1H), 4.58 (d, 1H), 4.37-4.36
(m, 2H). *C NMR (CDCI; + DMSO-d6): § 142.4, 141.2, 140.1,
138.4,137.3,135.8, 134.5, 133.2, 131.9, 130.4, 127.9, 127.3, 126.9,
124.9, 123.9, 121.2, 119.8, 119.6, 118.5, 115.7, 109.9, 107.5, 49.5,
46.7. HRMS (EI): calculated: 488.2252; found: 488.2252.

Characterization data of 22

Mp: 261-263 °C. IR (KBr) v, 3437, 3412, 3049, 1639, 1498,
1458, 1373, 1250, 1100 cm™'. '"H NMR (CDCl; + DMSO-d6): §
9.95 (bs, 1H), 9.17 (bs, 1H), 8.36 (d, 1H, J = 7.6 Hz), 8.23 (d, 1H,
J=178Hz), 761 (d, 1H,J =79 Hz), 7.54 (d, 1H, J = 7.9 Hz),
7.39-7.20 (m, 4H), 2.96 (s, 3H), 2.62 (s, 3H). *C NMR (DMSO-
d6): 6 139.5,139.3,138.9, 132.1, 128.5, 124.2, 122.1, 121.7, 121.1,
120.7, 119.7, 118.9, 113.9, 111.5, 110.3, 110.1, 104.2, 13.4, 13.2.
HRMS (EI): calculated: 284.1313; found: 284.1367.

Characterization data of 30

Mp: 255-257 °C. IR (KBr) v,,,: 3520, 3053, 2928, 1588, 1532,
1486, 1360, 1210, 1098, 1010 cm™'. "H NMR (CDCl;): 6 7.36-7.25
(m, 5H), 7.13 (uneven triplet, 2H, J, = 8.7 Hz, J, = 8.4 Hz), 6.86
(uneven triplet, 2H, J, = 7.2 Hz, J, = 7.8 Hz), 6.72 (s, 1H), 6.67
(s, 1H), 6.49 (s, 2H), 6.31 (s, 1H), 5.29 (s, 1H), 4.27 (s, 3H), 3.64
(s, 3H), 2.24 (s, 3H), 2.16 (s, 3H), 2.09 (s, 3H), 2.05 (s, 3H), 2.00
(s, 3H), 1.94 (s, 3H). *C NMR (CDCl,): ¢ 139.6, 137.5, 137.4,
137.3, 136.8, 136.3, 134.4, 130.3, 128.9, 128.7, 127.6, 126.7, 125.1,
123.5,123.2, 121.6, 120.9, 118.8, 118.3, 113.8, 109.0, 107.9, 29.8,
29.4,26.9, 21.8, 21.5, 21.1, 20.9, 20.8. LRMS (FAB): calculated:
562.2984; found: 562.78.

Characterization data of 32

IR (thin film) v,,,: 3510, 3419, 3063, 2923, 1590, 1540, 1454, 1316,
1215, 1094, 1012 cm™' '"H NMR (CDCl;): 6 8.39 (bs, 1H), 7.93
(bs, 1H), 7.41-7.14 (m, 1 1H), 6.86-6.70 (m, 9H), 5.29 (bs, 1H). “C
NMR (CDCl): ¢ 140.8, 135.4, 131.6, 130.9, 128.9, 128.5, 128.3,
127.8,126.7, 126.3, 125.4, 125.2, 123.9, 122.9, 121.8, 120.5, 119.7,
119.1, 110.9, 110.5. HRMS (EI): calculated: 450.1732; found:
450.1733.

Characterization data of 33

IR (thin film) v, 3545, 3075, 2925, 1628, 1568, 1550, 1440, 1420,
1390, 1018 cm™'. 'H NMR (CDCL): 3 7.33-7.11 (m, 5H), 6.89—
6.69 (m, SH), 6.53 (s, 1 H), 6.47 (s, I H), 6.32 (m, 1H), 6.14-6.08
(m, 1H), 5.69-5.64 (m, 1H), 5.49-5.42 (m, 1 H), 5.29-5.23 (m, 1H),

5.13-5.05 (m, 2H), 4.90-4.87 (m, 2H), 4.63-4.51 (m, 2H), 4.34
(d, 1H, J = 17.1 Hz), 2.22 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 1.98
(s, 3H), 1.93 (s, 3H), 1.57 (s, 3H). "C NMR (CDCL): § 139.6,
138.4,137.6, 137.5, 137.3, 134.4, 133.1, 130.3, 129.0, 128.8, 127.8,
127.6, 125.1, 123.6, 121.1, 119.0, 118.5, 115.8, 109.3, 47.9, 47.5.
LRMS (FAB): calculated: 614.82; found: 614.94.

Characterization data of 34

Mp: 135-137 °C. IR (KBr) v, 3523, 3051, 2929, 1598, 1541,
1481, 1454, 1436, 1386, 1354 cm™'. '"H NMR (CDCl,): 6 7.38-7.24
(m, 11H), 7.23-6.73 (m, 8H), 6.55 (s, 1H), 5.20 (s, 1H), 4.26 (s,
3H), 3.68 (s, 3H). * C NMR (CDCl,): 6 142.3, 140.9, 132.1, 131.5,
130.8, 129.0, 128.3, 127.4, 126.7, 126.2, 125.3, 125.0, 123.3, 122.9,
121.3, 120.7, 119.1, 118.5, 108.9, 108.1, 32.7, 31.9. HRMS (EI):
calculated: 478.1888; found: 478.1835.

Characterization data of 35

IR (thin film) v,,,: 3515, 3048, 2935, 1620, 1555, 1490, 1389, 1240,
1110, 1019 cm™. '"H NMR (CDCl,): ¢ 7.53-7.08 (m, 11H), 6.84—
6.72 (m, 8H), multiplet centered around 6.13 (s, 1H), 5.74-5.72 (m,
1H), 5.56 (s, 1H), 5.46-5.29 (m, 2H), 5.17-5.12 (m, 2H), 5.00-4.98
(m, 1H), 4.60-4.55 (m, 3H). *C NMR (CDCl,): ¢ 141.5, 139.6,
136.6, 131.1, 130.8, 130.7, 129.8, 128.1, 127.7, 126.5, 126.3, 125.3,
125.1, 123.5, 122.5, 120.1, 120.0, 118.7, 109.8, 108.9, 108.5, 48.4,
47.6. LRMS (FAB): calculated: 530.66; found: 530.89.

Characterization data of 37

Mp: 218-220 °C. IR (KBr) v, 3520, 3053, 2928, 1588, 1532,
1486, 1360, 1210, 1098, 1010 cm~'. '"H NMR (CDCl,): 0 7.27-
7.15 (m, 7H), 6.97-6.92 (m, 3H), 6.66-6.51 (m, 7H), 5.21 (s, 1H),
4.21 (s, 3H), 3.64 (s, 3H), 2.27 (s, 3H), 2.06 (s, 3H). *C NMR
(CDCly): 6 142.3, 138.4, 137.9, 136.8, 136.4, 133.9, 132.9, 131.9,
130.8, 129.9, 129.3, 129.1, 128.1, 124.7, 123.3, 122.9, 121.2, 120.7,
119.1, 118.4, 114.1, 108.9, 32.6, 31.9, 21.2, 21.1. LRMS (FAB):
calculated: 506.64; found: 506.90.
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The electrophilic fluorodesilylation of enantioenriched al-
lenylsilanes proceeds with efficient transfer of chirality. The
silylation—fluorination of propargylic alcohols occurs with
overall retention of stereochemistry, a result consistent with a
stereospecific anti S;2' mechanism for the fluorination step.

Innovative organofluorine chemistry is continuously attracting
interest, owing to the unique properties that the fluorine atom can
impose on a molecule.! In this context, propargylic monofluorides
are important building blocks which can be manipulated in various
ways.? Recently, Grée and Grée have successfully used these
alkynes as dipolarophiles in 1,3-dipolar cycloadditions including
Cu-catalysed azide-alkyne cycloaddition, a reaction commonly
referred to as click chemistry.* Undoubtedly, easy access to enan-
tioenriched propargylic fluorides can only increase the synthetic
value of these underexplored compounds. The deoxyfluorination
of enantioenriched propargylic alcohols reported by Grée et al.
is based on the use of the nucleophilic fluorinating reagent di-
ethylaminosulfur trifluoride (DAST).* This nucleophilic approach
delivered the corresponding propargylic fluorides with moderate
to excellent stereocontrol. For selected substrates, it is necessary
to carry out the reaction at low temperature in order to minimise
erosion of enantiomeric purity upon fluorination of enantioen-
riched propargylic alcohols.* Recently, we reported that racemic
allenylsilanes are conveniently converted into propargylic fluorides
when reacted at room temperature in the presence of 1-chloro-
4-fluoro-1,4-diazonia-bicyclo[2.2.2]octane bis(tetrafluoro-borate)
(Selectfluor), a widely used electrophilic fluorinating reagent.® This
chemistry raised several unanswered questions for the preparation
of enantioenriched propargylic fluorides, such as the efficiency of
transfer of chirality upon fluorodesilylation of optically enriched
allenylsilanes or the sense of stereocontrol for the fluorination step.
Our mechanistic hypothesis for the fluorination step (Sg2' with anti
approach of the fluorinating reagent with respect to the silyl group)
led us to anticipate that both enantiomers of a target propargylic
fluoride may be accessed from a single enantioenriched propargylic
alcohol using either a nucleophilic or electrophilic fluorination
approach. We describe herein the feasibility of this approach
for the synthesis of enantioenriched propargylic fluorides and
compare the value of the electrophilic route with the well-
established nucleophilic variant. This chemistry offers a solution

University of Oxford, Chemistry Research Laboratory, 12 Mansfield Road,
Oxford, UK OX1 3TA. E-mail: veronique.gouverneur@chem.ox.ac.uk,
Fax: +44 (0)1865 275 644

T Electronic supplementary information (ESI) available: Procedures for
the preparation of all racemic and enantioenriched compounds are
provided as well as full characterisation of all new compounds. See DOI:
10.1039/b803888k

to the problem of erosion of ee occasionally observed upon
nucleophilic fluorination and it allows for the preparation of both
(+)- and (—)-propargylic fluorides using (+)-N-methylephedrine
as the unique chiral component. Scheme 1 illustrates how this can
be achieved and shows the connectivity between the nucleophilic
(DAST) and electrophilic (Selectfluor) approaches.

Route A 0 Route B
R——=-wH M Rsi—=—H
Ry™ TH

+)-N-methylephedrine

(
\H \H

R2%<R1 (R4)33i%’<R1
OH | OH

(R4)3Si \ : H

H =
>: — DAST _\R
R, : (Ry)3Si !
| : |
Selectfluor : Selectfluor

Scheme 1  Synthesis of (+)- or (—)-propargylic fluorides.

Enantioenriched allenylsilanes are directly accessible from the
corresponding propargylic alcohols. Out of the various routes
available for the synthesis of enantioenriched propargylic alcohols,
we selected the method developed by Carreira et al. featuring
the addition of an in situ generated alkynylzinc reagent onto an
aldehyde in the presence of (+)-N-methylephedrine.® This route
was attractive as it allows access to both enantiomeric propargylic
fluorides from a common aldehyde and (+)-N-methylephedrine.
This can be achieved by inverting the order of introduction of the
silyl group and the R, substituent when preparing the allenylsilane
(Scheme 1, Routes A and B).

In our previous study, we validated the electrophilic fluorina-
tion of racemic allenyltrimethylsilanes.” These allenylsilanes were
prepared from trimethylsilyl-substituted propargylic alcohols by
conjugated addition of an organocopper reagent.”® For our study
in asymmetric series, it is necessary to prepare allenylsilanes by
silylation of alkyl-substituted propargylic alcohols (Route A). This
chemistry is known to be best performed with dimethylphenylsilyl
lithium, a reagent easier to handle than trimethylsilyl lithium.’
As we did not validate the fluorination of these presumably less
reactive dimethylphenylsilyl-substituted allenes, we investigated
first the feasibility of the silylation—fluorination of non-silylated
propargylic alcohols in racemic series prior to undertaking studies
with enantioenriched derivatives.

This journal is © The Royal Society of Chemistry 2008
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Using chemistry reported by Fleming et al.,® the alkynols
(£)-1a—¢ were converted in good yields into the allenylsilanes
(£)-2a—c upon mesylation followed by conjugate addition of
dimethylphenylsilyl lithium in the presence of copper cyanide and
lithium chloride in tetrahydrofuran (Scheme 2). The fluorination
of (£)-2a—c was successfully performed at room temperature with
Selectfluor in acetonitrile. The isolated yields for (£)-3a and (+)-
3b do not reflect the efficiency of the fluorination process but
the complications arising upon purification of the propargylic
fluorides that were contaminated by dimethylphenylsilyl fluoride,
a non volatile side product of the reaction. In comparison with the
fluorodesilylation of trimethylsilyl allenes, longer reaction times
(up to 24 hours) were necessary to fully convert (4)-2a and
(£)-2b into (£)-3a and (£)-3b respectively. As anticipated, the
electron withdrawing phenyl group of SiMe,Ph reduces the
reactivity of the allenylsilane towards the electrophilic fluorinating
reagent.!® The fluorination of (4)-2¢ is of particular interest as
it showed unambiguously that the electrophilic fluorination is
accompanied by the loss of the trimethylsilyl group rather than the
dimethylphenylsilyl group when these two substituents compete
(Scheme 2).

H (+)-1a Ry = PhCH,CH,, R, = Bu
Rz%‘rR1 (+)-1b Ry = CgHq4, Ry = Bu
OH (+)-1c Ry = PhCH,CH,, R, = SiMe;

1. E3N, MsClI, DCM
2. PhMe,SiLi, CuCN, LiCl, THF, -78°C

PhMe,Si H Selectfluor o Ri
— =
R

R, 1 MeCN E
(£)2a 80% A‘ c (+)-3a 24%
(#)2b  57% LN +\7 2BFs| (+)-3b 47%
(£)-2¢c  54% F (¢)-3¢ Ry = SiMe,Ph  70%

Selectfluor

Scheme 2 Synthesis and fluorodesilylation of (+)-2a—c.

Having validated in racemic series the feasibility of the fluori-
nation of both trimethylsilyl- and dimethylphenylsilyl-substituted
allenes, we investigated next the fluorination of enantioenriched
precursors. We selected the propargylic fluoride (S)-3b and its
enantiomer (R)-3b as our targets. The propargylic alcohols (R)-1b
and (R)-1d were prepared with high enantiomeric excesses (>94%
ee) according to the methodology developed by Carreira et al.
and revised by Rein et al (Scheme 3).%" The conversion of the
enantioenriched alkynols into the corresponding allenylsilanes
(R)-2b and (S)-2d was carried out using the reaction conditions
applied for the preparation of racemic samples and proved to
be uneventful. Difficulty arose when attempting to determine the
enantiomeric purity of the allenylsilanes. All of our attempts to
measure their ee prior to fluorination failed using either chiral
GC or HPLC. We assumed that, in analogy with literature
data,® the conjugated addition of the organolithium proceeded
stereospecifically anti to the mesylate (Scheme 3).

The electrophilic fluorodesilylation of the enantioenriched al-
lenylsilanes (R)-2b and (S)-2d was performed using Selectfluor in
acetonitrile and afforded the corresponding propargylic fluorides
(R)-3b and (S)-3b in 47% and 70% yield respectively (Scheme 4,
eq. 1 and 2). For comparative studies, we also performed the

Zn(OTf),, Et3N, Toluene, 60°C, 20h
+ H — R1
H OH

NMe,

OH

1. EtsN, MsCl, DCM
H R1 2. RyLi, CuCN, LiCl, THF, -78°C S
@.#R A R
2

(RFbR;=Bu  99%, ee = 94%
(R-1d R, = SiMe3 99%, ee = 97%

(R)-2b Ry = Bu, R, = SiMe,Ph 719
(S)-2d Ry = SiMeg, R, = Bu 60%

Scheme 3 Synthesis of allenylsilanes (R)-2b and (S)-2d

dehydroxyfluorination of the propargylic alcohol (R)-1b using
DAST in THF at —78°C. This reaction delivered (S)-3b in
70% yield (Scheme 4, eq. 3). The signs of optical rotation
unambiguously confirmed that opposite enantiomers are formed
for the fluorination of (R)-2b and (S)-2d. In addition, the [a], value
of the propargylic fluoride prepared by nucleophilic fluorination
of (R)-1d had a sign matching with the product resulting from
the electrophilic fluorination of the allenylsilane (S)-2d. These
data allowed us to assign the absolute configurations of all
propargylic fluorides as it has been reported that the DAST-
mediated fluorination of propargylic fluorides occurred with
inversion of configuration (Sy2).%

Bu F

e ':< Selectfluor, MeCN .
SiMe,Ph . eq. 1
m—Zb 24h 47% yield (+)-3b\ B

F
SiMe3
Ry :< Selectfluor, MeCN
BU  on To%ved X eq. 2
(S)y2d 6h  70% yield (->3b Bu
OH F
DAST, -78°C, THF AN
\\ Th 7% vield \ eq. 3
Bu 70% yield (-)-3b Bu
(R}-1b

Scheme 4 Fluorination of (R)-2b, (S)-2d and (R)-1b.

Measurement of the enantiomeric excesses of propargylic
fluorides is notoriously difficult. Standard methods such as use
of chiral HPLC and chiral GC lead to elimination of HF or no
separation of the enantiomers. The only method currently known
for measuring the enantiomeric excess of a propargylic fluoride has
been developed by Courtieu ef al., which involves the use of chiral
liquid crystalline solvents such as poly(y-benzyl L-glutamate)
(PBLG) with chloroform.”> We employed this approach using
BC NMR spectroscopy to assess the enantiomeric purity of each
fluoride via the resulting peak resolution of the two sp carbon
centres (Fig 1; see Supporting Information for detailst). Pleasingly,
the propargylic fluorides resulting from electrophilic fluorination
gave high enantiomeric excesses, suggesting minimal loss of
enantiomeric purity for the synthesis of the allenylsilanes from
the corresponding propargylic alcohol and for the fluorination
step. The direct dehydroxyfluorination using DAST was less
satisfactory and led to significant erosion of enantiomeric excess
(ee =~ 30%). For the propargylic fluoride (—)-3b prepared by
fluorodesilylation of the trimethylsilylallene (S)-2d, we estimate
any second minor enantiomer to be present at less than 2% of

1732 | Org. Biomol. Chem., 2008, 6, 1731-1733

This journal is © The Royal Society of Chemistry 2008





c3 c2
A F
C2
NC3
Bu
|Avee] = 3.5 Hz ()-3b Aved] = 3.6 Hz

T T
89.4 89.2

T T T T
89.0 8838 ppm 758 756

T T T
754 752 ppm

B \

T T T T T T T T T T
806 894 892 890 ppm 760 758 756 754 ppm
id ! t Oﬁ”b\ M

T
89 4 89 2 99.0 sa 8 ppm 75 8 75 6 75 4 75 2  ppm
D \
C (y3  Bu
[Aved = 3.7 Hz lAved = 3.9 Hz
T T T T T |l T T T T
894 892 890 888 ppm 758 756 754 ppm

Fig.1 Regions from ®*CNMR spectra recorded in chiral liquid crystalline
media showing the carbon sp centres; A: racemic sample; B: sample
prepared reacting (S)-2d with Selectfluor ee >96%; C: sample prepared
reacting (R)-2b with Selectfluor ee > 90%; D: sample prepared treating
(R)-1b with DAST ee =~ 30%.

the major, corresponding to an ee >96%. For (+)-3b accessed
from (R)-2b, the slight resonance shoulder leads us to take a
conservative approach to estimating the ee. Whilst we believe this
shoulder arises from residual lineshape distortions rather than the
presence of a second resonance (the magnitude of the separation
Avgg would be 2.8 Hz at most which is significantly below the
>3.5 Hz enantiomeric separations seen in Fig. 1), the intensity
of this minor peak would represent 15% of the major at most, as
judged by peak summation. This leads to a conservative estimate
of the ee as being >75% for (+)-3b. However, since a similar and
significant resonance shoulder appears in the racemic sample, we
believe the ee to be >90%.

The enantiomeric excesses measured by “C NMR and the
assignment of absolute configurations confirmed that the Sg2’
fluorination of the allenylsilanes (R)-2b, (S)-2d occurred with
efficient transfer of chirality and stereospecifically anti with respect
to the silyl. These results suggest that the mechanistic pathway for
the electrophilic fluorination of allenylsilanes is consistent with
other electrophilic substitution reactions (Scheme 5).'*

In summary, we have shown that enantioenriched propargylic
fluorides can be synthesised from enantioenriched allenylsilanes.
The mechanism of fluorination is a highly stereospecific anti Sg2’

Route A o Route B
Bi——=—H J_ Mesi——n
Cy H
\H (+)-N-methylephedrine \H
Bu—— Gy Me;Si— Cy
ee =94% OH ee=97% OH
PhMe,Si Bu ‘ H
—H EAST Y
BU Cy MesSi
| Sn2 \
Selectfluor Selectfluor
anti Sg2' anti Sg2'
. b
Bu%’(CY L~ Bu——{"H
ce > 90% F "F route ee ~30% CY

"F*" route ee > 96%

Scheme 5 Mechanistic pathways for both nucleophilic and electrophilic
fluorinations.

process. The propargylic alcohol (R)-1b could be converted to both
enantiomeric propargylic fluorides 3b using either the nucleophilic
(inversion) or electrophilic (overall retention) approach. The
ee measured for the propargylic fluoride (S)-3b prepared by
nucleophilic fluorination was determined to be ~30%, suggesting
significant loss of enantiomeric purity upon fluorination. This
limitation was corrected by validating route B that led to (S)-
3b with an enantiomeric excess estimated to be superior to
95%. Notably, the electrophilic route allowed access to both
enantiomers using (+)-N-methylephedrine as the unique chiral
non racemic component.
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