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Idioms affect the conceptualization of metaphors and models
in science. The dependence of stereochemistry on molecular
models makes it especially vulnerable to the use of idiomatic
terms. For example, the creation and use of idiomatic termi-
nology, based on the tetrahedral model of van‘t Hoff1, caused
chemists to confuse the concepts of chirality with stereoiso-
merism.. Twenty years ago, the distinction between chirality
and stereogenicity resurfaced and chemists began to discuss this
overlap and its effect on stereochemical terminology.2 The heart
of the matter is that stereogenicity3 specifies the stereoisomeric
properties of a molecular sub-unit (e.g. a tetrahedrally coordi-
nated atom with four different ligands), whereas chirality4 is an
intrinsic geometric feature of the whole molecule, manifesting
itself in the molecule’s properties. The realization that chirality
is rooted in symmetry, whereas stereogenicity stems from defini-
tions of bonding, makes jargon such as “chiral center”, “chiral
axis”, and “planar chirality” obsolete. Nonetheless, these and
related contradictions persist, defended as colloquial idioms,
even though they misrepresent the stereochemical concepts they
are supposed to simplify.


Resistance to modification of jargon is anticipated, however,
there are major disadvantages in retaining illogical expressions,
which function by tenuous consensus rather than conceptual
foundation. At best “newcomers” are led astray and experienced
practitioners waste time pursuing polemics.6 For example, the id-
ioms mentioned above obscure the distinction between chirality
and stereogenicity and their use occurs at the expense of perfectly
reasonable and accepted chemical terminology. They contradict
the explicit intent of stating the chirality/stereogenicity distinc-
tion, which was to dispel a conceptual confusion about the
origin of certain stereochemical phenomena and to reduce the
proliferation of jargon.5


Rather than seeing the retirement of the chiral elements,
the tremendous growth of interest in stereoselective synthesis
has led to a proliferation of modern idioms such as “transfer
of chirality”, “self-replication of chirality”, “chiral discrimi-
nation”, and “amplification of chirality”. This proliferation of
terms motivates a general discussion of the use of idioms and
metaphors in stereochemistry, followed by a specific analysis of
“memory of chirality” (MoC).


An idiom according to Webster’s7 is 1a: the language peculiar
to a people or to a district, community, or class (DIALECT),
b: the syntactical, grammatical, or structural form peculiar to a
language; or 2: an expression in the usage of a language that is
peculiar to itself either grammatically (as synthon) or in having
a meaning that cannot be derived from the conjoined meanings
of its elements (as aromaticity, which has nothing to do with
fragrance). The same source construes metaphor to mean 1: a
figure of speech in which a word or phrase literally denoting
one kind of object or idea is used in place of another to suggest
a likeness or analogy between them (as in synthetic arsenal);
broadly: figurative language, 2: an object, activity, or idea treated
as a metaphor (an analogy or model, per se)


These definitions show that there is a direct connection be-
tween the coinage of idioms and the development of metaphors.


In the development of a metaphor, great value is placed on the
ability to convey features of an empirical phenomenon either by
direct mapping of properties or by absurd contrast. For example,
“ball and spring” could serve as a metaphor for the chemical
bond, alluding to its oscillatory nature about an equilibrium
point. This metaphor works so well that the field of molecular
mechanics was built upon it and every student entering the area
is aided by the simple model, despite the need ultimately to
learn its limitations. In the other case, i.e. an absurd contrast
or oxymoron, the metaphor is so blatantly unrealistic that the
reader is immediately directed to change perspective, and from
there, gain a better understanding of the empirical phenomenon.
For example, “the alkene refuses to isomerize” would at first
imply a strength of will in the alkene, but in retrospect reflects
an inability of the chemist.


When idioms are used to create a metaphor, the level of
sophistication rises. The student or practitioner must add a new
filter in order to understand and use the model properly. If the
idiom is a collection of colloquial terms without any obvious
possible direct meaning, as with aromatic, then the filter is
simply to remember the dialectical definition and apply it to the
metaphor. This is more complicated when the idiom is itself an
oxymoron and the metaphor is a comparison by contradiction.
Not only must the definition of the term be retained, but it must
be recognized that the term actually means the opposite of what
one might think, so this particular metaphor is a contradiction
and should revert to its original meaning after two flip-flop
translations, for example a pseudo-chiral center.


We are all familiar with the game of telephone wherein
multiple transfers of the same message leads to gibberish. A
common joke uses the translation of “the spirit is willing
but the flesh is weak” from English to Russian and back to
English, and concludes that “the meat is rotten, but the vodka
is good”. In a similar manner, the construction of scientific
models from metaphors risks leading to misunderstandings due
to misconstruing the metaphor.


There are other costs of such misuse of metaphors besides
mistakes and misinterpretation. For example, the exclusion of
non-specialists, even highly trained practitioners in a related
field, could be a particular problem for interdisciplinary re-
search, greatly reducing the benefits of sharing expertise. We
must also be mindful that these costs have a devastating impact
on teaching, where clear terminology and logical metaphors are
of paramount importance. For instance, a student presented
with the idiom, planar chirality, does not obtain the simplifying
benefit of the “ball and spring” type metaphor, and yet, the
absurdity of the oxymoron does not induce any enlightening
change in perspective either. Indeed, the benefit of memorizing
this jargon is limited to acceptance into a clique of chemists.


Let’s look specifically at evidence of this confusion arising
from the phrase “memory of chirality” (MoC).8, 9 At the outset,
MoC was a simple idiomatic phrase for a process in which
conformational bias toward a chiral intermediate controlled
the stereoselective outcome of a synthetic transformation (in
particular, the base mediated alkylation of the a-carbon ofD
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a chiral ketone).8, 9 By using chirality to mean configuration,
and memory in the sense of not forgotten, MoC describes a
clever synthetic tactic, but neither embodies nor presumes any
profound phenomenological underpinnings.


It is unfortunate that the quaint phrase MoC, coined by
Fuji,8b has taken on connotations, which are illogical termi-
nologically, through the insistence of building a metaphor on
a stereochemical misconception of MoC (i.e. that chirality is
somehow lost and remembered during the transformation).
Furthermore, MoC has been extended in scope and is now
associated with the stereoselective assembly of, and exchange
among, supermolecular adducts.10, 11


In extending the MoC metaphor, the true message is ob-
fuscated, creating an illusion of something more fantastic or
paradoxical than what one finds by simple stereochemical
analysis. This point is highlighted by a recent review8a on MoC
which states that “MoC has attracted attention in part because
it appears to do the impossible: how can the memory of a sole
chiral center of a substrate be retained in a process that destroys
that center?” Indeed, it is the misrepresentation of the term
“chiral center” that brings this into question at all.


It is poor didactic procedure to use a term one knows
is a contradiction in terms to establish a paradox based
on this term. The closest analogy to this in logic is the
argumentum ad absurdum in which one assumes an undesired
postulate and shows that it leads to an absurdity and thereby
invalidates the original hypothesis. The proponents of mixed
chiralty/stereoisomeric terminologies have taken all of the
logical steps except recognizing that the absurdities they have
generated are proof to the contrary of their claims. In contrast,
when confronted with compelling logic, they dig in their heels
and insist that such terms be retained.


Evidently, in some schools misinstruction of stereochemical
basics is used to support the utility of poor terminology. In the
review cited above it is further claimed8a: “beginning students
of organic chemistry learn that if an enantiopure sp3 hybridized
stereogenic center is trigonalized, any chiral products resulting
from that intermediate will be racemic.” If such blatantly wrong
teaching is truly general, we have a more fundamental problem
on our hands, but it shows the powerful connection between
(mis)conception and the rise of jargon.


Let’s look carefully at a couple of examples of the extended use
of MoC. In the first case (Scheme 1), an enantiomerically pure
carbonyl compound possessing an a-stereogenic center is treated
with a base to induce enolate formation. Upon reaction with an
electrophile, a new a-stereogenic center is formed with some
degree of stereoselectivity, measured in terms of enantiomeric
excess (ee). The fact that an enantiomerically enriched product
is obtained by this transformation is ascribed to the ability of
the substrate to “memorize” its original chirality throughout
the process, even though it presumably becomes “achiral” upon
enolization.


Scheme 1


Obviously, the paradox here is explained by the fact that the
enolate remains chiral and does not undergo complete racem-
ization under the reaction conditions,12 otherwise a racemic
product would have been obtained.13 Stereogenicity at the a-
stereogenic center is lost upon enolate formation, but the chirality
of the whole molecule is maintained. In most of the cases
examined,9 the mechanism by which an enantiomeric imbalance
is preserved involves hindered rotation around a single bond, and
this imbalance manifests itself in the stereoselective course of the
reaction. Thus, far from being “lost but memorized”, chirality
persists throughout the reaction. In other words, the problem
lies with a conceptual confusion on the part of the scientists,
rather than a paradox in the physical phenomena.14


In the second case (Scheme 2), an enantiomerically pure
additive interacts in a non-covalent fashion with an achiral
molecule or a racemate to form a supramolecular assembly.
As a consequence of the interaction, the assembly adopts an
imbalanced mixture of two chiral diastereoisomers.15 When the
additive is replaced by an achiral counterpart, an imbalanced
mixture of two enantiomers of the new adduct is obtained.
The last transformation is said to occur with MoC, as if the
stereochemical information present in the diastereoisomers had
been lost upon removal of the chiral additive, but memorized and
retrieved to stereocontrol during the final step of the process.


Scheme 2 An example of “memory of chirality” in supermolecular
chemistry.


Although the supramolecular adduct loses the stereogenic
element of the enantiopure additive upon its replacement, the
chirality of the remaining entity is maintained throughout the
sequence. It must be noted that this process does not differ
from any stereoselective transformations carried out using a
“chiral auxiliary”, that is an enantiopure moiety introduced on
the substrate to exert stereochemical control of a subsequent
transformation, and then removed to release an enantiomer-
ically enriched product. The desire to use MoC comes from
a misconception of how the mechanism by which chirality
is retained in a structure takes place and illustrates the way
chemists have inappropriately dissected molecules into chiral
and achiral parts.


Another example in which the pervasive nature of chirality
in a molecule is disregarded is provided by an article suggesting
that “chiral events can be regulated by achiral species”.16 In this
paper, an enantiopure molecule containing two binding sites
for different cations (a crown ether and two bipyridine units
binding Na+ and Cu+, respectively) is complexed first with Cu+


only and then with Na+ and Cu+, sequentially. It was discovered
that the ratio between two equilibrating diastereoisomeric Cu+


complexes changes when the complexation with Na+ occurs.
Because the authors regard the Na+ cation as achiral, it is
concluded that “achiral Na+ acts as a mediator of chiral
information”, overlooking the fact that, once complexed with
the chiral host, Na+ is as chiral as any other part of the binding
molecule. The folly here comes from neglect of the fact that the
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complexes with and without Na+ are simply different species
and therefore should behave differently, independent of the
chiral/achiral nature of any additive.


The present analysis of MoC is meant to encourage us
not to let the metaphors of stereochemistry become more
important than the molecules and chemical principles we strive
to teach. Although the use of metaphors is important for the
conceptualization of science, the extended use of the metaphors
like "MoC" is not advisable. We all feel pressure to distinguish
our work in catchy and interesting ways, however, this goal
should not be pursued at the expense of logical discourse in
science.
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An enantioselective synthesis of rhizoxin D (2), isolated from the plant pathogenic fungus Rhizopus chinensis, is
described. The overall strategy is based on elaboration of the d-lactone-substituted vinyl stannane 7 and the
phosphonate-substituted vinyl iodide 9, followed by their coupling to the core 16-membered macrolide 6 via a
sequential intermolecular Horner–Wadsworth–Emmons olefination, leading to 50, and by an intramolecular Stille
reaction. The triene oxazole-containing side chain in rhizoxin D is then introduced using the phosphine oxide 8 in an
E-selective Horner–Wittig reaction with the macrolide aldehyde 51b.


Introduction
Rhizoxin 1 and rhizoxin D (2), together with a number of con-
geners, e.g. 3, 4 and 5, comprise a family of novel 16-membered
macrolides which were first isolated in 1984 from the plant
pathogenic fungus Rhizopus chinensis.1,2 Rhizoxin 1 exhibits pro-
nounced antifungal activity and potent in vitro cytotoxicity and
in vivo antitumour activity.3 Indeed, rhizoxin has now undergone
extensive clinical trials as a potential drug candidate for treat-
ment of a number of cancers.4 Its mechanism of action is similar
to other tubulin polymerisation inhibitors such as maytansine,
vinblastine, vincristine, podophyllotoxin and colchicine.5


The structure of rhizoxin 1 is unprecedented, and is based on
a 16-membered macrolide core which accommodates nine stere-
ogenic centres and two epoxides. Two of these stereogenic centres
form part of a ring-fused d-lactone and the structure includes
a triene oxazole-containing side chain having two additional
stereogenic centres. Rhizoxin D (2), i.e. didesepoxyrhizoxin,
is the putative biogenetic precursor of 1.6 The rhizoxins have
attracted considerable interest within the synthetic chemistry
community and a total synthesis of rhizoxin 1,7 together
with eight total syntheses of rhizoxin D (2)8,9 have now been
published.10 Our own enantioselestive total synthesis of rhizoxin
D was published in a preliminary communication in 2002.9 In
this paper we provide full details of our novel synthesis, and in


the context of contemporaneous studies with rhizoxins by other
researchers.


Discussion
Although a variety of tactics are available, any synthesis of
rhizoxin D (2) has needed to address procedures for, and the
timing of, elaboration of the macrolide core, and the introduc-
tion of the triene oxazole-containing side chain in the structure.
These issues are apart from the general problem of incorporating
the eleven stereogenic centres in the various sub-units used in
any assemblage of the natural product. In seven of the eight
total syntheses of rhizoxin D, the macrolide core has been
elaborated, often at a late stage, using an intramolecular Horner–
Wadsworth–Emmons (HWE) olefination reaction at C2–C3.
Our own synthesis is distinguished by using an intramolecular
Stille reaction at C10–C11 to close the macrolide, also as a
late step in the overall synthesis (Scheme 1). In the syntheses
described by Leahy8c and Keck,8d and their respective co-
workers, the intramolecular HWE olefination at C2–C3 was
carried out with the triene oxazole-containing side chain intact.
In all other syntheses of rhizoxin D 8 the side chain was
incorporated following macrocyclisation using combinations
of intermolecular Stille, Horner–Wittig and HWE coupling
reactions. Most of these strategies towards the total synthesis


D
O
I:


10
.1


03
9/


b
50


75
70


j


4 4 1 2 O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 4 4 1 2 – 4 4 3 1 T h i s j o u r n a l i s © T h e R o y a l S o c i e t y o f C h e m i s t r y 2 0 0 5







Scheme 1 Overall strategy for the synthesis of rhizoxin D.


of rhizoxin D, including routes to key chiral sub-units, have
been collected together in a useful review published recently by
Hong and White.11


Our own overall synthetic strategy to rhizoxin D (2) was based
on elaboration of the d-lactone-substituted vinyl stannane 7 and
the phosphonate-substituted vinyl iodide 9 sub-units, and their
coupling to the core 16-membered macrolide via a sequential
intermolecular HWE olefination followed by an intramolecular
Stille reaction12,13 as key steps, leading to 6. The triene oxazole-
containing side chain in the target would then be introduced,
as a late step, using the phosphine oxide 8 14 in an E-selective
Horner–Wittig reaction (Scheme 1).


Synthesis of the phosphonate-substituted vinyl iodide 9


The key strategy we used in the synthesis of the sub-unit 9
was a diastereoselective Mukaiyama aldol reaction between
the aldehyde 13 and the silyl enol ether 17. Thus, an Evans
aldol reaction15 between (R)-4-benzyl-3-propionyloxazolidin-2-
one and the known a,b-unsaturated aldehyde 10 16 first gave the
corresponding imide 11a as a single diastereoisomer in 87% yield
(Scheme 2). The imide 11a was then converted into the aldehyde


13 in three straightforward steps via the methyl ether 11b and
the primary alcohol 12. Correspondingly, the silyl enol ether
17 was smoothly synthesised in three steps from (E)-3-iodo-2-
methylpropenoic acid 14 17 following conversion to the Weinreb
amide 15, which was next treated with MeMgBr to provide
the methyl ketone 16. Deprotonation of 16 using LiHMDS
at −78 ◦C, followed by quenching the resulting enolate with
TMSCl then gave the silyl enol ether 17 as an unstable oil.
Based on some precedent from the work of Evans et al.18 we
first carried out the Mukaiyama aldol reaction between 13 and
17 in the presence of BF3OEt2 at −78 ◦C. These conditions
gave predominantly one diastereoisomer (76% de) in 82% yield.
Unfortunately, subsequent assignment of the stereochemistry
of the secondary alcohol centre (at C-15) in the product (vide
infra) showed that the BF3OEt2-catalysed reaction had given the
diastereoisomer 18a predominantly, with the undesired (Felkin)
selectively. After further experimentation we prepared the p-
methoxybenzyl (PMB) ether 18b corresponding to the methyl
ether 18a. When this ether was treated with DDQ in DCM
at room temperature it was converted into the p-methoxyphenyl
(PMP) acetal 20 in quantitative yield. NOe experiments with the
PMP acetal 20 showed enhancements between all the protons


Scheme 2 Reagents and conditions: (i) (R)-4-benzyl-3-propionyloxazolidin-2-one, Bu2BOTf, Et3N, DCM, −78 ◦C → rt, 3 h, 87%; (ii) MeOTf,
2,6-di-tert-butyl-4-methylpyridine (DTBMP), CHCl3, reflux, 6 h, 89%; (iii) LiBH4, MeOH, Et2O, 0 ◦C, 2 h, 79%; (iv) Dess–Martin, DCM, rt, 30 min,
99%; (v) NHMeOMe·HCl, iPr2EtN, pentafluorophenyl diphenylphosphinate (FDPP), DCM, 0 ◦C → rt, 18 h, 74%; (vi) MeMgBr, THF, 0 ◦C, 2 h,
77%; (vii) LiHMDS, THF, −78 ◦C, 1 h, then Et3N, TMSCl, −78 ◦C → rt, 2 h, 100%.
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(H1–H4) on the lower face of the acetal ring, thereby establishing
the ‘undesired’ (b-OH) stereochemistry at C-15 in the BF3OEt2-
catalysed Mukaiyama aldol reaction between 13 and 17.


More recent studies by Evans et al.19 demonstrated the rather
exceptional chelating ability of the Lewis acid dimethylalu-
minium chloride in Mukaiyama aldol reactions. We were pleased
to find therefore that when these Evans conditions were applied
to the aldehyde 13 and the silyl enol ether 17, the diastereoiso-
meric aldol 19 with the ‘correct’ stereochemistry for rhizoxin
was secured in 43% yield (85% based on recovered aldehyde
13) and with �92% de. The stereochemical assignment of 19
followed from comparison of its NMR spectroscopic data with
those of the minor diastereoisomer formed in the corresponding
Mukaiyama aldol reaction between 13 and 17 in the presence of
BF3OEt2. Furthermore, reduction of the aldol product 19, using
tetramethylammonium triacetoxyborohydride gave the anti-1,3-
diol (21a, 83%) as a single diastereoisomer (Scheme 3), whose
acetonide 22 had appropriate signals in its 13C NMR spectrum
(dC 100.8, 24.8 and 24.2 ppm) consistent with the assigned (anti-)
stereochemistry.20 Protection of the C13–OH group in 21a as its
tert-butyldimethylsiloxy (TBS) ether 21b, followed by acylation
of the C15–OH group using diethylphosphonoacetic acid finally
gave the phosphonate-substituted vinyl iodide sub-unit 9.


Synthesis of the vinyl stannane sub-unit 7


A number of complementary synthetic approaches were
investigated to synthesise the chiral d-lactone-substituted
vinyl stannane 7. In a simple, yet interesting, approach we
first prepared the allyl vinyl ether 24 from the known a,b-
unsaturated ester 23a 21 via the corresponding primary alcohol
23b. A Claisen rearrangement with 24 then delivered the
racemic c,d-unsaturated aldehyde 25 in 97% yield (Scheme 4).
The introduction of the 1,3-syn arrangement of chiral centres
across the d-lactone unit in 7 was achieved by an Evans
aldol reaction between 25 and (4S,5R)-4-methyl-5-phenyl-3-
propionyloxazolidin-2-one which gave a 1 : 1 mixture of the
diastereoisomeric imides, 26 and 27, in a combined yield of


Scheme 3 Reagents and conditions: (i) (Me4N)BH(OAc)3,
MeCN–AcOH (2 : 1), −30 ◦C, 18 h, 83%; (ii) TBSOTf, 2,4,6-collidine,
THF, −78 ◦C, 15 min, 68%; (iii) diethylphosphonoacetic acid, DCC,
DMAP, DCM, rt, 2 h, 89%; (iv) p-TSA·H2O, 2,2-dimethoxypropane,
rt, 5 h, 89%.


Scheme 4 Reagents and conditions: (i) DIBAL-H, THF, −78 ◦C,
1 h, 93%; (ii) EtOCH=CH2, Hg(O2CCF3)2, rt, 8 h, 78%; (iii) 170 ◦C,
sealed tube, 36 h, 97%; (iv) Bu2BOTf, Et3N, (4S,5R)-4-methyl-5-
phenyl-3-propionyloxazolidin-2-one, CH2Cl2, −78 → 0 ◦C, 2 h, 79%.


79%. The diastereoisomers were separated by chromatography
and their stereochemistries were established from analysis of
NMR data recorded for the corresponding d-lactones 30 and
33 produced from them (Scheme 5). Thus, removal of the chiral
auxiliaries in the separated imides 26 and 27, using lithium boro-
hydride, first gave the corresponding alcohols 28/31 which were
next converted into their respective PMB ethers 29a and 32a in a
selective manner using p-methoxybenzyl trichloroacetimidate in
the presence of camphorsulfonic acid (CSA) at 0 ◦C.22 Removal
of the triphenylsilyl (TPS) protection groups, followed by
oxidation of the resulting 1,5-diols 29b/32b using tetrapropy-
lammonium perruthenate (TPAP), then gave the corresponding
diatereoisomeric d-lactones 30 and 33 respectively.


Examination of coupling constant data between H2 and H3


in the 1H NMR spectrum of the d-lactone 30 produced from the
diastereoisomer 26, i.e. J = 11 and 6 Hz, were consistent with
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Scheme 5 Reagents and conditions: (i) LiBH4, MeOH, Et2O, 0 ◦C, ca. 70%; (ii) PMBO(N=H)CCl3, CSA, CH2Cl2, −20 → 0 ◦C, ca. 60%; (iii) TBAF,
THF, ca. 83%; (iv) TPAP, NMO, CH2Cl2, 0 ◦C, ca. 65%.


an axial–axial interaction and an axial–equatorial interaction
respectively. Likewise, corresponding coupling constant data,
i.e. J = 6 and 7 Hz, recorded for the d-lactone 33 produced
from the diastereoisomer 27 were consistent with an equatorial–
equatorial and axial–equatorial interaction respectively. These
data are captured on Fig. 1 for the two d-lactones 30 and 33, and
demonstrated that the diastereoisomeric 1,3-diol 29b derived
from the imide 26 had the ‘correct’ stereochemistry for rhizoxin.


Fig. 1 1H NMR coupling data between H2 and H3 in the d-lactones 30
and 33.


We were now in a position to study the conversions of the
diastereoisomeric compounds 29/32 and 30/33 into the key
vinyl stannane intermediate 7 en route to rhizoxin D. Much to
our initial frustration, our attempts to functionalise the alkene
bond in the 1,3-diequatorial lactone 30 by either hydroboration–
oxidation, by radical addition of sulfide, or by direct oxidative


cleavage met with failure. Instead, therefore, we carried out a
hydroboration–oxidation sequence on the alkene 32a derived
from the imide 27 which proved trouble-free and led to the 1,5-
diol 34 in 91% yield. Oxidation of 34, using silver carbonate
on Celite next gave the d-lactone 35 which, in two high yielding
steps was then converted into the corresponding aldehyde 36
(Scheme 6). The aldehyde 36 was now treated with dimethyl
diazomethylphosphonate, i.e. Seyferth’s reagent,23 which led
to the terminal acetylene 37 in quantitative yield. Treatment
of the acetylene 37 with NBS and AgNO3 then gave the
corresponding bromoacetylene which, on further treatment with
catalytic Pd2dba3/PPh3 followed by Bu3SnH, produced the (E)-
vinyl stannane 38. The E-configuration assigned to the vinyl
stannane 38 24 followed from the magnitude of the vicinal
coupling, i.e. J = 19 Hz, between the olefinic protons in its
1H NMR spectrum. A small amount of the corresponding Z-
isomer of 38 (<5%) was produced concurrently and was removed
by chromatography. Finally, deprotection of the TPS group in
38 led to the corresponding alcohol which underwent smooth
oxidation in the presence of Dess–Martin periodinane to give the
aldehyde-substituted vinyl stannane 7 in readiness for coupling
to the phosphonate-substituted vinyl iodide 9.


Interestingly, the diastereoisomeric imide 26 derived from the
Evans aldol reaction with 25, could also be used to synthesise
the same 1,5-diol intermediate 34, thereby allowing recycling of
this easily available precursor. Thus, following the conversion
of 26 into the PMB ether 29a, interchange of the TPS silyl


Scheme 6 Reagents and conditions: (i) 9-BBN-H, 0 ◦C → rt, 12 h; (ii) Ag2CO3/Celite, PhH, reflux, 3 h, 91%; (iii) DDQ, CH2Cl2, rt, 2 h, 100%;
(iv) Dess–Martin, CH2Cl2, rt, 1 h, 84%; (v) (MeO)2(O)PCHN2, KOtBu, THF, −78 ◦C, 2 h, 100%; (vi) NBS, AgNO3, acetone, 1 h, then Pd2dba3/PPh3,
Bu3SnH, THF, rt, 3 h, 70%; (vii) TBAF, TsOH, THF, rt, 3 h, 70%; (viii) Dess–Martin, Py, CH2Cl2, rt, 1 h, 70%.
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ether protecting group for the corresponding TBS ether gave the
alkene 39 (Scheme 7). Hydroboration of 39 next gave the 1,5-
diol 40 which was then protected as the TPS ether 41. Finally,
selective deprotection of the TBS ether in 41, using pyridinium
p-toluenesulfonate (PPTS) in EtOH at 60 ◦C gave the 1,5-diol 34
whose spectroscopic data were identical with those obtained for
the same compound prepared from the opposite diastereoisomer
27.


Scheme 7 Reagents and conditions: (i) TBAF, THF, rt, 2 h, 99%;
(ii) TBSCl, Imidazole, CH2Cl2, rt, 2 h, 82%; (iii) 9-BBN-H, 0 ◦C →
rt, 12 h, then NaOH, H2O2, 0 ◦C, 4 h, 95%; (iv) TDPSCl, Imidazole,
CH2Cl2, rt, 2 h, 96%; (v) PPTS, EtOH, 60 ◦C, 2 h, 72%.


In an alternative approach to the vinyl stannane sub-unit 7,
which we found more amenable to producing large quantities
of this key intermediate, the cyclopentene aldehyde 42 was first
subjected to an Evans aldol reaction15 with (S)-4-benzyl-3-
propionyloxazolidin-2-one which led to the imide 43 as a single
diastereoisomer in 77% yield. Transamidation of the imide using
N,O-dimethylhydroxylamine in the presence of Me3Al next gave


the Weinreb amide 44a which was then protected as its TBS ether
44b (Scheme 8). Reduction of the amide 44b, using DIBAL-H at
−78 ◦C, followed by homologation of the resulting aldehyde 45
using the Seyferth reagent gave the alkyne 46 in excellent overall
yield. The alkyne 46a was next deprotected to 46b, which was
then converted into the bromoalkyne 47, following sequential
bromination, using NBS and silver nitrate, and vicinal
dihydroxylation using catalytic OsO4–NMO. In this manner the
triol 47 was obtained as a 7 : 1 mixture of syn-diols in 76% overall
yield. Hydrostannylation of 47 next led to the E-vinyl stannane
48 exclusively. Treatment of 48 with NaIO4 on silica followed
by oxidation of the resulting lactol 49 using silver carbonate on
Celite, finally gave the aldehyde-substituted vinyl stannane 7,
which was identical with the previously synthesised material.


Macrolide formation and end game


With the two sub-units 7 and 9 in hand we were now in a position
to synthesise the macrolide 6 and then complete a total synthesis
of rhizoxin D, according to Scheme 1.


A Horner–Wadsworth–Emmons olefination reaction between
the phosphonate 9 and the aldeyhyde 7, under Masamune–
Roush conditions (LiCl, DBU, MeCN, 0–25 ◦C)25 led exclusively
to the (E)-a,b-unsaturated ester 50, in 78% yield (see Scheme 9).
When this stannane-iodide 50 was treated with Ph3As–Pd(0)
dibenzylideneacetone26 in degrassed DMF at 70 ◦C for 5 h, it
underwent smooth intramolecular sp2–sp2 cross-coupling with
preservation of the E-geometries of the two alkene bonds leading
to the 16-membered macrolide 6 in an acceptable 48% yield.27


The trimethylsilylethoxymethyl (SEM)–PMB ether correspond-
ing to the TBS–TPS ether 6 was synthesised earlier by Williams
et al.8b and the 1H NMR spectroscopic data for the two
compounds were shown to be remarkably similar. Selective
removal of the primary TPS protecting group in 6, followed
by oxidation of the resulting allylic alcohol 51a with MnO2 next
gave the unsaturated aldehyde 51b. A Horner–Wittig olefination
reaction between the aldehyde 51b and the oxazole-substituted


Scheme 8 Reagents and conditions: (i) (S)-4-benzyl-3-propionyloxazolidin-2-one, Bu2BOTf, iPr2EtN, DCM, −5 ◦C then 42, DCM, −78 ◦C → rt,
4 h, 77%; (ii) AlMe3, MeONHMe·HCl, DCM, −10 ◦C → rt, 2 h, 84%; (iii) TBSOTf, 2,6-lutidine, 0 ◦C, 45 min, 100%; (iv) DIBAL-H, THF, −78 ◦C,
2 h, 96%; (v) (MeO)2(O)PCHN2, KOtBu, THF, −78 ◦C, 2 h, 94%; (vi) HF/Py, THF, rt, 2 d, 100%; (vii) NBS, AgNO3 (cat.), acetone, rt, 1 h, then
OsO4 (cat.), NMO, acetone–H2O (2 : 1), rt, 90 min, 76% over two steps; (viii) Pd(Ph3P)4, Bu3SnH, THF, rt, 2 h, 100%; (ix) NaIO4 on SiO2, DCM, rt,
15 min; (x) Ag2CO3 on Celite, PhMe, reflux, 3 h, 61% over two steps.
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Scheme 9 Reagents and conditions: (i) LiCl, DBU, MeCN, 0 ◦C → rt, 1 h, 78%; (ii) Pd2dba3, AsPh3, DMF, 70 ◦C, 5 h, 48%; (iii) TBAF–AcOH
(1 : 1), THF, rt, 8 h, 74%; (iv) MnO2, CH2Cl2, rt, 3 h, 100%; (v) 8, KHMDS, THF; then add 51b, −78 → 0 ◦C, then Yamaguchi esterification, 38%;
(vi) HF/Py, Py, THF, rt, 48 h, 78%.


a,b-unsaturated phosphine oxide 8,14 at −78 ◦C in the presence
of KHMDS led to the corresponding all-E polyene 52, but
with some concomitant ring-opening of the d-lactone ring in the
product. A similar observation was observed by Williams et al.8b


in their synthesis of rhizoxin D. Accordingly, the crude Horner–
Wittig olefination product was treated with 2,4,6-trichloro-
benzoyl chloride–Et3N–Me3N–C5H4N, under Yamaguchi con-
ditions, which re-instated the d-lactone functionality and gave
the protected rhizoxin 52 in 38% yield over the two-step
sequence. Finally, deprotection of the silyl ether 52 with
HF/pyridine gave (+)-rhizoxin D (2) which showed chiroptical
and spectroscopic data which were indistinguishable from those
recorded for the natural product.


In conclusion, we have achieved a concise enantioselective
total synthesis of rhizoxin D (2), which featured an intramolec-
ular Stille reaction, as the key stratagem, to elaborate the 16-
membered macrolide core in the natural product. The synthesis
was accomplished in a 21-step longest linear sequence, in an
overall yield of 0.45%.


Experimental
General details


All melting points were determined on a Kopfler hot-stage
apparatus and are uncorrected. Infrared spectra were recorded
using a Perkin-Elmer FT 1600 spectrometer, as either liquid
films or as dilute solutions in spectroscopic grade chloroform or
dichloromethane.


1H NMR spectra were recorded on a Brüker DPX 360
(360 MHz), a Brüker AV 400 (400 MHz) or a Brüker DRX
500 (500 MHz) instrument as dilute solutions in deuterated
chloroform unless otherwise stated. The chemical shifts are
reported relative to tetramethylsilane or residual chloroform as
an internal standard. The multiplicity of the signals is designated
by the following abbreviations: s, singlet; d, doublet; t, triplet;
q, quartet; quin., quintet; br., broad; m, multiplet. All coupling
constants, J, are reported in Hertz (Hz). 13C NMR spectra were
recorded on a Jeol JNM-EX 270 (67.8 MHz), a Brüker DPX
360 (90 MHz) or a Brüker DRX 500 (125 MHz) instrument.
The spectra were recorded as dilute solutions in deuterated
chloroform unless otherwise stated with chemical shifts reported
relative to the residual chloroform as an internal standard on a


broad band decoupled mode. The multiplicities were obtained
using a DEPT sequence, where the following symbols are used
for the multiplicities in 13C NMR spectra: q, primary methyl; t,
secondary methylene; d, tertiary methine; s, quaternary carbon.


Mass spectra were recorded on an AEI MS-902, a VG
Micromass 7070 E, or a VG Autospec instrument using electron-
impact ionisation (EI), fast atom bombardment (FAB), chemical
ionisation (CI), or electrospray (ES) techniques.


Flash column chromatography was performed using Merck
silica gel 60 (230–400 mesh ASTM) as the stationary phase. All
reactions were monitored by thin layer chromotography (TLC)
using Merck silica gel 60 F254 precoated aluminium plates which
were visualised under ultraviolet light and then developed with
basic potassium permanganate solution, acidic ceric ammonium
molybdate solution, or acidic alcoholic vanillin solution.


All solvents and chemicals were used as provided by the sup-
plier, or were dried and/or purified following accepted literature
procedures. Syringe needles were dried in an oven at 150 ◦C and
cooled under a stream of nitrogen before use. All reactions were
conducted at room temperature in oven-dried glassware under
an atmosphere of nitrogen unless otherwise stated. All organic
extracts were dried over anhydrous magnesium sulfate and
filtered under gravity. Solvents were removed from the extracts
on a Büchi rotary evaporator under water pump or oil pressure.


(E)-4-(tert-Butyldiphenylsiloxy)-2-methyl-but-2-enal 10


The aldehyde was prepared as described in the literature16 and
was obtained as a colourless oil; (Found: C, 74.6; H, 7.6. Calc.
for C21H26O2Si: C, 74.5; H, 7.7%); mmax(CHCl3, sol.)/cm−1 2719,
1731, 1650, 1589; dH (360 MHz, CDCl3), 9.40 (1H, s, CHO),
7.68 (4H, m, ArH), 7.44–7.37 (6H, m, ArH), 6.59 (1H, dq, J 1.3
and 5.4, CH=CCH3), 4.51 (2H, d, J 5.4, CH2OTPS), 1.56 (3H,
d, J 1.3, CH=CCH3), 1.07 [9H, s, OSiC(CH3)3]; dC (67.8 MHz,
CDCl3), 194.6 (d), 152.5 (d), 137.8 (s), 135.5 (d), 133.0 (s), 129.9
(d), 127.8 (d), 61.2 (t), 26.7 (q), 19.1 (s), 9.3 (q); m/z (FAB)
339.1779 (M + H: C21H27O2Si requires 339.1780), 339 (100%),
281 (20).


(R)-4-Benzyl-3-[(2R,3R)-(E)-6-(tert-butyldiphenylsiloxy)-
3-hydroxy-2,4-dimethylhex-4-enoyl]-oxazolidin-2-one 11a


A solution of dibutylboron triflate in dichloromethane
(1.00 M, 8.35 mL, 8.35 mmol), and N,N-di-isopropylethylamine


O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 4 4 1 2 – 4 4 3 1 4 4 1 7







(1.59 mL, 9.11 mmol) were added sequentially to a stirred
solution of (R)-4-benzyl-3-propionyloxazolidin-2-one (1.77 g,
7.60 mmol) in dichloromethane (80 mL) at −10 ◦C. The
mixture was stirred at −10 ◦C for 20 min and then cooled to
−78 ◦C. A solution of the aldehyde 10 (2.57 g, 7.60 mmol) in
dichloromethane (10 mL) was added over 10 min via cannula.
The mixture was stirred at −78 ◦C for 2 h, then warmed to 0 ◦C
over 30 min and stirred at 0 ◦C for 30 min. The mixture was
quenched at 0 ◦C by the sequential addition of pH 7 phosphate
buffer (20 mL), methanol (20 mL), and hydrogen peroxide
(20 mL), and then stirred at 0 ◦C for 1 h. The aqueous layer was
separated and extracted with dichloromethane (3 × 50 mL). The
combined organic extracts were dried and then concentrated in
vacuo to leave an orange oil. The oil was purified by flash column
chromatography, eluting with diethyl ether–light petroleum
(bp 40–60 ◦C) (1 : 3) to give the aldol product (3.78 g, 87%)
as a colourless oil. [a]21


D −18 (c 1.02 in CHCl3); (Found: C, 71.5;
H, 7.2; N, 2.5. C34H41NO5Si requires: C, 71.4; H, 7.2; N, 2.45%);
mmax(sol.)/cm−1 2931, 2859, 1780, 1694; dH (360 MHz, CDCl3)
7.72–7.69 (4H, m, ArH), 7.44–7.30 (9H, ArH), 7.23–7.21 (2H,
ArH), 5.81 (1H, t, J 6.1, CH=CCH3), 4.72–4.65 (1H, m, CHBn),
4.35 (1H, d, J 3.7, CHOH), 4.31 (2H, d, J 6.1, CH2OTPS), 4.18–
4.16 (2H, m, CH2OC=O), 3.97 (1H, dq, J 3.7 and 7.0, CHCH3),
3.28 (1H, dd, J 3.2 and 13.3, CHHPh), 2.80 (1H, dd, J 9.5 and
13.3, CHHPh), 1.47 (3H, s, CH=CCH3), 1.19 (3H, d, J 7.0,
CHCH3), 1.06 [9H, s, OSiC(CH3)3]; dC (90.6 MHz, CDCl3),
176.7 (s), 153.0 (s), 135.5 (d), 135.1 (s), 135.0 (s), 133.8 (s), 129.6
(d), 129.4 (d), 128.9 (d), 127.6 (d), 127.4 (d), 125.9 (d), 74.9 (d),
66.1 (t), 60.8 (t), 55.3 (d), 40.3 (d), 37.7 (t), 26.8 (q), 19.1 (s),
13.5 (q), 10.4 (q); m/z (ES) 594.2622 (M + Na: C34H41NO5SiNa
requires 594.2652), 594 (100%).


(R)-4-Benzyl-3-[(2R,3R)-(E)-6-(tert-butyldiphenylsiloxy)-
3-methoxy-2,4-dimethylhex-4-enoyl]-oxazolidin-2-one 11b


2,6-Di-tert-butyl-4-methylpyridine (1.08 g, 5.25 mmol) and
methyl trifluoromethanesulfonate (300 lL, 2.62 mmol) were
added sequentially to a stirred solution of 11a (100 mg, 0.18
mmol) in chloroform (2 mL) at room temperature. The mixture
was heated at reflux for 6 h, then allowed to cool to room
temperature, and quenched by the careful addition of methanol
(1 mL). The mixture was diluted with dichloromethane (30 mL)
and then washed with saturated sodium bicarbonate solution
(2 × 30 mL). The combined aqueous phases were re-extracted
with dichloromethane (2 × 20 mL) and the combined organic
phases were then dried and concentrated in vacuo. The residue
was purified by flash column chromatography, eluting with
diethyl ether–light petroleum (bp 40–60 ◦C) (2 : 3) to give
the methyl ether (91 mg, 89%) as a colourless oil. [a]21


D −25.4
(c 0.89 in CHCl3); mmax(sol.)/cm−1 2932, 2859, 1779, 1697; dH


(360 MHz, CDCl3), 7.73–7.67 (4H, m, ArH), 7.45–7.30 (9H, m,
ArH), 7.24–7.22 (2H, m, ArH), 5.70 (1H, t, J 6.0, CH=CCH3),
4.55–4.51 (1H, m, CHNC=O), 4.34–4.24 (2H, m, CH2OTPS),
4.16 (1H, quin., J 6.8, CHCH3), 4.07 (1H, dd, J 2.1 and 9.0,
CHHOC=O), 3.95 (1H, t, J 9.0, CHHOC=O), 3.79 (1H, d, J
8.3, CHOCH3), 3.29 (1H, dd, J 2.7 and 13.3, CHHPh), 3.24
(3H, s, CHOCH3), 2.77 (1H, dd, J 9.7 and 13.3, CHHPh), 1.47
(3H, s, CH=CCH3), 1.33 (3H, d, J 6.8, CHCH3), 1.07 [9H, s,
OSiC(CH3)3]; dC (90.6 MHz, CDCl3), 174.8 (s), 153.0 (s), 135.5
(d), 135.4 (d), 135.3 (s), 133.9 (s), 133.8 (s), 133.6 (s), 129.6 (d),
129.5 (d), 129.4 (d), 129.2 (d), 128.9 (d), 127.7 (d), 127.6 (d),
127.3 (d), 86.9 (d), 65.9 (t), 60.6 (t), 56.6 (d), 55.5 (q), 40.9 (d),
37.7 (t), 26.8 (q), 19.2 (s), 13.6 (q), 11.6 (q); m/z (ES) 608.2859
(M + Na: C35H43NO5SiNa requires 608.2808), 608 (100%), 585
(3), 333 (5).


(E)-(2S,3R)-6-(tert-Butyldiphenylsiloxy)-3-methoxy-
2,4-dimethylhex-4-en-1-ol 12


A solution of lithium borohydride in tetrahydrofuran (2.00 M,
0.90 mL, 1.78 mmol) and methanol (72.0 lL, 1.78 mmol) was


added sequentially to a stirred solution of the methyl ether 11b
(260 mg, 0.45 mmol) in diethyl ether (10 mL) at 0 ◦C. The
mixture was stirred at 0 ◦C for 2 h and then quenched with
aqueous sodium hydroxide solution (2.00 M, 2.00 mL). The
aqueous phase was separated and then extracted with diethyl
ether (3 × 5 mL). The combined organic extracts were dried
and concentrated in vacuo to leave a colourless oil. This oil
was purified by flash column chromatography, eluting with
ethyl acetate–light petroleum (bp 40–60 ◦C) (1 : 3) to give the
alcohol (145 mg, 79%) as a colourless oil. [a]21


D +21.9 (c 0.63
in CHCl3); (Found: C, 72.75; H, 8.85. C25H34O3Si requires: C,
73.1; H, 8.35%); mmax(sol.)/cm−1 3488 (br.), 2961, 2859, 1428;
dH (360 MHz, CDCl3), 7.69 (4H, m, ArH), 7.43–7.35 (6H, m,
ArH), 5.62 (1H, tq, J 0.9 and 6.1, CH=CCH3), 4.29 (2H, d, J
6.1, CH2OTPS), 3.54–3.44 (2H, m, CH2OH), 3.39 (1H, d, J 6.9,
CHOCH3), 3.18 (3H, s, CHOCH3), 1.98 (1H, br. s, CH2OH),
1.86–1.79 (1H, m, CHCH3), 1.41 (3H, d, J 0.9, CH=CCH3), 1.05
[9H, s, OSiC(CH3)3], 0.95 (3H, d, J 6.9, CHCH3); dC (67.8 MHz,
CDCl3), 135.5 (d), 135.0 (s), 133.8 (s), 129.6 (d), 128.0 (d), 127.7
(d), 89.2 (d), 66.1 (t), 60.5 (t), 56.4 (q), 38.2 (d), 26.7 (q), 19.1
(s), 12.6 (q), 12.2(q); m/z (ES) 435 (100%), 324 (5), 310 (20), 280
(17).


(E)-(2R,3R)-6-(tert-Butyldiphenylsiloxy)-3-methoxy-
2,4-dimethylhex-4-enal 13


Dess–Martin periodinane (424 mg, 1.00 mmol) was added in a
single portion to a stirred solution of the alcohol 12 (206 mg,
0.50 mmol) in dichloromethane (5 mL) at room temperature.
The suspension was stirred at room temperature for 30 min
and then a saturated solution of sodium thiosulfate (5 mL)
was added. The biphasic mixture was stirred for 20 min and
then the upper aqueous phase was separated and extracted with
dichloromethane (2 × 5 mL). The combined organic extracts
were washed with a saturated solution of sodium bicarbonate
(2 × 10 mL), dried and concentrated in vacuo. The residue was
purified by flash column chromatography, eluting with ethyl
acetate–light petroleum (bp 40–60 ◦C) (1 : 4) to give the aldehyde
(204 mg, 99%) as a colourless oil. [a]21


D +4.2 (c 1.05 in CHCl3);
mmax(sol.)/cm−1 2742, 1732, 1111; dH (360 MHz, CDCl3), 9.60
(1H, d, J 1.9, CHO), 7.69–7.66 (4H, m, ArH), 7.43–7.36 (6H,
m, ArH), 5.57 (1H, t, J 6.0, CH=CCH3), 4.29 (2H, d, J 6.0,
CH2OTPS), 3.72 (1H, d, J 6.5, CHOCH3), 3.20 (3H, s, OCH3),
2.53–2.47 (1H, m, CHCH3), 1.37 (3H, s, CH=CCH3), 1.06 (3H,
d, J 7.0, CHCH3), 1.04 [9H, s, OSiC(CH3)3]; dC (90.6 MHz,
CDCl3), 203.5 (d), 135.5 (d), 133.7 (s), 132.7 (s), 129.6 (d), 129.2
(d), 127.7 (d), 85.7 (d), 60.6 (t), 56.5 (q), 49.4 (d), 26.8 (q), 19.1
(s), 12.3 (q), 9.3 (q); m/z (ES) 433.2178 (M + Na: C25H34O3SiNa
requires 433.2175), 433 (100%).


(E)-3-Iodo-N-methoxy-2,N-dimethylacrylamide 15


N,N-Di-isopropylethylamine (383 lL, 2.20 mmol) was added
dropwise over 5 min to a stirred solution of (E)-3-
iodo-2-methylacrylic acid 14 (212 mg, 1.00 mmol),17 N,O-
dimethylhydroxylamine hydrochloride (107 mg, 1.10 mmol) and
pentafluorophenyl diphenylphosphinate (384 mg, 1.00 mmol)
in dichloromethane (10 mL) at 0 ◦C. The mixture was warmed
to room temperature, then stirred overnight and quenched by
the addition of deionised water (1 mL). The separated aqueous
phase was extracted with dichloromethane (3 × 1 mL) and
the combined organic extracts were then washed successively
with dilute hydrochloric acid (2.0 M, 10 mL), saturated sodium
bicarbonate solution (10 mL), and brine (10 mL), then dried and
concentrated in vacuo. The residue was purified by flash column
chromatography, eluting with ethyl acetate–light petroleum (bp
40–60 ◦C) (1 : 1), to give the Weinreb amide (189 mg, 74%) as
a colourless oil. (Found: C, 28.7; H, 3.9; N, 5.3. C6H10INO2


requires: C, 28.3; H, 3.9; N, 5.5%); mmax(sol.)/cm−1 3058 (br.),
1654, 1073; dH (360 MHz, CDCl3), 6.80 (1H, q, J 1.2, C=CHI),
3.64 (3H, s, OCH3), 3.23 (3H, s, NCH3), 2.04 (3H, d, J 1.2,
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C=CCH3); dC (90 MHz, CDCl3), 168.5 (s), 143.0 (s), 86.6
(d), 61.4 (q), 33.3 (q), 22.3 (q); m/z (ESI) 255.9821 (M + H:
C6H11INO2 requires 255.9834), 256 (100%).


(E)-3-Iodo-3-methylbut-3-en-2-one 16


A solution of methylmagnesium bromide in diethyl ether (3.0 M,
0.83 mL, 2.50 mmol) was added over 5 min to a solution of
the Weinreb amide 15 (255 mg, 1.00 mmol) in tetrahydrofuran
(10 mL) at 0 ◦C. The mixture was stirred at 0 ◦C for 2 h and
then quenched by the addition of dilute hydrochloric acid (2.0 M,
10 mL). The separated aqueous phase was extracted with diethyl
ether (3 × 10 mL), and the combined organic extracts were
washed with brine (20 mL), dried, and concentrated in vacuo.
The residue was purified by flash column chromatography,
eluting with diethyl ether–light petroleum (bp 40–60 ◦C) (1 :
1) to give the methyl ketone (162 mg, 77%) as a pale yellow oil;
(Found: C, 28.9; H, 3.2. C5H7IO requires: C, 28.6; H, 3.2%);
mmax(film)/cm−1 1676, 1360; dH (360 MHz, CDCl3), 7.78 (1H,
q, J 0.9, C=CHI), 2.36 (3H, s, CH3C=O), 2.01 (3H, d, J 0.9,
C=CCH3); dC (67.8 MHz, CDCl3), 192.7 (s), 149.5 (s), 100.8 (d),
26.5 (q), 20.1 (q); m/z (ESI) 210.9624 (M + H: C5H8IO requires
210.9620), 210 (100%), 209 (62), 73 (27).


[(E)-3-Iodo-2-methyl-1-methyleneallyloxy]-trimethylsilane 17


A solution of lithium hexamethyldisilazane in hexanes (1.0 M,
2.84 mL, 2.84 mmol) was added dropwise over 5 min to a
stirred solution of the methyl ketone 16 (300 mg, 1.42 mmol)
in tetrahydrofuran (14 mL) at −78 ◦C. The mixture was stirred
at −78 ◦C for 20 min and then triethylamine (600 lL, 4.26 mmol)
and trimethylsilyl chloride (544 lL, 4.26 mmol) were added. The
mixture was stirred at −78 ◦C for 30 min, then warmed to room
temperature and stirred for a further 30 min. The mixture was
concentrated in vacuo and the residue was then washed with
pentane (3 × 5 mL). The washings were concentrated in vacuo
to leave the enol silane (400 mg, quantitative) as an unstable
yellow oil; dH (360 MHz, C6D6), 7.18 (1H, q, J 0.4, C=CHI),
4.56 (1H, d, J 1.7, C=CHH), 4.42 (1H, J 1.7, C=CHH), 2.02
(3H, d, J 0.4, C=CCH3), 0.19 (9H, s, TMS-Me), which was used
without further purification.


(1E,8E)-(5R,6S,7R)-10-(tert-Butyldiphenylsiloxy)-5-hydroxy-
1-iodo-7-methoxy-2,6,8-trimethyldeca-1,8-dien-3-one 18a


Freshly distilled boron trifluoride diethyl etherate (111 lL,
0.880 mmol) was added dropwise over 15 min to a stirred
solution of the aldehyde 13 (242 mg, 0.59 mmol) and the silyl enol
ether 17 (333 mg, 1.18 mmol) in toluene (10 mL) at −78 ◦C. The
mixture was stirred at −78 ◦C for 1 h and then left in a freezer
at −85 ◦C for 72 h. The mixture was allowed to warm to room
temperature and then quenched by the careful addition of a
saturated solution of ammonium chloride (5 mL). The mixture
was extracted with dichloromethane (3 × 10 mL) and the com-
bined organic extracts were dried and concentrated in vacuo
to leave a yellow oil. The oil was purified by flash column
chromatography, eluting with ethyl acetate–light petroleum (bp
40–60 ◦C) (1 : 4) to give the aldol product (300 mg, 82%) as
a colourless oil. [a]21


D +8.4 (c 1.09 in CHCl3); (Found: C, 58.6;
H, 6.7. C30H41IO4Si requires: C, 58.2; H, 6.7%); mmax(sol.)/cm−1


3475 (br.), 2930, 1672, 703; dH (360 MHz, CDCl3), 7.84 (1H, s,
ICH=C), 7.72–7.69 (4H, m, ArH), 7.44–7.37 (6H, m, ArH),
5.66 (1H, tq, J 1.1 and 6.0, CH=CCH3), 4.33 (2H, d, J 6.0,
CH2OTPS), 4.17 (1H, ddd, J 2.2, 3.6 and 8.6, CHOH), 3.59
(1H, d, J 6.0, CHOCH3), 3.22 (3H, s, OCH3), 2.97 (1H, dd, J 8.6
and 16.7, CHHC=O), 2.66 (1H, dd, J 3.6 and 16.7, CHHC=O),
2.03 (3H, d, J 1.1, CH=CCH3), 1.62 (1H, ddq, J 2.2, 6.0 and 7.0,
CHCH3), 1.37 (3H, s, ICH=CCH3), 1.06 [9H, s, OSiC(CH3)3],
0.93 (3H, d, J 7.0, CHCH3); dC (90.6 MHz, CDCl3), 196.4 (s),
148.9 (s), 135.5 (d), 133.9 (s), 133.3 (s), 129.6 (d), 127.9 (d),
127.6, (d), 100.6 (d), 89.1 (d), 69.7 (d), 60.7 (t), 56.6 (q), 42.9


(t), 39.9 (d), 26.8 (q), 19.8 (q), 19.1 (s), 12.5 (q), 7.7 (q); m/z
(ES) 643.1760 (M + Na: C30H41IO4SiNa requires 643.1717), 643
(100%).


(1E,8E)-(5R,6S,7R)-6-(tert-Butyldiphenylsiloxy)-5-hydroxy-
1-iodo-7-(4-methoxybenzyloxy)-2,6,8-trimethyldec-1,8-dien-3-
one 18b


A solution of trifluoromethanesulfonic acid (2 drops) in
diethyl ether (1 mL) was added to a stirred solution of the
aldol adduct 11a (1.36 g, 2.34 mmol) and 4-methoxybenzyl
trichloroacetimidate (0.91 mL, 4.76 mmol) in diethyl ether
(50 mL) at room temperature. The mixture was stirred at room
temperature for 5 min and then quenched by the addition of
saturated sodium bicarbonate solution (30 mL). The separated
aqueous phase was extracted with diethyl ether (30 mL)
and the combined organic extracts were washed with dilute
hydrochloric acid (2.0 M, 2 × 30 mL), and brine (30 mL),
then dried and concentrated in vacuo to leave a colourless oil.
The oil was purified by flash column chromatography, eluting
with diethyl ether–light petroleum (bp 40–60 ◦C) (1 : 3) to give
(R)-4-benzyl-3-[(2R,3R)-(E)-6-(tert-butyldiphenylsiloxy)-3-(4-
methoxybenzyloxy)-2,4-dimethylhex-4-enoyl]-oxazolidin-2-one
(1.32 g, 81%) as a colourless oil. [a]21


D −1.24 (c 0.97 in CHCl3);
mmax(sol.)/cm−1 1778, 1698, 1073; dH (360 MHz, CDCl3),
7.79–7.74 (4H, m, ArH), 7.49–7.33 (6H, m, ArH), 7.30 (2H, d, J
8.6, ArH), 7.23 (2H, d, J 8.6, ArH), 5.82 (1H, t, J 6.0, C=CH),
4.52 (1H, d, J 11.7, CHHAr), 4.47–4.34 (3H, m, CHN and
CH2OTPS), 4.24–4.16 (1H, m, CHCH3), 4.20 (1H, d, J 11.7,
CHHAr), 4.06–4.03 (2H, m, CH2OC=O), 3.86–3.80 (1H, m,
CHOPMB), 3.84 (3H, s, OCH3), 3.29 (1H, dd, J 3.0 and 13.3,
CHHPh), 2.77 (1H, dd, J 9.6 and 13.3, CHHPh), 1.57 (3H, s,
C=CCH3), 1.34 (3H, d, J 6.7, CHCH3), 1.13 (9H, s, TPS-tBu);
dC (90.6 MHz, CDCl3), 174.4 (s), 159.0 (s), 152.9 (s), 135.5 (d),
135.4 (d), 135.3 (s), 133.8 (s), 133.7 (s), 133.6 (s), 130.4 (s), 129.6
(d), 129.5 (d), 129.3 (d), 128.9 (d), 128.8 (d), 127.7 (d), 127.6
(d), 127.2 (d), 113.6 (d), 83.0 (d), 69.7 (t), 65.7 (t), 60.6 (t), 55.5
(d), 55.1 (q), 40.9 (d), 37.6 (t), 26.7 (q), 19.1 (s), 12.9 (q), 12.0
(q); m/z (ESI) 714.3226 (M + Na: C42H49NNaO6Si requires
714.3227), 714 (100%), 715 (21).


Methanol (0.31 mL, 7.51 mmol) was added rapidly, followed
by a solution of lithium borohydride in diethyl ether (2.00 M,
3.76 mL, 7.51 mmol) over 5 min, to a stirred solution of the
above oxazolidinone (1.30 g, 1.88 mmol) in diethyl ether (20
mL) at 0 ◦C. The mixture was warmed to room temperature
over 3 h and then quenched by the addition of sodium hydroxide
solution (2.0 M, 10 mL). The biphasic mixture was stirred for
1 h at room temperature and the separated aqueous phase was
then extracted with diethyl ether (2 × 10 mL). The combined
organic extracts were dried and concentrated in vacuo to leave
a residue which was purified by flash column chromatogra-
phy, eluting with diethyl ether–light petroleum (bp 40–60 ◦C)
(1 : 1) to give (E)-(2R,3R)-6-(tert-butyldiphenylsiloxy)-3-(4-
methoxybenzyloxy)-2,4-dimethylhex-4-en-1-ol (905 mg, 93%) as
a colourless oil. [a]21


D +44.6 (c 0.63 in CHCl3); (Found: C, 74.1;
H, 8.25. C32H42O4Si requires: C, 74.1; H, 8.2%); mmax(sol.)/cm−1


3627, 1613, 1044; dH (360 MHz, CDCl3), 8.63–8.61 (4H, m,
ArH), 8.31–8.23 (6H, m, ArH), 8.08 (2H, d, J 8.5, ArH), 7.69
(2H, d, J 8.5, ArH), 6.35 (1H, tq, J 1.0 and 6.1, C=CH), 4.96
(1H, d, J 11.4, CHHAr), 4.86 (2H, d, J 6.1, CH2OTPS), 4.63
(1H, d, J 11.4, CHHAr), 4.27 (3H, s, OCH3), 4.03 (1H, d, J
6.8 CHOPMB), 3.93 (1H, dd, J 6.0 and 11.0, CHHOH), 3.84
(1H, dd, J 4.9 and 11.0, CHHOH), 2.17–2.06 (2H, m, OH and
CHCH3), 1.68 (3H, d, J 1.0, C=CCH3), 1.24 (9H, s, TPS-tBu),
1.10 (3H, d, J 6.9, CHCH3); dC (90.6 MHz, CDCl3), 159.1 (s),
135.5 (d), 135.2 (s), 133.8 (s), 130.5 (s), 129.6 (d), 129.5 (d),
128.1 (d), 127.7 (d), 113.7 (d), 85.8 (d), 69.8 (t), 65.9 (t), 60.5
(t), 55.2 (q), 38.2 (d), 26.8 (q), 19.1 (s), 12.7 (q), 12.4 (q); m/z
(ESI) 541.2798 (M + Na: C32H42NaO4Si requires 541.2751), 541
(100%), 519 (4).
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Dess–Martin periodinane (127 mg, 0.30 mmol) was added
in a single portion to a stirred solution of the above alcohol
(90.0 mg, 0.20 mmol) in dichloromethane (2 mL) at room
temperature. The suspension was stirred at room temperature
for 30 min and then quenched by the addition of saturated
sodium thiosulfate solution (2 mL). The biphasic mixture was
stirred at room temperature for 30 min and the separated
aqueous phase was then extracted with dichloromethane (3 ×
4 mL). The combined organic extracts were washed with
saturated sodium bicarbonate solution (5 mL) and brine (5 mL),
then dried and concentrated in vacuo to leave a residue.
The crude residue was purified by flash column chromatog-
raphy, eluting with ethyl acetate–light petroleum (bp 40–
60 ◦C) (1 : 4) to give (E)-(2R,3R)-6-(tert-butyldiphenylsiloxy)-
3-(4-methoxybenzyloxy)-2,4-dimethylhex-4-enal the aldehyde
(83 mg, 93%) as a colourless oil. [a]21


D +35.1 (c 1.06 in CHCl3);
(Found: C, 74.15; H, 7.7. C32H40O4Si requires: C, 74.4; H, 7.8%);
mmax(sol.)/cm−1 2739, 1723, 1613, 1052; dH (360 MHz, CDCl3),
9.60 (1H, d, J 2.0, CHO), 7.76–7.73 (4H, m, ArH), 7.47–7.44
(6H, m, ArH), 7.26 (2H, d, J 8.6, ArH), 6.93 (2H, d, J 8.6,
ArH), 5.76 (1H, tq, J 0.9 and 6.0, C=CH), 4.49 (1H, d, J 11.4,
CHHAr), 4.43–4.32 (2H, m, CH2OTPS), 4.20 (1H, d, J 11.4,
CHHAr), 3.96 (1H, d, J 6.8, CHOPMB), 3.85 (3H, s, OCH3),
2.58 (1H, d quin., J 2.0 and 6.8, CHCH3), 1.48 (3H, d, J 0.9,
C=CCH3), 1.12 (3H, d, J 6.8, CHCH3), 1.11 (9H, s, TPS-tBu);
dC (90.6 MHz, CDCl3), 203.5 (d), 159.2 (s), 135.5 (d), 133.7 (s),
133.0 (s), 130.1 (s), 129.7 (d), 129.5 (d), 127.7 (d), 113.7 (d), 84.8
(d), 69.7 (t), 60.6 (t), 55.2 (q), 49.3 (d), 26.8 (q), 19.1 (s), 12.3 (q),
9.5 (q); m/z (ESI) 571.2838 (M + Na + MeOH: C33H44NaO5Si
requires 571.2856), 571 (100%), 539 (5).


Freshly distilled boron trifluoride diethyletherate (39.0 lL,
310 lmol) was added over 5 min to a solution of the above
aldehyde (80.0 mg, 155 lmol) and the enol silane 17 (250 mg
crude) in toluene (2 mL) at −78 ◦C and the mixture was
then placed in a freezer at −85 ◦C for 14 h. The mixture was
quenched at −78 ◦C with ammonium hydroxide solution (2.0 M,
2 mL) and then warmed to room temperature. The two layers
were separated and the aqueous phase was then extracted with
dichloromethane (2 × 2 mL). The combined organic extracts
were dried and concentrated in vacuo to leave a colourless oil.
The oil was purified by flash column chromatography, eluting
with ethyl acetate–light petroleum (bp 40–60 ◦C) (1 : 6) to give
the aldol product (47 mg, 42%; 56% based on recovered starting
material) as a colourless oil. [a]21


D +24.4 (c 0.63 in CHCl3);
mmax(sol.)/cm−1 3494 (br.), 1671, 1054; dH (360 MHz, CDCl3),
7.75–7.71 (5H, m, C=CHI and ArH), 7.44–7.37 (6H, m, ArH),
7.24 (2H, d, J 8.7, ArH), 6.88 (2H, d, J 8.7, ArH), 5.74 (1H,
tq, J 1.1 and 6.0, C=CH), 4.44 (1H, d, J 11.2, CHHAr), 4.37
(2H, d, J 6.0, CH2OTPS), 4.15 (1H, d, J 11.2, CHHAr), 4.14–
4.10 (1H, m, CHOH) 3.84 (3H, s, OCH3), 3.80 (1H, d, J 6.0,
CHOPMB), 2.99 (1H, d, J 2.6, OH), 2.91 (1H, dd, J 8.7 and
16.9, CHHC=O), 2.61 (1H, dd, J 3.6 and 16.9, CHHC=O),
2.01 (3H, d, J 1.1, C=CCH3), 1.70–1.60 (1H, m, CHCH3), 1.43
(3H, d, J 0.8, IC=CCH3), 1.08 (9H, s, TPS-tBu), 0.95 (3H, d, J
7.0, CHCH3); dC (90.6 MHz, CDCl3), 196.5 (s), 159.2 (s), 148.8
(s), 135.6 (d), 133.9 (s), 133.6 (s), 130.3 (s), 129.6 (d), 128.2 (d),
127.7 (d), 113.8 (d), 100.7 (d), 85.8 (d), 70.1 (t), 69.4 (d), 60.7 (t),
55.3 (q), 42.3 (t), 39.9 (d), 26.8 (q), 19.8 (q), 19.2 (s), 12.7 (q),
8.1 (q); m/z (ESI) 749.2150 (M + Na: C37H47INaO5Si requires
749.2135), 749 (100%).


(E)-[(4R,5R,6R)-6-[(E)-3-(tert-Butyldiphenylsiloxy)-
1-methylpropenyl]-2-(4-methoxyphenyl)-5-methyl-[1,3]dioxan-
4-yl]-4-iodo-3-methylbut-3-en-2-one 20


Freshly recrystallised 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (5.60 mg, 24.8 lmol) was added in a single portion to a
stirred solution of the aldol adduct 18b (12.0 mg, 16.5 lmol) in
dichloromethane (0.3 mL) at room temperature. The mixture
was stirred at room temperature for 1 h, then diluted with


dichloromethane (5 mL) and filtered through a pad of Celite,
washing with dichloromethane (5 mL). The combined washings
were concentrated in vacuo to leave a brown oil which was
purified by flash column chromatography, eluting with ethyl
acetate–light petroleum (bp 40–60 ◦C) (1 : 6) to give the acetal
(12 mg, 99%) as a colourless oil. [a]21


D −6.4 (c 0.75 in CHCl3);
mmax(sol.)/cm−1 1678, 1033; dH (360 MHz, CDCl3), 7.86 (1H, s,
C=CHI), 7.70–7.68 (4H, m, ArH), 7.42–7.34 (8H, m, ArH), 6.90
(2H, d, J 8.8, ArH), 5.81 (1H, tq, J 1.2 and 6.3, C=CH), 5.57
(1H, s, CHAr), 4.47 (1H, ddd, J 2.3, 5.3 and 7.4, CHOR), 4.30
(2H, d, J 6.3, CH2OTPS), 4.25 (1H, br. s, CHOR), 3.82 (3H, s,
OCH3), 3.15 (1H, dd, J 7.4 and 16.4, CHHC=O), 2.69 (1H, dd,
J 5.3 and 16.4, CHHC=O), 2.03 (3H, d, J 1.2, C=CCH3), 1.79
(1H, tq, J 2.3 and 6.9, CHCH3), 1.43 (3H, s, IC=CCH3), 1.04
(9H, s, TPS-tBu), 0.87 (3H, d, J 6.9, CHCH3); dC (90.6 MHz,
CDCl3), 194.4 (s), 159.8 (s), 148.9 (s), 135.6 (d), 133.9 (s), 133.5
(s), 131.1 (s), 129.5 (d), 127.5 (d), 124.3 (d), 113.5 (d), 100.9 (2 ×
d), 82.5 (d), 76.9 (d), 60.7 (t), 55.3 (q), 41.4 (t), 33.3 (d), 26.8 (q),
19.9 (q), 19.2 (s), 13.3 (q), 6.3 (q); m/z (ESI) 725.2136 (M + H:
C37H46IO5Si requires 725.2159), 748 (30%), 725 (100).


(1E,8E)-(5S,6S,7R)-10-(tert-Butyldiphenylsiloxy)-5-hydroxy-
1-iodo-7-methoxy-2,6,8-trimethyldeca-1,8-dien-3-one 19


A solution of dimethylaluminium chloride in hexanes (1.00 M,
2.10 mL, 2.10 mmol) was added over 5 min to a stirred solution
of the aldehyde 13 (340 mg, 0.83 mmol) in dichloromethane
(10 mL) at −78 ◦C. The mixture was stirred at −78 ◦C for
5 min and then a solution of the enol silane 17 (650 mg) in
dichloromethane (2 mL) was added. The mixture was stirred
at −78 ◦C for 2 h and then quenched −78 ◦C by the cautious
addition of ammonium chloride solution (2.0 M, 10 mL). The
biphasic mixture was warmed to room temperature, poured
into deionised water (10 mL) and the separated aqueous phase
was then extracted with dichloromethane (2 × 20 mL). The
combined organic extracts were dried and concentrated in
vacuo to leave an orange oil which was purified by flash column
chromatography, eluting with ethyl acetate–light petroleum (bp
40–60 ◦C) (1 : 6) to give the aldol product (224 mg, 43%; 85%
based on recovered starting material) as a colourless oil. [a]21


D


−12 (c 1.10 in CHCl3); (Found: C, 58.3; H, 6.5. C30H41IO4Si
requires: C, 58.2; H, 6.7%); mmax(sol.)/cm−1 3462 (br.), 2931,
1668, 703; dH (360 MHz, CDCl3) 7.84 (1H, s, ICH=C), 7.71–
7.68 (4H, m, ArH), 7.45–7.36 (6H, m, ArH), 5.60 (1H, br. t, J
6.0, CH=CCH3), 4.31 (2H, d, J 6.0, CH2OTPS), 4.08–4.02 (1H,
m, CHOH), 3.62 (1H, d, J 4.6, CHOCH3), 3.36 (1H, d, J 4.2,
OH), 3.23 (3H, s, OCH3), 2.90–2.75 (2H, m, CH2C=O), 2.03
(3H, d, J 1.0, CH=CCH3), 1.84–1.76 (1H, m, CHCH3), 1.38
(3H, s, ICH=CCH3), 1.05 [9H, s, OSiC(CH3)3], 0.87 (3H, d, J
7.0, CHCH3); dC (90.6 MHz, CDCl3) 197.0 (s), 148.9 (s), 135.5
(d), 133.8 (s), 133.6 (s), 129.6 (d), 127.6 (d), 126.9 (d), 100.7 (d),
86.1 (d), 69.8 (d), 60.7 (t), 56.8 (q), 41.8 (t), 40.4 (d), 26.7 (q),
19.8 (q), 19.1 (s), 13.1 (q), 10.2 (q); m/z (ES) 643.1706 (M +
Na: C30H41IO4SiNa requires 643.1717), 643 (100%), 619 (5).


(1E,8E)-(3S,5S,6S,7R)-10-(tert-Butyldiphenylsiloxy)-3,5-
dihydroxy-1-iodo-7-methoxy-2,6,8-trimethyldec-1,8-diene 21a


A solution of the b-hydroxyketone 19 (140 mg, 0.23 mmol)
in acetonitrile (2 mL) was added over 5 min via cannula to a
frozen mixture of tetramethylammonium triacetoxyborohydride
(475 mg, 1.80 mmol) in acetonitrile (8 mL) and glacial acetic acid
(10 mL) at −40 ◦C. The mixture was left at −30 ◦C in a freezer
for 18 h, then quenched at −30 ◦C with saturated Rochelle’s
salt solution (15 mL) and warmed to room temperature. The
emulsion was extracted with dichloromethane (50 mL, then 2 ×
10 mL) and the combined organic extracts were carefully washed
with saturated sodium bicarbonate solution until the aqueous
phase remained basic, then dried and concentrated in vacuo. The
residue was purified by flash column chromatography, eluting
with ethyl acetate–light petroleum (bp 40–60 ◦C) (1 : 4) to give
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the diol (116 mg, 83%) as a pale yellow oil. [a]21
D +8.8 (c 0.95


in CHCl3); mmax(film)/cm−1 3422 (br.), 1462, 737; dH (360 MHz,
CDCl3), 7.72–7.69 (4H, m, ArH), 7.47–7.37 (6H, m, ArH), 6.38
(1H, s, C=CHI), 5.61 (1H, br. t, J 6.0, C=CH), 4.48 (1H, m,
CHOH), 4.33 (2H, d, J 6.0, CH2OTPS), 3.81 (1H, m, CHOH),
3.72 (1H, br. s, OH), 3.69 (1H, d, J 4.0, CHOMe), 3.23 (3H, s,
OCH3), 1.82 (3H, s, IC=CCH3), 1.79–1.72 (3H, m, CHCH3 and
CH2CHOH), 1.41 (3H, s, C=CCH3), 1.07 (9H, s, TPS-tBu), 0.87
(3H, d, J 7.1, CHCH3); dC (90.6 MHz, CDCl3), 149.6 (s), 135.5
(d), 133.7 (s), 133.0 (s), 129.6 (d), 127.7 (d), 127.6 (d), 87.3 (d),
77.7 (d), 73.9 (d), 71.9 (d), 60.6 (t), 56.6 (q), 40.6 (d), 38.4 (t), 26.7
(q), 21.7 (q), 19.1 (s), 13.3 (q), 11.7 (q); m/z (FAB) 645.1910 (M +
Na: C30H43IO4SiNa requires 645.1873), 646 (10%), 645 (100).


tert-Butyl-{(4R,5S)-(E)-5-[(4S,6S)-6-(E)-2-iodo-
1-methylvinyl-2,2-dimethyl-[1,3]dioxan-4-yl]-4-methoxy-
3-methylhex-2-enyloxy}-diphenylsilane 22


para-Toluenesulfonic acid monohydrate (1 mg) was added to
a stirred solution of the diol 21a (15.0 mg, 24.0 lmol) in
2,2-dimethoxypropane (0.3 mL) at room temperature and the
mixture was stirred at room temperature for 5 h. The mixture
was concentrated in vacuo to leave a crude residue which
was purified by flash column chromatography, eluting with
diethyl ether–light petroleum (bp 40–60 ◦C) (1 : 19) to give
the acetonide (14 mg, 89%) as a colourless oil. [a]21


D −13 (c
0.45 in CHCl3); mmax(film)/cm−1 2958, 1075, 972; dH (360 MHz,
CDCl3), 7.71–7.68 (4H, m, ArH), 7.43–7.36 (6H, m, ArH), 6.29
(1H, s, C=CHI), 5.59 (1H, t, J 6.1, C=CH), 4.34–4.26 (3H, m,
CH2OTPS and CHOR), 3.79 (1H, dt, J 7.9 and 8.1, CHOR),
3.60 (1H, d, J 3.9, CHOMe), 3.20 (3H, s, OCH3), 1.82 (3H, s,
IC=CCH3), 1.71 (2H, dd, J 8.0 and 8.1, CH2CHOR), 1.67–
1.61 (1H, m, CHCH3), 1.37 (6H, s, 2 × OCCH3), 1.35 (3H, s,
C=CCH3), 1.04 (9H, s, TPS-tBu), 0.74 (3H, d, J 7.0, CHCH3);
dC (90.6 MHz, CDCl3), 147.4 (s), 135.6 (d), 134.0 (s), 133.8 (s),
129.5 (d), 129.4 (d), 125.8 (d), 100.8 (s), 84.2 (d), 77.7 (d), 70.6
(d), 67.1 (d), 60.9 (t), 57.1 (q), 40.8 (d), 35.0 (t), 26.8 (q), 24.8
(q), 24.2 (q), 20.7 (q), 19.2 (s), 13.5 (q), 8.4 (q); m/z (FAB) 663
(45%), 657 (100).


(1E,8E)-(3S,5S,6S,7R)-10-(tert-Butyldiphenylsiloxy)-3-
(tert-butyldimethylsiloxy)-5-hydroxy-1-iodo-7-methoxy-
2,6,8-trimethyldec-1,8-diene 21b


tert-Butyldimethylsilyl triflate (33.0 lL, 0.14 mmol) was added
to a stirred solution of the diol 21a (81.0 mg, 0.13 mmol) and
2,4,6-collidine (34.0 lL, 0.26 mmol) in tetrahydrofuran (8 mL)
at −78 ◦C. The mixture was stirred at −78 ◦C for 15 min,
then quenched with saturated sodium bicarbonate solution (8
mL), and warmed to room temperature. The aqueous phase
was separated and extracted with dichloromethane (3 × 5 mL)
and the combined organic extracts were then dried and con-
centrated in vacuo. The residue was purified by flash column
chromatography, eluting with ethyl acetate–light petroleum (bp
40–60 ◦C) (1 : 9) to give the silyl ether (64 mg, 68%) as a colourless
oil. [a]21


D −6.0 (c 1.0 in CHCl3); mmax(film)/cm−1 3480 (br.), 1463,
1112; dH (360 MHz, CDCl3), 7.73–7.70 (4H, m, ArH), 7.44–
7.37 (6H, m, ArH), 6.28 (1H, s, C=CHI), 5.59 (1H, t, J 6.0,
C=CH), 4.51 (1H, dd, J 2.5 and 7.9, CHOTBS), 4.33 (2H, d,
J 6.0, CH2OTPS), 3.71 (1H, apparent quin., J 4.6, CHOH),
3.60 (1H, d, J 4.3, CHOMe), 3.25 (1H, d, J 4.6, OH), 3.22
(3H, s, OCH3), 1.80 (3H, s, IC=CCH3), 1.72–1.66 (2H, m,
CHCH3 and CHHCHOH), 1.52 (1H, ddd, J 2.9, 10.2 and 13.8,
CHHCHOH), 1.40 (3H, s, C=CCH3), 1.07 (9H, s, TPS-tBu),
0.90 (9H, s, TBS-tBu), 0.87 (3H, d, J 7.1, CHCH3), 0.09 (3H, s,
TBS-Me), 0.02 (3H, s, TBS-Me); dC (90.6 MHz, CDCl3), 150.1
(s), 135.5 (d), 133.8 (s), 133.4 (s), 129.6 (d), 127.6 (d), 127.1
(d), 86.8 (d), 77.5 (d), 74.8 (d), 70.3 (d), 60.8 (t), 56.6 (q), 41.0
(d), 40.5 (t), 26.8 (q), 25.7 (q), 20.5 (q), 19.1 (s), 18.1 (s), 13.3


(q), 11.0 (q), −4.9 (q), −5.4 (q); m/z (ESI) 759.2554 (M + Na:
C36H57IO4Si2Na requires 759.2539), 760 (20%), 759 (100).


(1E,8E)-(3S,5S,6S,7R)-1-Iodo-10-(tert-butyldiphenylsiloxy)-3-
(tert-butyldimethylsiloxy)-5-(2-diethylphosphonoacetoxy)-7-
methoxy-2,6,8-trimethyldec-1,8-diene 9


A solution of diethylphosphonoacetic acid (30.0 lL, 122 lmol)
in dichloromethane (0.3 mL) was added over 5 min, followed
by N,N ′-dicyclohexylcarbodiimide (38.0 mg, 183 lmol) in a
single portion to a stirred solution of the alcohol 21b (90.0 mg,
122 lmol) and 4-(dimethylamino)pyridine (4.30 mg, 37.0 lmol)
in dichloromethane (6 mL) at room temperature. The mixture
was stirred at room temperature for 90 min and then concen-
trated in vacuo. The residue was purified by flash column chro-
matography, eluting with ethyl acetate–light petroleum (bp 40–
60 ◦C) (1 : 3) to give the phosphonate ester (100 mg, 89%) as
a colourless oil. [a]21


D −7.2 (c 0.95 in CHCl3); mmax(sol.)/cm−1


1732, 1052, 703; dH (360 MHz, CDCl3), 7.71–7.65 (4H, m, ArH),
7.44–7.35 (6H, m, ArH), 6.19 (1H, s, C=CHI), 5.59 (1H, br. t,
J 6.0, C=CH), 4.89–4.84 (1H, m, CHOC=O), 4.35 (1H, dd,
J 7.0 and 13.0, CHHOTPS), 4.26 (1H, dd, J 5.0 and 13.0,
CHHOTPS), 4.20–4.11 (5H, m, POCH2 and CHOTBS), 3.16
(4H, br. s, CHOMe and OCH3), 2.94 (1H, dd, J 14.3 and 21.7,
CH2P), 2.90 (1H, dd, J 14.3 and 21.7, CH2P), 2.08–1.99 (1H, m,
CHCH3), 1.77 (3H, s, IC=CCH3), 1.67 (2H, m, CH2CHOTBS),
1.45 (3H, s, C=CCH3), 1.33 (6H, dt, J 1.8 and 7.1, POCH2CH3),
1.05 (9H, s, TPS-tBu), 0.93 (3H, d, J 6.9, CHCH3), 0.82 (9H, s,
TBS-tBu), −0.03 (3H, s, TBS-Me), −0.07 (3H, s, TBS-Me); dC


(90.6 MHz, CDCl3), 164.8 (s), 150.6 (s), 135.5 (d), 133.8 (s),
133.7 (s), 129.5 (d), 128.7 (d), 127.6 (d), 87.8 (d), 78.2 (d), 74.3
(d), 73.8 (d), 62.5 (dt, J 6.1), 60.7 (t), 56.1 (q), 38.3 (d), 35.6
(t), 34.6 (dt, J 133.0), 26.8 (q), 25.7 (q), 19.1 (q), 19.0 (s), 18.0
(s), 16.3 (dq, J 6.1), 11.6 (q), 9.6 (q), −5.0 (q), −5.4 (q); m/z
(ESI) 937.3065 (M + Na: C42H68INaPO8Si2 requires 937.3133),
938 (12%), 937 (100).


(E)-5-(tert-Butyldiphenylsilanyloxy)-pent-2-enoic acid ethyl
ester 23a


(Carbethoxymethylene)triphenylphosphorane (7.97 g, 22.9
mmol) was added in four equal portions, over 2 min, to a stirred
solution of 1-(tert-butyldiphenylsilyloxy)propanal (6.50 g, 20.8
mmol) in dichloromethane (250 mL) at room temperature. The
solution was stirred at room temperature for 8 h and then
concentrated in vacuo to leave a residue that was extracted into
pentane (300 mL). The solvent was evaporated in vacuo to leave a
colourless oil that was purified by flash column chromatography
on silica, eluting with ethyl acetate–light petroleum (bp 40–
60 ◦C) (1 : 19) to give the ester (7.3 g, 93%)21 as a colourless
oil; (Found: C, 72.4; H, 8.0. Calc. for C23H30O3Si: C 72.2; H,
7.9%); mmax (liquid film)/cm−1 1720, 1656, 1589; dH (400 MHz,
CDCl3) 7.69–7.67 (4H, m, ArH), 7.47–7.38 (6H, m, ArH),
7.00 (1H, dt, J 15.6 and 7.1, CH=CHCO2Et), 5.88 (1H,
dt, J 15.6 and 1.5, CH=CHCO2Et), 4.21 (2H, q, J 7.1,
CO2CH2CH3), 3.79 (2H, t, J 6.5, CH2OTBDPS), 2.46 (2H,
apparent qd, J 6.6 and 1.5, CH2CH=CH), 1.31 (3H, t, J
7.1, CO2CH2CH3), 1.07 [9H, s, OSiC(CH3)3]; dC (67.8 MHz,
CDCl3) 166.4 (s, CO2Et), 145.8 (d, CH=CHCO2Et), 135.5
(d, Ar), 133.5 (s, Ar), 129.6 (d, Ar), 127.6 (d, Ar), 123.0 (d,
CH=CHCO2Et), 62.2 (t, CH2OTBDPS), 60.1 (CO2CH2CH3),
35.4 (t, CH2CH2OTBDPS), 26.7 [q, OSiC(CH3)3], 19.1 [s,
OSiC(CH3)3], 14.2 (q, CO2CH2CH3); m/z (EI) 325.1291 [M+• −
C(CH3)3. C19H21O3Si requires 325.1260].


(E)-5-(tert-Butyldiphenylsilanyloxy)-pent-2-en-1-ol 23b


Di-isobutylaluminium hydride (1.5 mol dm−3 in toluene;
27.6 mL, 41.4 mmol) was added dropwise over 15 min, to
a stirred solution (E)-5-(tert-butyldiphenylsilanyloxy)-pent-2-
enoic acid ethyl ester 23a (7.20 g, 18.8 mmol) in dichloromethane
(150 mL) at −78 ◦C. The mixture was stirred at −78 ◦C for
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1 h, after which it was quenched at −78 ◦C by the addition of
methanol (8 mL), and allowed to warm to room temperature
over 1 h. A saturated aqueous solution of potassium sodium
tartrate (150 mL) was added to the mixture which was the
stirred vigorously at room temperature for 2 h. The mixture
was extracted with dichloromethane (80 mL), washed with
brine (30 mL), dried over anhydrous magnesium sulfate and
concentrated in vacuo to leave a residue that was purified by flash
column chromatography on silica, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (1 : 9) to give the alcohol (5.9 g,
93%) as a colourless oil; (Found: C, 74.2; H, 8.6. C21H28O2Si
requires: C 74.1; H, 8.3%); mmax (liquid film)/cm−1 3344, 3070,
1589; dH (400 MHz, CDCl3) 7.70–7.67 (4H, m, ArH), 7.47–7.38
(6H, m, ArH), 5.70–5.68 (2H, m, CH=CHCH2OH), 4.09–4.07
(2H, m, CH2OH), 3.73 (2H, t, J 6.7, CH2OTBDPS), 2.35–
2.30 (2H, m, CH2CH2OTBDPS), 1.07 [9H, s, SiC(CH3)3]; dC


(67.8 MHz, CDCl3) 136.0 (d, Ar), 134.3 (s, Ar), 131.4 (d, =CH),
130.0 (d, Ar), 129.9 (d, =CH), 128.1 (d, Ar), 64.1 (t, CH2OH),
63.9 (t, CH2OTBDPS), 36.0 (t, CH2CH2OTBDPS), 27.3 [q,
OSiC(CH3)3], 19.7 [s, OSiC(CH3)3]; m/z (EI) 283.1167 [M+• −
C(CH3)3. C17H19O2Si requires 283.1154].


tert-Butyldiphenyl-(5-vinyloxypent-3-enyloxy)-silane 24


Mercury(II) trifluoroacetate (750 mg, 1.76 mmol) was
added in one portion to a stirred solution of (E)-5-(tert-
butyldiphenylsilanyloxy)-pent-2-en-1-ol 23b (6.00 g, 17.6 mmol)
in anhydrous ethyl vinyl ether (120 mL) at room temperature.
The solution was stirred at room temperature for 8 h, after which
it was concentrated in vacuo to leave a colourless oil that was
purified by flash column chromatography on silica, eluting with
diethyl ether–light petroleum (bp 40–60 ◦C) (1 : 49) to give the
vinyl ether (5.0 g, 78%) as a colourless oil; (Found: C, 75.6; H,
8.4. C23H30O2Si requires: C 75.4; H, 8.3%); mmax (liquid film)/cm−1


1634, 1612; dH (250 MHz, CDCl3) 7.70–7.66 (4H, m, ArH), 7.47–
7.35 (6H, m, ArH), 6.47 (1H, dd, J 14.3 and 6.8, OCH=CH2),
5.82–5.62 (2H, m, CH=CHCH2O and CH=CHCH2O), 4.25–
4.16 (3H, m, OCH=CHH and CH=CHCH2O), 4.02 (1H, dd,
J 6.8 and 2, OCH=CHH), 3.72 (2H, t, J 6.7, CH2OTBDPS),
2.38–2.30 (2H, m, CH2CH2OTBDPS), 1.06 [9H, s, OSiC(CH3)3];
dC (67.8 MHz, CDCl3) 151.4 (d, OCH=CH2), 135.5 (d, Ar),
133.8 (s, Ar), 131.7 (d, =CH), 129.6 (d, Ar), 127.6 (d, Ar),
126.8 (d, =CH), 86.9 (t, OCH=CH2), 68.8 (t, CH2OCH=CH2),
63.3 (t, CH2OTBDPS), 35.6 (t, CH2CH2OTBDPS), 26.8 [q,
OSiC(CH3)3], 19.2 [s, OSiC(CH3)3]; m/z (EI) 309.1322 [M+• −
C(CH3)3. C19H21O2Si requires 309.1311].


(a)-3-[2-(tert-Butyldiphenylsilanyloxy)-ethyl]-pent-4-enal 25


A solution of tert-butyldiphenyl-(5-vinyloxypent-3-enyloxy)-
silane 24 (3.10 g, 8.47 mmol) in toluene (4 mL) was heated in a
sealed tube at 170 ◦C for 36 h. The reaction vessel was cooled
to room temperature over 2 h and the solution was then con-
centrated in vacuo to leave a colourless oil. Purification by flash
column chromatography on silica, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (1 : 9) gave the aldehyde (3.0 g,
97%) as a colourless oil; (Found: C, 75.3; H, 8.4. C23H30O2Si
requires: C 75.4; H, 8.3%); mmax (liquid film)/cm−1 2716, 1725,
1688, 1640; dH (400 MHz, CDCl3) 9.71 (1H, t, J 2.2, CHO),
7.68 (4H, d, J 7.8, ArH), 7.46–7.38 (6H, m, ArH), 5.69–5.60
(1H, m, CH=CH2), 5.07–5.03 (2H, m, CH=CH2), 3.71 (2H, t, J
6.3, CH2OTBDPS), 2.94–2.89 (1H, m, CHCH=CH2), 2.49–2.37
(2H, m, CH2CHO), 1.75–1.57 (2H, m, CH2CH2OTBDPS), 1.08
[9H, s, SiC(CH3)3]; dC (67.8 MHz, CDCl3) 202.3 (d, CHO), 140.3
(d, CH=CH2), 135.5 (d, Ar), 133.7 (s, Ar), 129.6 (d, Ar), 127.6
(d, Ar), 115.7 (t, CH=CH2), 61.2 (t, CH2OTBDPS), 48.2 (t,
CH2CHO), 37.2 (t, CH2CH2OTBDPS), 34.9 (d, CHCH=CH2),
26.8 [q, SiC(CH3)3], 19.2 [s, SiC(CH3)3]; m/z (EI) 309.1286
[M+• − C(CH3)3. C19H21O2Si requires 309.1311].


(2′S,3′R,4R,5S,5′S)-3-{5′-[2′′-(tert-Butyldiphenylsilanyloxy)-
ethyl]-3′-hydroxy-2′-methylhept-6′-enoyl}-4-methyl-5-
phenyloxazolidin-2-one 27 and (2′S,3′R,4R,5S,5′R)-
3-{5′-[2′′-(tert-Butyldiphenylsilanyloxy)-ethyl]-3′-hydroxy-2′-
methylhept-6′-enoyl}-4-methyl-5-phenyloxazolidin-2-one 26


A solution of dibutylboron trifluoromethanesulfonate
(1.0 mol dm−3 in dichloromethane, 7.10 mL, 7.10 mmol)
was added dropwise over 5 min to a stirred solution of (4S,5R)-
N-propionyl-5-methyl-4-phenyloxazolidin-2-one (1.50 g, 6.46
mmol) and di-isopropylethylamine (1.00 g, 1.35 mL, 7.75 mmol)
in dichloromethane (40 mL) at 0 ◦C. The solution was stirred
at 0 ◦C for 30 min and then at −78 ◦C for 30 min, after which a
solution of (a)-3-[2-(tert-butyldiphenylsilanyloxy)-ethyl]-pent-
4-enal 25 (2.60 g, 7.10 mmol) in dichloromethane (10 mL)
was added dropwise over 5 min at −78 ◦C. The reaction was
stirred at −78 ◦C for 30 min and then at room temperature for a
further 90 min, after which it was cooled to 0 ◦C and quenched
by the addition of methanol (30 mL), pH 7 phosphate buffer
(15 mL) and hydrogen peroxide (100 vol, 15 mL). The solution
was stirred vigorously at 0 ◦C for 2 h and then extracted with
dichloromethane (150 mL). The extracts were washed with
brine (50 mL), dried over anhydrous magnesium sulfate and
concentrated in vacuo to leave a colourless oil. The oil was
purified by flash column chromatography on silica, eluting with
ethyl acetate–light petroleum (bp 40–60 ◦C) (1 : 19) to give the
(2′S,3′R,4S,5R,5′S) isomer 26 (1.5 g, 39%) as a colourless oil.
[a]21


D +11.1 (c 1.15 in CHCl3); (Found: C, 72.2; H, 7.8; N, 2.4.
C32H36NO5Si requires: C, 72.1; H, 7.6; N, 2.3%;); mmax (liquid
film)/cm−1 3540, 1788, 1698, 1640; dH (400 MHz, CDCl3) 7.70
(4H, d, J 6.9, ArH), 7.48–7.38 (9H, m, ArH), 7.31 (2H, d,
J 6.9, ArH), 5.67 (1H, d, J 7.2, CHPh), 5.48 (1H, apparent
dt, J 17 and 10, CH=CH2), 5.08–5.01 (2H, m, CH=CH2),
4.80 (1H, apparent quin., J 6.7, NCHCH3), 4.01–3.98 (1H, m,
CHOH), 3.77–3.66 (3H, m, CH2OTBDPS and NCOCHCH3),
2.75 (1H, d, J 2.7, CHOH), 2.58–2.51 (1H, m, CHCH=CH2),
1.80–1.70 (1H, m, CHHCH2OTBDPS), 1.68–1.54 (2H, m,
CHHCH2OTBDPS and CHHCHOH), 1.33–1.21 (4H, m,
NCOCHCH3 and CHHCHOH), 1.08 [9H, s, OSiC(CH3)3],
0.90 (3H, d, J 6.7, NCHCH3); dC (67.8 MHz, CDCl3) 177.1 (s,
NCOCHCH3), 152.5 (s, NCOO), 141.6 (d, CH=CH2), 135.5
(d, Ar), 133.9 (s, Ar), 133.1 (s, Ar), 129.5 (d, Ar), 128.7 (d,
Ar), 127.5 (d, Ar), 125.5 (d, Ar), 115.8 (t, CH=CH2), 78.8
(d, CHPh), 69.0 (d, CHOH), 61.8 (t, CH2OTBDPS), 54.6
(d, NCHCH3), 42.8 (d, NCOCHCH3), 39.2 (t, CH2), 38.3 (t,
CH2), 37.2 (d, CHCH=CH2), 26.8 [q, OSiC(CH3)3], 19.1 [s,
OSiC(CH3)3], 14.3 (q, NCOCHCH3), 10.7 (q, NCHCH3); m/z
(EI) 542.2405 [M+• − C(CH3)3. C32H36NO5Si requires 542.2363].


Further elution with ethyl acetate–light petroleum (bp 40–
60 ◦C) (1 : 19) gave the (2′S,3′R,4S,5R,5′R) isomer 27 (1.6 g,
40%) as a colourless oil. [a]21


D +8.7 (c 0.66 in CHCl3); mmax


(liquid film)/cm−1 3527, 1783, 1738, 1698, 1640; dH (400 MHz,
CDCl3) 7.69 (4H, dd, J 7.5 and 1.6, ArH), 7.46–7.38 (9H,
m, ArH), 7.32 (2H, d, J 6.4, ArH), 5.68 (1H, d, J 7.3,
CHPh), 5.60 (1H, apparent dt, J 17.3 and 9.5, CH=CH2), 5.05–
4.94 (2H, m, CH=CH2), 4.84–4.75 (1H, m, NCHCH3), 4.10–
4.05 (1H, m, CHOH), 3.81 (1H, apparent dq, J 7.1 and 2.7,
NCOCHCH3), 3.74–3.64 (2H, m, CH2OTBDPS), 3.02 (1H, s,
CHOH), 2.50–2.40 (1H, m, CH2CH=CH2), 1.80–1.72 (1H,
m, CHHCH2OTBDPS), 1.65–1.45 (2H, m, CHHCH2OTBDPS
and CHHCHOH), 1.27–1.24 (4H, d and m, J 7.1, NCOCHCH3


and CHHCHOH), 1.07 [9H, s, OSiC(CH3)3], 0.90 (3H, d, J
6.6, NCHCH3); dC (101 MHz, CDCl3) 177.4 (s, NCOCHCH3),
152.5 (s, NCOO), 142.4 (d, CH=CH2), 135.6 (d, Ar), 134.1 (s,
Ar), 133.2 (s, Ar), 129.6 (d, Ar), 128.8 (d, Ar), 127.6 (d, Ar),
125.6 (d, Ar), 115.0 (t, CH=CH2), 78.9 (d, CHPh), 69.6 (d,
CHOH), 61.7 (t, CH2OTBDPS), 54.7 (d, NCHCH3), 41.5 (d,
NCOCHCH3), 39.0 (t, CH2CHOH), 37.4 (d, CHCH=CH2),
37.3 (t, CH2CH2OTBDPS), 26.9 [q, OSiC(CH3)3], 19.2 [s,
OSiC(CH3)3], 14.4 (q, NCOCHCH3), 10.3 (q, NCHCH3);
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m/z (FAB, 3-NBA) 600.3106 (M+ + H. C36H46NO5Si requires
600.3145).


(2R,3R,5S)-5-[2′-(tert-Butyldiphenylsilanyloxy)-ethyl]-
2-methylhept-6-ene-1,3-diol 28


Lithium borohydride (60 mg, 2.75 mmol) was added, cautiously
over 2 min, to a stirred solution of the imide 26 (550 mg,
9.18 mmol) in methanol (88 mg, 110 mm3, 2.75 mmol) and
diethyl ether (10 mL) at 0 ◦C. The solution was allowed to
warm to room temperature over 30 min, and then stirred at
room temperature for a further 2 h. The mixture was quenched
with aqueous sodium hydroxide (2 mol dm−3, 3 mL, 6 mmol)
and extracted into diethyl ether (20 mL). The ether extracts
were dried over anhydrous magnesium sulfate and concentrated
in vacuo to leave a colourless oil that was purified by flash
column chromatography on silica, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (3 : 7) to leave the 1,3-diol
(390 mg, 96%) as a colourless oil. [a]21


D +10.2◦ (c 0.92 in CHCl3);
mmax (liquid film)/cm−1 3379, 1667, 1640, 1589; dH (400 MHz,
CDCl3) 7.69 (4H, d, J 6.2, ArH), 7.44–7.38 (6H, m, ArH), 5.49
(1H, apparent dt, J 17.8 and 9.1, CH=CH2), 5.04–5.00 (2H, m,
CH=CH2), 3.86 (1H, br. d, J 8.7, CHOH), 3.72–3.68 (4H, m,
CH2OH and CH2OTBDPS), 2.50–2.43 (2H, m, CHCH=CH2


and OH), 2.28 (1H, br. s, OH), 1.79–1.69 (2H, m, CHCH3 and
CHHCH2OTBDPS), 1.64–1.55 (2H, m, CHHCH2OTBDPS
and CHHCHOH), 1.33–1.26 (1H, m, CHHCHOH), 1.07 [9H, s,
OSiC(CH3)3], 0.90 (3H, d, J 6.9, CHCH3); dC (67.8 MHz,
CDCl3) 141.9 (d, CH=CH2), 135.5 (d, Ar), 134 (s, Ar), 129.5
(d, Ar), 127.6 (d, Ar), 115.6 (t, CH=CH2), 72.0 (d, CHOH),
67.0 (t, CH2OH), 61.7 (t, CH2OTBDPS), 39.7 (d, CHCH3),
38.9 (t, CH2), 38.1 (t, CH2), 37.2 (d, CHCH=CH2), 26.8 [q,
OSiC(CH3)3], 19.1 [s, OSiC(CH3)3], 10.6 (q, CHCH3); m/z (EI)
351.1766 [M+• − C(CH3)3 − H2O. C22H27O2Si requires 351.1780].


(2R,3R,5S)-5-[2′-(tert-Butyldiphenylsilanyloxy)-ethyl]-1-
(4-methoxybenzyloxy)-2-methylhept-6-en-3-ol 29a


Camphorsulfonic acid (20 mg) was added, in a single portion,
to a solution of the 1,3-diol 28 (b-vinyl) (3.0 g, 7.04 mmol) and
4-methoxybenzyl 2,2,2-trichloroacetimidate (2.2 g, 7.75 mmol)
in dichloromethane (50 mL) at −20 ◦C. The mixture was then
stirred at 0 ◦C for 72 h. The solution was concentrated in
vacuo to leave an orange oil that was then purified by flash
column chromatography on silica, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (1 : 9) to give the ether (2.4 g,
62%) as a colourless oil. [a]21


D +9.5◦ (c 1.16 in CHCl3); (Found:
C, 74.2; H, 8.8. C34H46O4Si requires: C, 74.7; H, 8.5%); mmax


(liquid film)/cm−1 3488, 1638, 1612; further elution with ethyl
acetate–light petroleum (bp 40–60 ◦C) (1 : 4) gave unreacted
starting material (0.7 g, 23%).


(3S,5R,6R)-7-(4-Methoxybenzyloxy)-6-methyl-3-
vinylheptane-1,5-diol 29b


Tetrabutylammonium fluoride (635 mg, 2.01 mmol) was added
in a single portion to a stirred solution of the TPS ether
29a (110 mg, 201 lmol) in tetrahydrofuran (2 mL) at room
temperature. The solution was stirred at room temperature for
2 h, and then concentrated in vacuo to leave a coloured residue
that was purified by flash column chromatography on silica,
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (3 : 1)
to give the 1,5-diol (61 mg, 99%) as a colourless oil. [a]21


D +8.4◦


(c 1.14 in CHCl3); (Found: C, 69.7; H, 9.5. C18H28O4 requires:
C 70.1; H, 9.2%); mmax (liquid film)/cm−1 3378, 1639, 1613; dH


(400 MHz, CDCl3) 7.24–7.21 (2H, m, ArH), 6.88–6.85 (2H, m,
ArH), 5.53 (1H, ddd, J 19.1, 10.0 and 9.1, CH=CH2), 5.09–5.01
(2H, m, CH=CH2), 4.41 (2H, apparent d, J 6.8, CH2OAr), 3.79–
3.74 (4H, m, OCH3 and CHOH), 3.67–3.55 (2H, m, CH2OH),
3.48–3.43 (2H, m, CH2OPMB), 2.99 (1H, br. s, OH), 2.77 (1H,
br. s, OH), 2.46–2.41 (1H, m, CHCH=CH2), 1.85–1.79 (1H, m,


CHCH3), 1.61–1.49 (3H, m, CH2CH2OH and CHHCHOH),
1.25–1.19 (1H, m, CHHCHOH), 0.89 (3H, d, J 7.1, CHCH3);
dC (67.8 MHz, CDCl3) 159.1 (s, Ar), 142.3 (d, CH=CH2),
130.0 (s, Ar), 129.1 (d, Ar), 115.3 (t, CH=CH2), 113.7 (d, Ar),
73.9 (t, CH2OPMB), 72.8 (t, OCH2Ar), 71.2 (d, CHOH), 60.4
(t, CH2OH), 55.1 (q, OCH3), 38.7 (t, CH2CHOH), 38.4 (d,
CHCH3), 38.3 (t, CH2CH2OH), 37.4 (d, CHCH=CH2), 11.2
(q, CHCH3); m/z (FAB, 3-NBA) 309.2043 (M+ + H. C18H29O4


requires 309.2066).


3-Ethenyl-7-(4-methoxybenzyl)-6-methylheptan-5-olide
(1′R,4R,6R)-6-[2′-(4-methoxybenzyloxy)-1′-methylethyl]-
4-vinyltetrahydropyran-2-one 30


Tetrapropylammonium perruthenate(VII) (23 mg, 65 lmol) was
added cautiously to a stirred suspension of the 1,5-diol 29b
(200 mg, 649 lmol), N-methylmorpholine N-oxide (228 mg,
1.95 mmol) and activated 4 Å molecular sieves (500 mg) in
dichloromethane (20 mL) at 0 ◦C under an atmosphere of argon.
The slurry was warmed to room temperature and stirred at
room temperature for 24 h. The mixture was then concentrated
in vacuo to leave a yellow residue that was purified by flash
column chromatography on silica, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (1 : 4) to give the lactone (130 mg,
65%) as a colourless oil; dH (400 MHz, CDCl3) 7.25 (2H, d, J 8.3,
ArH), 6.88 (2H, d, J 8.5, ArH), 5.73 (1H, ddd, J 17.0, 10.4 and
6.6, CH=CH2), 5.10–5.05 (2H, m, CH=CH2), 4.53 (1H, dt, J 12
and 3.0, CHOCO), 4.44 (2H, apparent q, J 9.0, OCH2Ar), 3.81
(3H, s, ArOCH3), 3.52 (1H, apparent t, J 8.4, CHHOPMB), 3.39
(1H, dd, J 9.2 and 5.3, CHHOPMB), 2.73 (1H, ddd, J 17.5, 5.9
and 1.6, CHHCO2), 2.65–2.60 (1H, m, CHCH=CH2), 2.22 (1H,
dd, J 17.5 and 10.8, CHHCO2), 2.02–1.95 (1H, m, CHCH3),
1.98 (1H, br. d, J 12, CHHCHOCO), 1.51 (1H, apparent q, J
12, CHHCHOCO), 0.98 (3H, d, J 6.9, CHCH3); dC (67.8 MHz,
CDCl3) 171.0 (s, C=O), 159.1 (s, Ar), 139.8 (d, CH=CH2), 130.3
(s, Ar), 129.3 (d, Ar), 114.7 (t, CH2=CH), 113.7 (d, Ar), 80.1
(d, CHOCO), 72.9 (t, OCH2Ar), 71.2 (t, CH2OPMB), 55.2
(q, ArOCH3), 38.2 (d, CHCH3), 35.5 (t, CH2CO2), 35.5 (d,
CHCH=CH2), 32.1 (t, CH2CHOCO), 11.0 (q, CHCH3); m/z
(EI) 304.1690 (M+•. C18H24O4 requires 304.1675).


(2R,3R,5R)-5-[2-(tert-Butyldiphenylsilanyloxy)-ethyl]-
2-methylhept-6-ene-1,3-diol 31


Lithium borohydride (153 mg, 7.01 mmol) was added, cautiously
over 2 min, to a stirred solution of the oxazolidinone 27 (1.40 g,
2.34 mmol) in methanol (225 mg, 28.5 mL, 7.01 mmol) and
diethyl ether (30 mL) at 0 ◦C. The solution was allowed to warm
to room temperature over 30 min and then stirred at room
temperature for a further 30 min. The mixture was quenched
with aqueous sodium hydroxide solution (2 mol dm−3, 10 mL,
20 mmol) and extracted into diethyl ether (100 mL). The ether
extracts were dried over anhydrous magnesium sulfate, washed
with brine, and concentrated in vacuo to leave a colourless oil
that was purified by flash column chromatography on silica,
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (2 :
3) to give the 1,3-diol (700 mg, 70%) as a colourless oil. [a]21


D


+5.4 (c 1.14 in CHCl3); (Found: C, 72.7; H, 9.3. C26H38O3Si
requires: C 73.2; H, 9.0%); mmax (liquid film)/cm−1 3374, 3071,
3049, 1640, 1589; dH (400 MHz, CDCl3) 7.67 (4H, dd, J 7.8
and 1.5, ArH), 7.45–7.37 (6H, m, ArH), 5.64 (1H, apparent
dt, J 17.2 and 9.5, CH=CH2), 5.07–4.99 (2H, m, CH=CH2),
3.97–3.93 (1H, m, CHOH), 3.70–3.64 (4H, m, CH2OH and
CH2OTBDPS), 2.50–2.36 (3H, m, CHCH=CH2 and 2 × OH),
1.78–1.69 (2H, m, CHCH3 and CHHCH2OTBDPS), 1.55–1.45
(3H, m, CHHCH2OTBDPS and CH2CHOH), 1.06 [9H, s,
OSiC(CH3)3], 0.93 (3H, d, J 7.1, CHCH3); dC (67.8 MHz,
CDCl3) 143.1 (d, CH=CH2), 135.5 (d, Ar), 133.8 (s, Ar), 129.6
(d, Ar), 127.6 (d, Ar), 115.3 (t, CH=CH2), 73.6 (d, CHOH),
67.3 (t, CH2OH), 61.5 (t, CH2OTBDPS), 39.5 (t, CH2CHOH),
38.8 (d, CH), 38.7 (d, CH), 37.6 (t, CH2CH2OTBDPS), 26.8 [q,
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OSiC(CH3)3], 19.2 [s, OSiC(CH3)3], 9.9 (q, CHCH3); m/z (EI)
351.1771 [M+• − C(CH3)3 − H2O. C22H27O2Si requires 351.1780].


(2R,3R,5R)-5-[2-(tert-Butyldiphenylsilanyloxy)-ethyl]-1-
(4-methoxybenzyloxy)-2-methylhept-6-en-3-ol 32a


Camphorsulfonic acid (10 mg) was added, in a single portion,
to a stirred solution of the 1,3-diol 31 (3.04 g, 7.14 mmol) and
4-methoxybenzyl 2,2,2-trichloroacetimidate (2.20 g, 7.85 mmol)
in dichloromethane (30 mL) at −20 ◦C. The mixture was stirred
at 0 ◦C for 72 h and then concentrated in vacuo to leave an orange
oil that was purified by flash column chromatography on silica,
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (1 : 9) to
give the ether (2.34 g, 60%) as a colourless oil. [a]21


D +6.9 (c 0.96 in
CHCl3); mmax (liquid film)/cm−1 3502, 1713, 1612; dH (400 MHz,
CDCl3) 7.68 (4H, dd, J 7.8 and 1.6, ArH), 7.45–7.37 (6H, m,
ArH), 7.26 (2H, d, J 8.4, ArH), 6.89 (2H, d, J 8.4, ArH), 5.64–
5.56 (1H, m, CH=CH2), 5.00–4.95 (2H, m, CH=CH2), 4.45
(2H, apparent d, J 4.0, OCH2Ar), 3.90–3.86 (1H, m, CHOH),
3.81 (3H, s, OCH3), 3.71–3.65 (2H, m, CH2OTBDPS), 3.51–3.48
(2H, m, CH2OPMB), 2.37 (1H, br. s, OH), 2.42–2.33 (1H, m,
CHCH=CH2), 1.88–1.82 (1H, m, CHHCH2OTBDPS), 1.77–
1.70 (1H, m, CHCH3), 1.55–1.44 (3H, m, CHHCH2OTBDPS
and CH2CHOH), 1.06 [9H, s, OSiC(CH3)3], 0.93 (3H, d, J
7.0, CHCH3); dC (101 MHz, CDCl3) 159.3 (s, Ar), 143.1 (d,
CH=CH2), 135.7 (d, Ar), 134.1 (s, Ar), 130.4 (s, Ar), 129.6
(d, Ar), 129.3 (d, Ar), 127.7 (d, Ar), 114.7 (t, CH=CH2),
113.9 (d, Ar), 74.5 (t, CH2OPMB), 73.1 (t, OCH2Ar), 71.9 (d,
CHOH), 61.8 (t, CH2OTBDPS), 55.3 (q, ArOCH3), 39.6 (t,
CH2CHOH), 38.0 (d, CHCH3), 37.6 (t, CH2CH2OTBDPS), 37.4
(d, CHCH=CH2), 26.9 [q, OSiC(CH3)3], 19.3 [s, OSiC(CH3)3],
10.4 (q, CHCH3); m/z (FAB, 3-NBA) (%) 547 (3), 121 (100).


(3R,5R,6R)-7-(4-Methoxybenzyloxy)-6-methyl-
3-vinylheptane-1,5-diol 32b


Tetrabutylammonium fluoride (180 mg, 550 lmol) was added
in one portion to a stirred solution of the alkene 32a (100 mg,
180 lmol) in tetrahydrofuran (5 mL) at room temperature. The
solution was stirred at room temperature for 2 h, and then the
mixture was concentrated in vacuo to leave a coloured residue
that was purified by flash column chromatography on silica,
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (1 :
3) to leave the 1,5-diol (47 mg, 83%) as a colourless oil; mmax


(CHCl3)/cm−1 3620, 3482, 1612, 1514; dH (400 MHz, CDCl3)
7.24 (2H, d, J 8.6, ArH), 6.88 (2H, d, J 8.6, ArH), 5.73–5.63 (1H,
m, CH=CH2), 5.08–5.00 (2H, m, CH=CH2), 4.43 (2H, d, J 5.0,
OCH2Ar), 3.89–3.86 (1H, m, CHOH), 3.81 (3H, s, ArOCH3),
3.72–3.60 (2H, m, CH2OH), 3.49–3.46 (2H, m, CH2OPMB),
2.82 (1H, br. s, OH), 2.37–2.30 (1H, m, CHCH=CH2), 1.95–1.83
(2H, m, OH and CHHCH2OH), 1.80–1.72 (1H, m, CHCH3),
1.58–1.39 (3H, m, CHHCH2OH and CH2CHOH), 0.92 (3H,
d, J 7.1, CHCH3); dC (101 M, CDCl3) 159.3 (s, Ar), 143.2 (d,
CH=CH2), 130.2 (s, Ar), 129.3 (d, Ar), 114.7 (t, CH=CH2),
113.7 (d, Ar), 74.4 (t, OCH2Ar), 73.1 (t, CH2OPMB), 71.6
(d, CHOH), 61.0 (t, CH2OH), 55.3 (q, ArOCH3), 39.5 (t,
CH2CHOH), 38.2 (d, CHCH3), 37.6 (d, CHCH=CH2), 37.1
(t, CH2CH2OH), 10.7 (q, CHCH3).


(1′S,4S,6R)-6-[2′-(4-Methoxybenzyloxy)-1′-methylethyl]-
4-vinyltetrahydropyran-2-one 33


Tetrapropylammonium perruthenate(VII) (5 mg, 14 lmol) was
added cautiously to a stirred suspension of the 1,5-diol 32b
(43 mg, 140 lmol), N-methylmorpholine N-oxide (50 mg,
420 lmol) and activated 4 Å molecular sieves (200 mg) in
dichloromethane (5 mL) at 0 ◦C under an atmosphere of argon.
The slurry was warmed to room temperature and stirred at
room temperature for 24 h The mixture was then concentrated
in vacuo to leave a yellow residue that was purified by flash


column chromatography on silica, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (1 : 4) to give the lactone (24 mg,
57%) as a colourless oil; mmax (CHCl3)/cm−1 1724, 1602; dH


(400 MHz, CDCl3) 7.26–7.22 (2H, m, ArH), 6.90–6.87 (2H,
m, ArH), 5.84 (1H, ddd, J 16.9, 10.6 and 6.4, CH=CH2), 5.15–
5.05 (2H, m, CH=CH2), 4.49 (1H, dt, J 11.4 and 4.0, CHOCO),
4.43 (2H, apparent q, J 11.0, OCH2Ar), 3.81 (3H, s, ArOCH3),
3.47 (1H, dd, J 9.3 and 7.4, CH2OPMB), 3.39 (1H, dd, J 9.3
and 5.3, CH2OPMB), 2.79–2.74 (1H, m, CHCH=CH2), 2.57
(1H, dd, J 16.6 and 6.1, CHHCO2), 2.50 (1H, ddd, J 16.6,
7.4 and 0.6, CHHCO2), 2.01–1.90 (2H, m, CHHCHOCO and
CHCH3), 1.69 (1H, dt, J 14.1 and 7.6, CHHCHOCO), 1.01 (3H,
d, J 7.0, CHCH3); dC (67.8 MHz, CDCl3) 172.1 (s, C=O), 159.2
(s, Ar), 139.6 (d, CH=CH2), 130.3 (s, Ar), 129.3 (d, Ar), 115.3 (t,
CH2=CH), 113.8 (d, Ar), 77.1 (d, CHOCO), 72.9 (t, OCH2Ar),
71.4 (t, CH2OPMB), 55.3 (q, ArOCH3), 37.9 (d, CHCH3), 34.1
(t, CH2CO2), 32.8 (d, CHCH=CH2), 30.7 (t, CH2CHOCO),
11.5 (q, CHCH3).


(3R,5R,6R)-3-[2-(tert-Butyldiphenylsilanyloxy)-ethyl]-7-
(4-methoxybenzyloxy)-6-methylheptane-1,5-diol 34


(a) From the alkene 32a. A solution of 9-borabicyclo-
[3.3.1]nonane (0.5 mol dm−3 in tetrahydrofuran, 4.0 mL, 2.02
mmol) was added dropwise over 5 min to a stirred solution of
the alkene 32a (500 mg, 920 lmol) in tetrahydrofuran (2 mL) at
0 ◦C. The solution was stirred at 0 ◦C for 30 min and then at
room temperature for 12 h, after which it was cooled to 0 ◦C. An
aqueous solution of sodium hydroxide (2 mol dm−3, 5 mL) was
added in one portion to the solution, followed immediately by
the dropwise addition of hydrogen peroxide (100 vol, 5 mL)
over 5 min. The heterogeneous mixture was stirred vigorously
at 0 ◦C for 4 h, extracted with diethyl ether (40 mL), washed
with brine (10 mL) and then dried over anhydrous magnesium
sulfate. The solution was concentrated in vacuo to leave a residue
that was purified by flash column chromatography on silica,
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (3 :
7) to give the alcohol (470 mg, 91%) as a colourless oil. [a]21


D


+12.4 (c 0.50 in CHCl3); mmax (CHCl3)/cm−1 3429, 1612, 1513;
dH (400 MHz, CDCl3) 7.68 (4H, dd, J 7.8 and 1.5, ArH), 7.75–
7.37 (6H, m, ArH), 7.24 (2H, apparent d, J 8.6, ArH), 6.88 (2H,
apparent d, J 8.6, ArH), 4.43 (2H, apparent dd, J 18.3 and 11.6,
OCH2Ar), 3.81–3.78 (4H, m, ArOCH3 and CHOH), 3.73–3.63
(4H, m, CH2OTBDPS and CH2CH2OH), 3.52–3.44 (2H, m,
CH2OPMB), 3.03 (1H, br. s, OH), 2.49 (1H, br. s, OH), 1.88–
1.75 (2H, m, CHCH2CH2OH and CHCH3), 1.66–1.40 (5H, m,
CH2CH2OTBDPS, CH2CH2OH and CHHCHOH), 1.27–1.18
(1H, m, CHHCHOH), 1.06 [9H, s, OSiC(CH3)3], 0.89 (3H, d, J
7.1, CHCH3); dC (101 MHz, CDCl3) 135.7 (d, Ar), 134.0 (s, Ar),
130.1 (s, Ar), 129.7 (d, Ar), 129.4 (d, Ar), 127.8 (d, Ar), 114.0 (d,
Ar), 74.7 (t, CH2OPMB), 73.4 (d, CHOH), 73.2 (t, OCH2Ar),
62.3 (t, CH2OH), 60.6 (t, CH2OTBDPS), 55.4 (q, OCH3),
38.4 (d, CHCH3), 38.1 (t, CH2CHOH), 38.1 (t, CH2CH2OH),
37.6 (t, CH2CH2OTBDPS), 28.9 (d, CHCH2CH2OH), 27.0 [q,
OSiC(CH3)3], 19.2 [s, OSiC(CH3)3], 11.0 (q, CHCH3).


(b) From the TBS ether 41. Pyridinium p-toluenesulfonate
(40 mg, 1.60 lmol) was added to a stirred solution of the
TBS ether 41 (100 mg, 150 lmol) in ethanol (2 mL) at room
temperature. The solution was stirred and heated at 55 ◦C for
2 h and then concentrated in vacuo. The residue was purified
by flash column chromatography on silica, eluting with ethyl
acetate–light petroleum (bp 40–60 ◦C) (3 : 7) to give the alcohol
(60 mg, 72%) as a colourless oil which exhibited identical data
to those presented under section (a) above.


(1′R,4R,6R)-4-[2-(tert-Butyldiphenylsilanyloxy)-ethyl]-6-[2′-(4-
methoxybenzyloxy)-1′-methylethyl]-tetrahydropyran-2-one 35


A freshly prepared precipitate of silver nitrate on Celite (2.2 g)
was added to a stirred solution of the 1,5-diol 34 (130 mg, 230
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lmol), in benzene (20 mL) at room temperature. The slurry
was then stirred and heated at 80 ◦C for 3 h, after which
it was cooled to room temperature, filtered through a pad of
Celite and concentrated in vacuo to leave a colourless oil. The
oil was purified by flash column chromatography on silica,
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (1 :
4) to give the lactone (117 mg, 91%) as a colourless oil. [a]21


D


−8.9 (c 0.81 in CHCl3); mmax (CHCl3)/cm−1 1719, 1612; dH


(400 MHz, CDCl3) 7.65 (4H, d, J 7.6, ArH), 7.44–7.38 (6H,
m, ArH), 7.26 (2H, d, J 6.9, ArH), 6.89 (2H, d, J 6.9), 4.49–
4.40 (3H, m, ArCH2O and CHOCO), 3.81 (3H, s, ArOCH3),
3.71 (2H, t, J 5.4, CH2OTBDPS), 3.52 (1H, apparent t, J 8.5,
CHHOPMB), 3.92–3.56 (1H, m, CHHOPMB), 2.67 (1H, dd, J
17.5 and 5.8, CHCHHCO2), 2.25–2.10 (1H, m, CHCH2CO2),
2.04 (1H, dd, J 17.5 and 11.0, CHCHHCO2), 1.97–1.90 (1H,
m, CHCH3), 1.76 (1H, br. d, J ≈ 13, CHHCHOCO), 1.55 (2H,
apparent q, J 5.8, CH2CH2OTBDPS), 1.30 (1H, apparent q, J
12.3, CHHCHOCO), 1.06 [9H, s, C(CH3)]3, 0.95 (3H, d, J 6.9,
CHCH3); dC (67.8 MHz, CDCl3) 171.6 (s, C=O), 159.2 (s, Ar),
135.5 (d, Ar), 133.5 (s, Ar), 130.4 (s, Ar), 129.7 (d, Ar), 129.3
(d, Ar), 127.7 (d, Ar), 113.8 (d, Ar), 80.2 (d, CHOC=O), 72.9
(t, ArCH2O), 71.4 (t, CH2OPMB), 60.8 (t, CH2OTBDPS), 55.2
(q, ArOCH3), 38.8 (t, CH2CH2OTBDPS), 38.1 (d, CHCH3),
36.4 (t, CH2CO2), 32.4 (t, CH2CHOCO), 28.5 (d, CHCH2CO2),
26.8 [q, C(CH3)3], 19.1 [s, C(CH3)3], 10.9 (q, CHCH3); m/z (EI)
503.2248 [M+• − C(CH3)3. C30H35O5Si requires 503.2254].


(2R,4′R,6′R)-2-{4′-[2-(tert-Butyldiphenylsilanyloxy)-ethyl]-
6′-oxo-tetrahydropyran-2′-yl}-propionaldehyde 36


2,3-Dichloro-5,6-dicyanobenzoquinone (35 mg, 150 lmol) was
added in a single portion to a stirred solution of the d-lactone
35 (55 mg, 98 lmol) in dichloromethane (2 mL) and water
(0.1 mL) at room temperature. The slurry was stirred at room
temperature for 2 h and then quenched by the addition of
saturated aqueous sodium bicarbonate solution (5 mL). The
mixture was extracted with dichloromethane (50 mL), washed
with brine (10 mL) and dried over anhydrous magnesium
sulfate. The solution was then concentrated in vacuo to leave
a residue that was purified by flash column chromatography
on silica, eluting with ethyl acetate–light petroleum (bp 40–
60 ◦C) (3 : 1) to give the corresponding alcohol (43 mg,
100%) as a colourless oil. [a]21


D −4.1 (c 1.26 in CHCl3); mmax


(CHCl3)/cm−1 3446, 1732, 1589; dH (400 MHz, CDCl3) 7.66–
7.65 (4H, m, ArH), 7.47–7.38 (6H, m, ArH), 4.49 (1H, dt,
J 12.0 and 3.0, CHOC=O), 3.74–3.70 (3H, m, CH2OTBDPS
and CHHOH), 3.60 (1H, dd, J 10.8 and 5.5, CHHOH), 2.68
(1H, ddd, J 17.5, 5.9 and 1.8, CHHCO2), 2.34–2.14 (1H,
m, CHCH2CO2), 2.06 (1H, dd, J 17.5 and 10.8, CHHCO2),
1.88–1.78 (2H, m, CHCH3 and CHHCHCH2CO2), 1.57 (2H,
apparent q, J 6, CH2CH2OTBDPS), 1.34 (1H, apparent q, J
≈ 13, CHHCHCH2CO2), 1.06 [9H, s, C(CH3)3], 0.95 (3H, d,
J 7.0, CHCH3); dC (101 MHz, CDCl3) 171.6 (s, C=O), 135.6
(d, Ar), 133.6 (s, Ar), 129.8 (d, Ar), 127.8 (d, Ar), 80.5 (d,
CHOC=O), 64.4 (t, CH2OH), 60.9 (t, CH2OTBDPS), 39.8 (d,
CHCH3), 38.9 (t, CH2CH2OTBDPS), 36.5 (t, CH2CO2), 32.4
(t, CH2CHOC=O), 28.7 (d, CHCH2CO2), 26.9 (q, C(CH3)3),
19.2 (s, C(CH3)3), 10.6 (q, CHCH3); m/z (EI) 383.1691 [M+• −
C(CH3)3. C22H27O4Si requires 383.1679].


Dess–Martin periodinane (73 mg, 170 lmol) was added to
a stirred solution of the above alcohol (50 mg, 114 lmol)
and water (3.1 mg, 3.1 mm3, 170 lmol) in dichloromethane
(2.5 mL) at 0 ◦C. The slurry was stirred at room temperature
for 1 h and then quenched by the addition of a saturated
aqueous solution of sodium thiosulfate (2 mL), extracted into
dichloromethane (20 mL), dried over anhydrous MgSO4 and
concentrated in vacuo to leave a colourless residue. The residue
was purified by flash column chromatography on silica, eluting
with ethyl acetate–light petroleum (bp 40–60 ◦C) (2 : 3) to
give the aldehyde (42 mg, 84%) as a colourless oil. [a]21


D +5.7


(c 0.84 in CHCl3); mmax (CHCl3)/cm−1 1726, 1685; dH (360 MHz,
CDCl3) 9.74 (1H, d, J 0.9 CHO), 7.67–7.64 (4H, m, ArH),
7.47–7.38 (6H, m, ArH), 4.64 (1H, ddd, J 12.1, 4.5 and 2.9,
CHOH), 3.72 (2H, t, J 6.0, CH2OTBDPS), 2.71 (1H, ddd,
J 17.5, 5.7 and 1.8, CHHCO2), 2.59–2.53 (1H, m, CHCH3),
2.27–2.19 (1H, m, CHCH2CH2OTBDPS), 2.08 (1H, dd, J 17.5
and 10.9, CHHCO2), 1.89 (1H, br. d, J 14, CHHCHOCO),
1.56 (2H, apparent q, J 6.2, CH2CH2OTBDPS), 1.33–1.23
(1H, m, CHHCHOCO), 1.21 (3H, d, J 7.2, CHCH3), 1.06
[9H, s, SiC(CH3)3]; dC (67.8 MHz, CDCl3) 202.0 (d, CHO),
170.5 (s, C=O), 135.5 (d, Ar), 133.4 (s, Ar), 129.8 (d, Ar),
127.7 (d, Ar), 79.1 (d, CHOCO), 60.6 (t, CH2OTBDPS), 50.2
(d, CHCH3), 38.6 (t, CH2CH2OTBDPS), 36.2 (t, CH2CO2),
32.2 (t, CH2CHOCO), 28.5 (d, CHCH2CH2OTBDPS), 26.8
[q, SiC(CH3)3], 19.1 [s, SiC(CH3)3], 8.5 (q, CHCH3); m/z (EI)
381.1514 [M+• − C(CH3)3. C22H25O4Si requires 381.1522].


(1′R,4R,6R)-4-[2-(tert-Butyldiphenylsilanyloxy)-ethyl]-
6-(1′-methylprop-2′-ynyl)-tetrahydropyran-2-one 37


A solution of potassium tert-butoxide (11 mg, 96 lmol) in
tetrahydrofuran (1 mL) was added dropwise over 2 min to a
stirred solution of dimethyl diazomethylphosphonate (13 mg,
88 lmol) in tetrahydrofuran (1 mL) at −78 ◦C. The solution
was stirred at −78 ◦C for 30 min, after which it was added to a
solution of the aldehyde 36 (35 mg, 80 lmol) in tetrahydrofuran
(0.5 mL) at −78 ◦C. The mixture was stirred at −78 ◦C for 2 h
and then quenched by the addition of water (1 mL), allowed
to warm to room temperature and extracted into diethyl ether
(10 mL). The organic extracts were dried over anhydrous mag-
nesium sulfate and concentrated in vacuo to leave a colourless
oil that was purified by flash column chromatography on silica,
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (2 :
3) to give the acetylene (32 mg, 92%) as a colourless oil.
[a]21


D +5.6 (c 1.00 in CHCl3); mmax (CHCl3)/cm−1 3307, 2990,
2858, 1727; dH (400 MHz, CDCl3) 7.67–7.65 (4H, m, ArH),
7.47–7.38 (6H, m, ArH), 4.16–4.10 (1H, m, CHOCO), 3.73
(2H, t, J 5.9, CH2OTBDPS), 2.77–2.65 (2H, m, CHHCOO
and CHCH3), 2.25–2.16 (2H, m, CHCH2CH2OTBDPS and
CHHCOO), 2.12 (1H, d, J 2.4, C≡CH), 1.65–1.56 (3H,
m, CH2CH2OTBDPS and CHHCHOCO), 1.36–1.25 (4H, m,
CHCH3 and CHHCHOCO), 1.06 [9H, s, OSiC(CH3)3]; dC


(101 MHz, CDCl3) 170.8 (s, C=O), 135.6 (d, Ar), 133.6 (s,
Ar), 129.9 (d, Ar), 127.8 (d, Ar), 84.0 (s, C≡C), 82.3 (d,
CHOCO), 71.4 (s, C≡C), 60.9 (t, CH2OTBDPS), 38.7 (t,
CH2CH2OTBDPS), 36.4 (t, CH2CO2), 32.2 (d, CHCH3), 32.1
(t, CH2CHOCO), 28.3 (d, CHCH2CH2OTBDPS), 27.0 [q,
SiC(CH3)3], 19.3 [s, SiC(CH3)3], 17.1 (q, CHCH3).


(1′R,2′E,4R,6R)-4-[2-(tert-Butyldiphenylsilanyloxy)-ethyl]-6-
(1′-methyl-3′-tributylstannanylallyl)-tetrahydropyran-2-one 38


Silver nitrate (1 mg) was added to a stirred solution of the
acetylene 37 (30 mg, 69 lmol) and N-bromosuccinimide (14 mg,
76 lmol) in acetone (1 mL) at room temperature. The solution
was stirred at room temperature for 3 h, filtered through a plug of
silica and concentrated in vacuo to leave the crude bromoacety-
lene intermediate. A solution of this bromoacetylene (35 mg,
68 lmol) in tetrahydrofuran (2 mL) was added added dropwise
over 5 min to a stirred solution of triphenylphosphine (0.7 mg,
2.7 lmol) and tris(dibenzylideneacetone) dipalladium complex
(0.6 mg, 0.7 lmol) in degassed tetrahydrofuran (1 mL) at room
temperature. The solution was stirred at room temperature for
5 min and then tributyltin hydride (43 mg, 40 mm3, 150 lmol)
was added dropwise over 1 min. The mixture was stirred at
room temperature for 30 min, diluted with potassium fluoride
solution (20% in water, 5 mL) and stirred vigorously for 3 h.
The mixture was extracted into diethyl ether, dried over anhy-
drous magnesium sulfate and concentrated in vacuo to leave a
colourless oil that was purified by flash column chromatography
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on silica, eluting with diethyl ether–light petroleum (bp 40–
60 ◦C) (1 : 4) to give the vinyl stannane (35 mg, 70%) as a
colourless oil. [a]21


D +3.0 (c 0.46 in CHCl3); mmax (CHCl3)/cm−1


3072, 2960, 2929, 1721; dH (400 MHz, CDCl3) 7.65 (4H, dd,
J 6.8 and 1.1, ArH), 7.47–7.38 (6H, m, ArH), 6.03 (1H, d, J
19, CH=CH), 5.87 (1H, dd, J 19 and 7.0, CH=CH), 4.15–4.11
(1H, m, CHOCO), 3.70 (2H, t, J 5.9, CH2OTBDPS), 2.66 (1H,
dd, J 17.2 and 5.7, CHHCOO), 2.47–2.42 (1H, m, CHCH3),
2.20–2.11 (1H, m, CHCH2CH2OTBDPS), 2.01 (1H, dd, J 17.3
and 11.0, CHHCOO), 1.88 (1H, br. d, J 14, CHHCHOCO),
1.60–1.43 (8H, m, CH2CH2OTBDPS and 3 × CH2CH2), 1.35–
1.27 (7H, m, CHHCHOCO and 3 × CH2CH2), 1.11 (3H, d, J
6.5, CHCH3), 1.06 [9H, s, OSiC(CH3)3], 0.97–0.80 (15H, m, 3 ×
CH3CH2CH2 and 3 × CH2Sn); dC (101 MHz, CDCl3) 171.5 (s,
C=O), 148.7 (d, CH=CH), 135.6 (d, Ar), 133.6 (s, Ar), 130.0 (d,
CH=CH), 129.8 (d, Ar), 127.8 (d, Ar), 83.8 (d, CHOCO), 60.8 (t,
CH2OTBDPS), 46.4 (d, CHCH3), 39.0 (t, CH2CH2OTBDPS),
36.5 (t, CH2CO2), 32.5 (t, CH2CHOCO), 29.2 (t, CH2CH2),
28.4 (d, CHCH2CH2OTBDPS), 27.3 (t, CH2CH2), 26.9 [q,
OSiC(CH3)3], 19.2 [s, OSiC(CH3)3], 15.5 (q, CHCH3), 13.8
(CH3CH2CH2), 9.6 (t, CH2Sn); m/z (FAB, 3-NBA, MeOH)
727.3594 (M+ + H. C39H63O3Si120Sn requires 727.3568).


(1′R,2′E,2R,4R)-[2-(1′-Methyl-3′-tributylstannanylallyl)-
6-oxotetrahydropyran-4-yl]-acetaldehyde 7


(a) From the TBS ether 38. Tetrabutylammonium fluoride
(44 mg, 140 lmol) was added to a stirred solution of the TPS
ether 38 (34 mg, 47 lmol) and p-toluenesulfonic acid (10 mg,
52 lmol) in tetrahydrofuran (2 mL) at room temperature.
The solution was stirred at room temperature for 3 h and
then concentrated in vacuo to leave a red residue that was
purified by flash column chromatography on silica, eluting with
ethyl acetate–light petroleum (bp 40–60 ◦C) (3 : 2) to give the
corresponding alcohol (16 mg, 70%) as a colourless oil. [a]21


D


+21.7 (c 0.24 in CHCl3); mmax (CHCl3)/cm−1 3620, 3442, 1720,
1602; dH (400 MHz, CDCl3) 6.04 (1H, d, J 19, CH=CH), 5.86
(1H, dd, J 19 and 7.1, CH=CH), 4.18–4.13 (1H, m, CHOCO),
3.72 (2H, t, J 6.2, CH2OH), 2.77–2.72 (1H, m, CHHCOO),
2.49–2.43 (1H, m, CHCH3), 2.19–2.05 (2H, m, CHCH2CH2OH
and CHHCOO), 1.99 (1H, br. d, J 15.7, CHHCHOCO),
1.64–1.41 (8H, m, CH2CH2OH and 3 × CH2CH2), 1.36–1.26
(7H, m, CHHCHOCO and 3 × CH2CH2), 1.13 (3H, d, J
6.8, CHCH3), 0.97–0.84 (15H, m, 3 × CH3CH2CH2 and 3 ×
CH2Sn); dC (67.8 MHz, CDCl3) 171.4 (s, C=O), 148.6 (d,
CH=CH), 130.1 (d, CH=CH), 83.6 (d, CHOCO), 59.7 (t,
CH2OH), 46.6 (d, CHCH3), 38.9 (t, CH2CH2OH), 36.4 (t,
CH2CO2), 32.5 (t, CH2CHOCO), 29.1 (t, CH2CH2), 28.2 (d,
CHCH2CH2OH), 27.2 (t, CH2CH2), 15.6 (q, CHCH3), 13.7 (q,
CH3CH2CH2), 9.5 (t, CH2Sn).


A solution of the alcohol (4 mg, 8 lmol) in dicloromethane
(0.5 mL) was added to a stirred solution of Dess–Martin
periodinane (7 mg, 16 lmol) and pyridine (1.3 mg, 1.3 mm3,
16 lmol) in dichloromethane (0.5 mL) at room temperature.
The slurry was stirred at room temperature for 1 h and then
quenched by the addition of a saturated solution of sodium
thiosulfate (1 mL), extracted into dichloromethane (10 mL),
dried over anhydrous MgSO4 and concentrated in vacuo to
leave a white residue. The residue was purified by flash column
chromatography on silica, eluting with ethyl acetate–light
petroleum (bp 40–60 ◦C) (1 : 4) to give the lactone aldehyde
(2.7 mg, 70%) as a colourless oil. [a]21


D +12 (c 1.00 in CHCl3);
(Found: C, 56.4; H, 8.6. C23H42O3Sn requires: C, 56.7; H, 8.7%);
mmax(sol.)/cm−1 2730 (w), 1731; dH (360 MHz, CDCl3), 9.74
(1H, apparent s, CHO), 6.02 (1H, d, J 19.1, SnCH=C), 5.82
(1H, dd, J 7.1 and 19.1, SnCH=CH), 4.16 (1H, ddd, J 2.9, 6.6
and 11.7, CHOCO), 2.74 (1H, dd, J 5.7 and 17.5, CHHCOO),
2.57–2.40 (4H, m, CHCH2CHO, CH2CHO and CHCH3), 2.07
(1H, dd, J 10.0 and 17.5, CHHCOO), 1.99 (1H, br. d, J 14.7,
CHHCHOCO), 1.52–1.43 (6H, m, Bu3Sn-3 × CH2), 1.34–1.22


(7H, m, CHHCHOCO and Bu3Sn-3 × CH2), 1.09 (3H, d, J 6.8,
CHCH3) 0.93–0.81 (15H, m, Bu3Sn-3 × CH2 and 3 × CH3);
dC (90.6 MHz, CDCl3), 199.4 (d), 170.3 (s), 148.3 (d), 130.3 (d),
83.2 (d), 49.8 (t), 46.3 (d), 35.8 (t), 32.1 (t), 29.0 (t), 27.1 (t), 25.8
(d), 15.4 (q), 13.6 (q), 9.4 (t); m/z (FAB), 427.1427 (M − Bu:
C19H33O3


118Sn requires 427.1446), 429 (100%), 427 (80).


(b) From the triol 48. Silica-supported sodium periodate
(4.00 g, 4.80 mmol) was added in one portion to a stirred solution
of the triol 48 (790 mg, 1.61 mmol) in dichloromethane (10 mL)
at room temperature. The slurry was stirred at room temperature
for 15 min, then filtered and washed with dichloromethane (2 ×
10 mL). The combined filtrates were concentrated in vacuo to
leave an oil which was purified by flash column chromatography
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (1 : 1)
to give the corresponding lactol 49 (636 mg, 81%) as a colourless
oil (1 : 1 mixture of anomers).


Silver carbonate on Celite (50 wt%, 7.10 g, 13.0 mmol) was
added in one portion to a stirred solution of the lactol (630 mg,
1.30 mmol) in toluene (40 mL) at room temperature, and the
resulting slurry was heated at reflux for 3 h and then cooled
to room temperature. The slurry was filtered, and the residue
was washed with ethyl acetate. The combined filtrates were
concentrated in vacuo to leave an oil which was purified by
flash column chromatography, eluting with ethyl acetate–light
petroleum (bp 40–60 ◦C) (1 : 3) to give the lactone (473 mg, 61%
over two steps) as a colourless oil whose spectroscopic data were
identical with those presented under section (a) above.


(2R,3R,5S)-5-[2-(tert-Butyldimethylsilanyloxy)-ethyl]-1-
(4-methoxybenzyloxy)-2-methylhept-6-en-3-ol 39


tert-Butylchlorodimethylsilane (690 mg, 4.53 mmol) was added
in a single portion to a stirred solution of the 1,5-diol 29a
(1.28 g, 4.12 mmol) and imidazole (310 mg, 4.53 mmol) in
dichloromethane (40 mL) at room temperature. The white
suspension was stirred at room temperature for 2 h after which it
was concentrated in vacuo to leave a white solid. The residue was
washed with diethyl ether (150 mL), the imidazole hydrochloride
salt removed by filtration and the organic extracts concentrated
in vacuo to leave a colourless oil that was purified by flash
column chromatography on silica, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (1 : 9) to give the silyl ether
(1.43 g, 82%) as a colourless oil. [a]21


D +5.2 (c 0.54 in CHCl3);
mmax (CHCl3)/cm−1 3482, 1612; dH (400 MHz, CDCl3) 7.24 (2H,
d, J 8.6, ArH), 6.88 (2H, d, J 8.6, ArH), 5.50 (1H, apparent
dt, J 19.5 and 9.8, CH=CH2), 5.06–5.02 (2H, m, CH=CH2),
4.44 (2H, d, J 7.7, OCH2Ar), 3.81 (3H, s, ArOCH3), 3.78–
3.74 (1H, m, CHOH), 3.67–3.55 (2H, m, CH2OTBDMS), 3.47
(2H, d, J 5.7, CH2OPMB), 2.51 (1H, d, J 5.2, OH), 2.45–2.36
(1H, m, CHCH=CH2), 1.88–1.82 (1H, m, CHCH3), 1.68–1.59
(1H, m, CH2CH2OTBDMS), 1.56–1.47 (2H, m, CHHCHOH
and CHHCH2OTBDMS), 1.29–1.22 (1H, m, CHHCHOH),
0.93–0.89 [12H, m, CHCH3 and OSiMe2C(CH3)3], 0.05 [6H, s,
OSi(CH3)2C(CH3)3]; dC (67.8 MHz, CDCl3) 159.2 (s, Ar), 142.2
(d, CH=CH2), 130.2 (s, Ar), 129.2 (d, Ar), 115.4 (t, CH=CH2),
113.8 (d, Ar), 74.1 (t, CH2OPMB), 72.9 (t, OCH2Ar), 71.3
(d, CHOH), 61.3 (t, CH2OTBDMS), 55.2 (q, ArOCH3),
39.2 (t, CH2CHOH), 38.5 (t, CH2CH2OTBDMS), 38.4 (d,
CHCH3), 37.4 (d, CHCH=CH2), 26.0 [q, OSiC(CH3)3], 18.3
[s, OSiC(CH3)3], 11.3 (q, CHCH3), −5.3 [q, OSi(CH3)2]; m/z
(EI) 365.2127 [M+• − C(CH3)3. C20H33O4Si requires 365.2148].


(3S,5R,6R)-3-[2-(tert-Butyldimethylsilanyloxy)-ethyl]-7-
(4-methoxybenzyloxy)-6-methylheptane-1,5-diol 40


A solution of 9-borabicyclo[3.3.1]nonane (0.5 mol dm−3 in
tetrahydrofuran, 14.9 mL, 7.45 mmol) was added dropwise
over 5 min to a stirred solution of the alkene 39 (1.43 g, 3.39
mmol) in tetrahydrofuran (5 mL) at 0 ◦C. The solution was
stirred at 0 ◦C for 30 min and then at room temperature for
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12 h, after which it was cooled to 0 ◦C. An aqueous solution
of sodium hydroxide (2 mol dm−3, 10 mL) was added in one
portion to the solution, followed immediately by the dropwise
addition of hydrogen peroxide (100 vol, 10 mL) over 5 min.
The heterogeneous mixture was stirred vigorously at 0 ◦C for
4 h, extracted with diethyl ether (100 mL), washed with brine
(10 mL) and then dried over anhydrous magnesium sulfate.
The solution was concentrated in vacuo to leave a residue that
was purified by flash column chromatography on silica, eluting
with ethyl acetate–light petroleum (bp 40–60 ◦C) (3 : 7) to
give the alcohol (1.49 g, 95%) as a colourless oil. [a]21


D +13.9
(c 0.42 in CHCl3); mmax (liquid film)/cm−1 3395, 2929, 1612,
1586; dH (400 MHz, CDCl3) 7.27 (2H, d, J 8.7, ArH), 6.89
(2H, d, J 8.7, ArH), 4.44 (2H, apparent d, J 3.3, OCH2Ar), 3.88
(1H, apparent d, J 8.7, CHOH), 3.82 (3H, s, ArOCH3), 3.71–
3.66 (4H, m, CH2OTBDMS and CH2OH), 3.50 (2H, d, J 5.7,
CH2OPMB), 2.91 (1H, br. s, OH), 2.07 (1H, br. s, OH), 1.87–
1.79 (2H, m, CHCH3 and CHCH2CH2OTBDMS), 1.72–1.51
(5H, m, CHHCHOH, CH2CH2OTBDMS and CH2CH2OH),
1.33–1.28 (1H, m, CHHCHOH), 0.92 (3H, d, J 7.1, CHCH3),
0.90 [9H, s, OSiC(CH3)3], 0.06 [6H, s, OSi(CH3)2]; dC (67.8 MHz,
CDCl3) 159.2 (s, Ar), 130.1 (s, Ar), 129.2 (d, Ar), 113.8 (d, Ar),
74.3 (t, CH2OPMB), 73.0 (t, OCH2Ar), 71.4 (d, CHOH), 61.5
(t, CH2OTBDMS), 61.2 (t, CH2OH), 55.2 (q, ArOCH3), 38.8
(t, CH2CHOH), 38.3 (d, CHCH3), 37.7 (t, CH2CH2OTBDMS),
36.4 (t, CH2CH2OH), 29.0 (d, CHCH2CH2OTBDMS), 25.9 [q,
OSiC(CH3)3], 18.3 [s, OSiC(CH3)3], 11.0 (q, CHCH3), −5.4 [q,
OSi(CH3)2].


(2R,3R,5R)-5-[2-(tert-Butyldimethylsilanyloxy)-ethyl]-7-
(tert-butyldiphenylsilanyloxy)-1-(4-methoxybenzyloxy)-2-
methylheptan-3-ol 41


tert-Butylchlorodiphenylsilane (0.96 g, 0.91 mL, 3.50 mmol) was
added in a single portion to a stirred solution of the primary al-
cohol 40 (1.40 g, 3.18 mmol) and imidazole (240 mg, 3.50 mmol)
in dichloromethane (30 mL) at room temperature. The colourless
suspension stirred at room temperature for 2 h after which it
was concentrated in vacuo to leave a white solid. The residue was
washed with diethyl ether (200 mL), the imidazole hydrochloride
salt removed by filtration and the organic extracts concentrated
in vacuo to leave a colourless oil that was purified by flash
column chromatography on silica, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (1 : 9) to give the silyl ether (2.07 g,
96%) as a colourless oil. [a]21


D +7.7 (c 1.22 in CHCl3); (Found:
C, 70.7; H, 9.4. C40H62O5Si2 requires: C, 70.8; H, 9.2%); mmax


(CHCl3)/cm−1 3475, 1612, 1588; dH (270 MHz, CDCl3) 7.66–
7.62 (4H, m, ArH), 7.40–7.30 (6H, m, ArH), 7.22–7.18 (2H,
m, ArH), 6.86–6.82 (2H, m, ArH), 4.39 (2H, s, OCH2Ar),
3.76 (4H, apparent s, ArOCH3 and CHOH), 3.66 (2H, t, J
6.8, CH2OTBDPS), 3.59 (2H, t, J 6.8, CH2OTBDMS), 3.47–
3.41 (2H, m, CH2OPMB), 2.71 (1H, d, J 4.3, OH), 1.78–1.73
(2H, m, CHCH3 and CHCH2CH2OTBDMS), 1.60–1.36 (5H,
m, CHHCHOH, CH2CH2OTBDMS and CH2CH2OTBDPS),
1.28–1.21 (1H, m, CHHCHOH), 1.01 [9H, s, OSiC(CH3)3],
0.86–0.84 [12H, m, OSiC(CH3)3 and CHCH3], 0.00 [6H, s,
OSi(CH3)2]; dC (67.8 MHz, CDCl3) 159.5 (s, Ar), 135.9 (d, Ar),
134.3 (s, Ar), 130.6 (s, Ar), 129.9 (d, Ar), 129.5 (d, Ar), 127.9 (d,
Ar), 114.1 (d, Ar), 74.6 (t, CH2OPMB), 73.3 (t, OCH2Ar), 72.1
(d, CHOH), 62.5 (t, CH2OTBDPS), 61.7 (t, CH2OTBDMS),
55.6 (q, ArOCH3), 39.0 (t, CH2CHOH), 38.6 (d, CHCH3),
37.8 (t, CH2CH2OTBDMS), 37.2 (t, CH2CH2OTBDPS), 29.1
(d, CHCH2CH2OTBDPS), 27.2 [q, OSiC(CH3)3], 26.3 [q,
OSiC(CH3)3], 19.5 [s, OSiC(CH3)3], 18.6 [s, OSiC(CH3)3], 11.2
(q, CHCH3), −5.0 [q, OSi(CH3)2].


Cyclopent-3-enylacetaldehyde 42


A solution of di-isobutylaluminium hydride in toluene (1.50 M,
42.0 mL, 63.0 mmol) was added over 10 min to a stirred
solution of cyclopent-3-enylacetonitrile (4.50 g, 42.0 mmol) in


dichloromethane (250 mL) at −78 ◦C. The mixture was stirred
at −78 ◦C for 2 h, then quenched at −78 ◦C by the addition of
acetone (20 mL), before being warmed to room temperature. The
mixture was added to a saturated aqueous solution of Rochelle’s
salt (250 mL), via cannula, and the biphasic mixture was then
stirred at room temperature for 14 h. The separated aqueous
phase was extracted with dichloromethane (3 × 100 mL) and the
combined organic extracts were dried and concentrated in vacuo.
The residue was purified by flash column chromatography,
eluting with diethyl ether–light petroleum (bp 40–60 ◦C) (1 :
19) to give the aldehyde (3.28 g, 70%) as a colourless oil.
Bp 71–72 ◦C/16 mmHg; mmax(film)/cm−1 2719, 1723, 1350; dH


(400 MHz, CDCl3), 9.76 (1H, t, J 1.9, CHO), 5.66 (2H, br. s,
2 × C=CH), 2.74–2.67 (1H, m, CHCH2CHO) 2.64–2.56 (2H,
m, CH2CH=), 2.51 (2H, dd, J 1.9 and 7.1, CH2CHO), 2.03–
1.98 (2H, m, CH2CH=); dC (100 MHz, CDCl3), 202.5 (d), 129.5
(d), 50.4 (t), 38.7 (t), 31.3 (d); m/z (EI) 110.0727 (M: C7H10O
requires 110.0731), 110 (28%), 93 (19), 66 (100).


(S)-4-Benzyl-3-[(2S,3R)-4-cyclopent-3-enyl-3-hydroxy-
2-methylbutanoyl]-oxazolidin-2-one 43


A solution of dibutylboron triflate in dichloromethane (1.00 M,
56.0 mL, 56.0 mmol), and triethylamine (8.46 mL, 60.6 mmol)
were added sequentially to a stirred solution of (S)-4-benzyl-
3-propionyloxazolidin-2-one (10.8 g, 46.6 mmol) in dichloro-
methane (250 mL) at −10 ◦C. The mixture was stirred at −10 ◦C
for 20 min, then cooled to −78 ◦C when a solution of the
aldehyde 42 (5.65 g, 51.2 mmol) in dichloromethane (100 mL)
was added via cannula over 10 min. The mixture was stirred
at −78 ◦C for 1 h, then warmed to 0 ◦C over 30 min and
stirred at 0 ◦C for a further 30 min. The mixture was quenched
at 0 ◦C by the sequential addition of pH 7 phosphate buffer
(100 mL), methanol (200 mL) and hydrogen peroxide (100 mL)
and then stirred at 0 ◦C for 1 h. The aqueous layer was
separated, extracted with dichloromethane (3 × 250 mL) and
the combined organic extracts were then washed with brine
(250 mL), dried and concentrated in vacuo. The residue was
purified by flash column chromatography, eluting with diethyl
ether–light petroleum (bp 40–60 ◦C) (1 : 2) to give the aldol
product (12.3 g, 77%) as a colourless oil. [a]21


D +58 (c 1.03 in
CHCl3); (Found: C, 69.8; H, 7.3; N, 3.8. C20H25NO4 requires:
C, 69.9; H, 7.3; N, 4.1%); mmax(sol.)/cm−1 3544 (br.), 2927, 1781,
1682; dH (500 MHz, CDCl3), 7.36–7.27 (3H, m, ArH), 7.24–7.20
(2H, m, ArH), 5.68–5.65 (2H, m, 2 × CH=C), 4.71 (1H, m,
CHN), 4.26 (1H, t, J 9.1, CHHO), 4.19 (1H, dd, J 2.9 and
9.1, CHHO), 4.02 (1H, ddd, J 2.7, 3.2 and 9.2, CHOH), 3.75
(1H, dq, J 3.2 and 7.0, CHCH3), 3.25 (1H, dd, J 3.3 and 13.4,
CHHPh), 2.92 (1H, d, J 2.9, OH), 2.79 (1H, dd, J 9.5 and 13.4,
CHHPh), 2.55–2.44 (3H, m, CHCH2CH=C and CH2CH=C),
2.03–1.99 (2H, m, CH2CH=C), 1.71 (1H, ddd, J 5.3, 9.2 and
13.8, CHHCHOH), 1.49–1.43 (1H, m, CHHCHOH), 1.27 (3H,
d, J 7.0, CHCH3); dC (90.6 MHz, CDCl3), 177.4 (s), 153.0 (s),
135.0 (s), 130.0 (d), 129.5 (d), 129.4 (d), 128.9 (d), 127.4 (d), 70.4
(d), 66.1 (t), 55.0 (d), 42.4 (d), 40.5 (t), 39.3 (t), 38.4 (t), 37.7 (t),
34.1 (d), 10.5 (q); m/z (ESI) 366.1682 (M + Na: C20H25NaNO4


requires 366.1681), 366 (100%).


(2S,3R)-4-Cyclopent-3-enyl-3-hydroxy-N-methoxy-
2,N-dimethylbutyramide 44a


A solution of trimethylaluminium in toluene (2.00 M, 10.6 mL,
21.2 mmol) was added over 5 min to a stirred slurry of N,O-
dimethylhydroxylamine hydrochloride (2.10 g, 21.2 mmol) in
dichloromethane (40 mL) at 0 ◦C. The mixture was warmed
to room temperature, where it was stirred for 10 min and then
cooled to −10 ◦C. A solution of the imide 43 (2.42 g, 7.06
mmol) in dichloromethane (30 mL) was added to the mixture
at −10 ◦C over 5 min and stirring was continued for 2 h. The
mixture was warmed to room temperature, stirred for a further
90 min, and then poured cautiously into a biphasic mixture of
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dilute hydrochloric acid (2.0 M, 140 mL) and dichloromethane
(70 mL). The biphasic mixture was stirred vigorously for 20 min
and then the aqueous phase was separated and extracted with
dichloromethane (3 × 70 mL). The combined organic extracts
were washed with dilute hydrochloric acid (2.0 M, 70 mL), pH 7
phosphate buffer (70 mL), brine (50 mL) and then dried and
concentrated in vacuo. The residue was purified by flash column
chromatography, eluting with ethyl acetate–light petroleum (bp
40–60 ◦C) (2 : 3) to give the Weinreb amide (1.31 g, 84%) as
a colourless oil. [a]21


D +16 (c 1.25 in CHCl3); (Found: C, 63.15;
H, 9.45; N, 6.2. C12H21NO3 requires: C, 63.4; H, 9.3; N, 6.2%);
mmax(sol.)/cm−1 3472 (br.), 2936, 1633; dH (360 MHz, CDCl3),
5.68–5.65 (2H, m, 2 × CH=C), 3.93 (1H, ddd, J 2.9, 4.3
and 8.9, CHOH), 3.71 (3H, s, OCH3), 3.21 (3H, s, NCH3),
2.87 (1H, m, CHCH3), 2.57–2.41 (3H, m, CHCH2CH=C and
CH2CH=C), 2.06–1.96 (2H, m, CH2CH=C), 1.71 (1H, ddd, J
5.7, 8.9 and 13.4, CHHCHOH), 1.41 (1H, ddd, J 4.3, 8.2 and
13.4, CHHCHOH), 1.18 (3H, d, J 7.1, CHCH3); dC (90.6 MHz,
CDCl3), 178.3 (s), 129.9 (d), 129.5 (d), 70.3 (d), 61.5 (q), 40.5 (t),
39.2 (t), 38.9 (d), 38.5 (t), 34.1 (d), 31.8 (q), 10.5 (q); m/z (ESI)
291.1669 (M + MeCN + Na: C14H24NaN2O3 requires 291.1684),
291 (100%), 250 (20).


(2S,3R)-3-(tert-Butyldimethylsiloxy)-4-cyclopent-3-enyl-
N-methoxy-2,N-dimethylbutyramide 44b


tert-Butyldimethylsilyl trifluoromethanesulfonate (8.42 mL,
36.6 mmol) was added dropwise over 10 min to a stirred solution
of the alcohol 44a (5.55 g, 24.4 mmol) and 2,6-lutidine (4.84 mL,
41.5 mmol) in dichloromethane (150 mL) at 0 ◦C. The mixture
was stirred at 0 ◦C for 45 min and then quenched at 0 ◦C by
the addition of a saturated solution of sodium bicarbonate
(100 mL). The aqueous phase was separated and extracted
with dichloromethane (2 × 70 mL) and the combined organic
extracts were then washed with sodium bisulfate solution (1.0 M,
100 mL), brine (100 mL), dried and concentrated in vacuo. The
residue was purified by flash column chromatography, eluting
with ethyl acetate–light petroleum (bp 40–60 ◦C) (1 : 4) to give
the silyl ether (8.70 g, 100%) as a colourless oil. [a]21


D +8.6 (c
1.00 in CHCl3); (Found: C, 63.35; H, 10.5; N, 4.1. C18H35NO3Si
requires: C, 63.3; H, 10.3; N, 4.1%); mmax(sol.)/cm−1 2897, 1651;
dH (360 MHz, CDCl3), 5.66–5.63 (2H, m, 2 × CH=C), 3.97
(1H, dt, J 5.8 and 6.2, CHOTBS), 3.68 (3H, s, OCH3), 3.17
(3H, s, NCH3), 2.97–2.84 (1H, m, CHCH3), 2.51–2.45 (2H, m,
CH2CH=C), 2.31 (1H, apparent septet, J 7.3, CHCH2CH=C),
2.04–1.91 (2H, m, CH2CH=C), 1.59 (2H, dd, J 5.8 and 7.3,
CH2CHOTBS), 1.13 (3H, d, J 7.1, CHCH3), 0.89 (9H, s, TBS-
tBu), 0.05 (3H, s, TBS-Me), 0.03 (3H, s, TBS-Me); dC (90.6 MHz,
CDCl3), 176.2 (s), 129.9 (d), 129.7 (d), 72.5 (d), 61.2 (q), 43.1
(t), 41.3 (d), 39.5 (t), 39.2 (t), 33.7 (d), 32.1 (q), 26.0 (q), 18.1 (s),
13.3 (q), −4.0 (q), −4.3 (q); m/z (ESI) 405.2530 (M + MeCN +
Na: C20H38NaN2O3Si requires 405.2549), 405 (100%), 364 (29),
342 (30).


(2S,3R)-3-(tert-Butyldimethylsiloxy)-4-cyclopent-3-enyl-
2-methylbutyraldehyde 45


A solution of di-isobutylaluminium hydride in toluene (1.50 M,
24.4 mL, 36.6 mmol) was added dropwise over 20 min to a stirred
solution of the amide 44b (8.70 g, 24.4 mmol) in tetrahydrofuran
(120 mL) at −78 ◦C. The mixture was stirred at −78 ◦C for
2 h and then quenched at −78 ◦C with acetone (10 mL). The
mixture was warmed to room temperature over 15 min and then
added via cannula to a saturated aqueous solution of Rochelle’s
salt (100 mL). The biphasic mixture was stirred vigorously for
18 h and the aqueous phase was then separated and extracted
with dichloromethane (3 × 100 mL). The combined organic
extracts were washed with brine (100 mL), dried and then
concentrated in vacuo. The residue was purified by flash column
chromatography, eluting with diethyl ether–light petroleum (bp
40–60 ◦C) (1 : 9) to give the aldehyde (6.70 g, 96%) as a colourless


oil. [a]21
D +61 (c 1.00 in CHCl3); mmax(sol.)/cm−1 2712 (w), 1723;


dH (360 MHz, CDCl3), 9.80 (1H, d, J 0.9, CHO), 5.70–5.65 (2H,
m, 2 × CH=C), 4.16 (1H, ddd, J 3.2, 6.3 and 7.2, CHOTBS),
2.56–2.44 (3H, m, CH2CH=C and CHCH3), 2.28 (1H, apparent
septet, J 7.4, CHCH2CH=C), 2.03–1.94 (2H, m, CH2CH=C),
1.68–1.53 (2H, m, CH2CHOTBS), 1.07 (3H, d, J 7.0, CHCH3),
0.87 (9H, s, TBS-tBu), 0.08 (3H, s, TBS-Me), 0.05 (3H, s, TBS-
Me); dC (90.6 MHz, CDCl3), 205.4 (d), 129.8 (d), 129.6 (d), 71.1
(d), 51.3 (d), 41.2 (t), 39.1 (t), 38.9 (t), 33.9 (d), 25.8 (q), 18.0
(s), 7.6 (q), −4.3 (q), −4.6 (q); m/z (ESI) 305.1885 (M + Na:
C16H30NaO2Si requires 305.1913), 305 (100%).


tert-Butyl-[(1R,2R)-1-cyclopent-3-enylmethyl-2-methylbut-
3-ynyloxy]-dimethylsilane 46a


A solution of dimethyl diazomethylphosphonate (Seyforth’s
reagent) (4.70 g, 34.5 mmol) in tetrahydrofuran (50 mL) was
added via cannula over 15 min to a stirred suspension of
potassium tert-butoxide (3.87 g, 34.5 mmol) in tetrahydrofuran
(150 mL) at −78 ◦C. The mixture was stirred at −78 ◦C for
30 min and then a solution of the aldehyde 45 (6.50 g, 23.0 mmol)
in tetrahydrofuran (50 mL) was added via cannula over 10 min.
The mixture was stirred at −78 ◦C for 2 h and then quenched
by the addition of deionised water (100 mL). The biphasic
mixture was warmed to room temperature and the aqueous
phase was then separated and extracted with diethyl ether (3 ×
100 mL). The combined organic extracts were dried and then
concentrated in vacuo. The residue was purified by flash column
chromatography, eluting with diethyl ether–light petroleum (bp
40–60 ◦C) (1 : 19) to give the alkyne (6.00 g, 94%) as a colourless
oil. [a]21


D +26 (c 0.96 in CHCl3); mmax(sol.)/cm−1 2111 (w), 1068;
dH (360 MHz, CDCl3), 5.71–5.65 (2H, m, 2 × CH=C), 3.65
(1H, ddd, J 4.1, 4.9 and 7.5, CHOTBS), 2.62–2.41 (4H, m,
CHCH2CH=C, CH2CH=C and CHCH3), 2.06–1.97 (2H, m,
CH2CH=C), 2.05 (1H, d, J 2.5, C≡CH), 1.78 (1H, ddd, J 5.4,
7.5 and 13.2, CHHCHOTBS), 1.60 (1H, ddd, J 4.1, 8.6 and 13.2,
CHHCHOTBS), 1.15 (3H, d, J 7.0, CHCH3), 0.92 (9H, s, TBS-
tBu), 0.11 (3H, s, TBS-Me), 0.08 (3H, s, TBS-Me); dC (90.6 MHz,
CDCl3), 130.1 (d), 129.6 (d), 87.1 (s), 74.0 (d), 69.5 (d), 40.7 (t),
39.7 (t), 38.8 (t), 33.5 (d), 32.6 (d), 25.9 (q), 18.2 (s), 16.6 (q),
−4.3 (2 × q); m/z (FAB) 221.1365 (M-tBu: C13H21OSi requires
221.1362), 221 (100%), 147 (54).


(2R,3R)-1-Cyclopent-3-enyl-3-methylpent-4-yn-1-ol 46b


HF/pyridine complex (21.0 mL) was added rapidly to a
stirred solution of the silyl ether 46a (6.00 g, 21.5 mmol) in
tetrahydrofuran (150 mL) at room temperature, and the mixture
was then stirred at room temperature for 2 days. A saturated
solution of sodium bicarbonate (500 mL) was added cautiously
and the mixture was then extracted with dichloromethane (4 ×
250 mL). The combined organic extracts were washed with brine
(500 mL), dried and concentrated in vacuo. The residue was
purified by flash column chromatography, eluting with diethyl
ether–light petroleum (bp 40–60 ◦C) (1 : 4) to give the alkyne
(3.63 g, 100%) as a colourless oil. [a]21


D +58 (c 1.00 in CHCl3);
(Found: C, 80.15; H, 10.0. C11H16O requires: C, 80.4; H, 9.8%);
mmax(sol.)/cm−1 3526 (br.), 2174 (w), 1022; dH (400 MHz, CDCl3),
5.69–5.63 (2H, m, 2 × CH=C), 3.59 (1H, dq, J 5.3 and 9.5,
CHOH), 2.60–2.41 (4H, m, CHCH2CH=C, CH2CH=C and
CHCH3), 2.11 (1H, d, J 2.4, C≡CH), 2.04–1.93 (3H, m, OH
and CH2CH=C), 1.69–1.57 (2H, m, CH2CHOH), 1.17 (3H, d,
J 6.9, CHCH3); dC (90.6 MHz, CDCl3), 130.0 (d), 129.5 (d), 86.2
(s), 73.0 (d), 70.3 (d), 40.0 (t), 39.5 (t), 38.3 (t), 34.1 (d), 33.0 (d),
15.6 (q); m/z (FAB), 165 (14%), 147 (30), 57 (100).


4-[(2R,3R)-5-Bromo-2-hydroxy-3-methylpent-4-ynyl]-
cyclopentane-1,2-diol 47


N-Bromosuccinimide (593 mg, 3.35 mmol) was added in one
portion, followed by silver nitrate (5.00 mg), to a stirred solution
of the alkyne 46b (0.50 g, 3.04 mmol) in acetone (15 mL).
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The mixture was stirred at room temperature for 2 h and
then diluted with diethyl ether–light petroleum (1 : 4; 50 mL).
The mixture was washed with deionised water (3 × 20 mL),
dried and concentrated in vacuo to leave the cude bromoalkyne
intermediate as a colourless oil (640 mg, 87%).


Osmium tetroxide (2.5 wt% in tBuOH, 3.82 mL, 0.30 mmol)
was added to a stirred solution of the crude bromoalkyne
(640 mg, 2.64 mmol) and 4-methylmorpholine N-oxide (713 mg,
6.09 mmol) in acetone–water (2 : 1; 80 mL) at room temperature.
The mixture was stirred at room temperature for 90 min and then
quenched by the addition of a saturated solution of sodium
thiosulfate (30 mL). The mixture was stirred vigorously for
20 min and then extracted with ethyl acetate (5 × 30 mL).
The combined organic extracts were dried and concentrated
in vacuo to leave a residue which was purified by flash column
chromatography, eluting with methanol–ethyl acetate (1 : 19)
to give the triol (640 mg, 76% over two steps) as a colourless
crystalline solid (7 : 1 mixture of cis-diol isomers). Mp 112–
113 ◦C; (Found: C, 47.6; H, 6.1. C11H17BrO3 requires: C, 47.7; H,
6.2%); mmax(sol.)/cm−1 3292 (br.), 1130; dH (360 MHz, CD3OD),
4.09–4.06 (2H, m, 2 × CHOH), 3.42 (1H, ddd, J 2.7, 6.9 and 9.5,
CHOH), 2.63–2.54 (1H, m, CHCH2CHOH), 2.48 (1H, apparent
quin., J 6.9, CHCH3), 1.98–1.88 (2H, m, CH2CHOH), 1.67–
1.42 (4H, m, 2 × CH2CHOH), 1.21 (3H, d, J 6.9, CHCH3); dC


(90.6 MHz, CD3OD), 83.3 (s), 74.8 (2 × d), 74.3 (d), 43.0 (t),
41.0 (s), 39.4 (t), 38.2 (t), 35.8 (d), 32.2 (d), 17.2 (q); m/z (FAB),
259 (M − OH, 100%).


4-[(2R,3R)-(4E)-2-Hydroxy-3-methyltributylstannylpent-4-
enyl]-cyclopentane-1,2-diol 48


Freshly distilled tributyltin hydride (1.02 mL, 3.81 mmol) was
added over 10 min to a stirred solution of the bromoalkyne 47
(480 mg, 1.73 mmol), tris(dibenzylideneacetone)dipalladium(0)
(79.0 mg, 0.09 mmol) and triphenylphosphine (182 mg, 0.69
mmol) in tetrahydrofuran (20 mL) at room temperature. The
mixture was stirred at room temperature for 2 h, and then
concentrated in vacuo. The residue was purified by flash column
chromatography, eluting with ethyl acetate–light petroleum
(bp 40–60 ◦C) (1 : 1) to give the tributylstannane (920 mg,
100%) as a colourless oil (7 : 1 mixture of cis-diol isomers);
mmax(sol.)/cm−1 3352 (br.), 1130; dH (400 MHz, CDCl3), 5.97
(1H, d, J 19.1, SnCH=C), 5.85 (1H, dd, J 6.6 and 19.1,
SnCH=CH) 4.13–4.10 (2H, m, 2 × CHOH), 3.51–3.44 (1H,
m, CHOH), 3.18 (1H, br. s, OH) 2.51 (1H, apparent septet., J
8.9, CHCH2CHOH), 2.28–2.22 (2H, m, CHCH3 and OH), 2.01
(1H, d, J 5.3, OH), 1.94–1.89 (2H, m, CH2CHOH), 1.64–1.52
(2H, m, CH2CHOH), 1.51–1.45 (6H, m, Bu3Sn-3 × CH2), 1.44–
1.37 (2H, m, CH2CHOH), 1.35–1.25 (6H, m, Bu3Sn-3 × CH2),
1.01 (3H, d, J 6.9, CHCH3) 0.92–0.85 (15H, m, Bu3Sn-3 × CH2


and 3 × CH3); dC (90.6 MHz, CDCl3), 151.2 (d), 128.9 (d), 73.6
(d), 73.5 (d), 47.4 (d), 41.1 (t), 39.2 (t), 38.4 (t), 31.7 (d), 29.1 (t),
27.2 (t), 14.4 (q), 13.7 (q), 9.5 (t); m/z (EI), 433.1778 (M − Bu:
C19H37O3


120Sn requires 433.1764), 433 (100%).


Macrocyclisation precursor 50


1,8-Diazobicyclo[5.4.0]undec-7-ene (18.0 lL, 120 lmol) was
added over 5 min to a stirred solution of the phosphonate 9
(100 mg, 109 lmol) and lithium chloride (23.2 mg, 546 lmol) in
acetonitrile (1 mL) at room temperature, and the mixture was
then stirred for 15 min. The mixture was cooled to 0 ◦C and a
solution of the aldehyde 7 (64.0 mg, 131 lmol) in acetonitrile
(0.5 + 0.1 mL) was added at 0 ◦C over 5 min. The mixture was
stirred at 0 ◦C for 1 h and then concentrated in vacuo to leave
a residue which was purified by flash column chromatography,
eluting with ethyl acetate–light petroleum (bp 40–60 ◦C) (1 : 5)
to give the E-unsaturated ester (106 mg, 78%) as a colourless
oil. [a]21


D +1.5 (c 0.78 in CHCl3); mmax(sol.)/cm−1 1722, 1655; dH


(400 MHz, CDCl3), 7.72–7.68 (4H, m, ArH), 7.46–7.35 (6H, m,
ArH), 6.81 (1H, dt, J 7.3 and 15.6, CH=CHCO2), 6.14 (1H, s,


C=CHI), 6.05 (1H, d, J 19.0, C=CHSn), 5.87 (1H, dd, J 7.0
and 19.0, CH=CHSn), 5.83 (1H, d, J 15.6, C=CHCO2), 5.59
(1H, apparent t, J 5.7, C=CH), 4.84 (1H, dt, J 3.5 and 9.2,
CHOCO), 4.36 (1H, dd, J 7.2 and 13.0, CHHOTPS), 4.24 (1H,
dd, J 4.2 and 13.0, CHHOTPS), 4.20–4.12 (2H, m, CHOTBS
and CHOCO), 3.15 (4H, br. s, CHOMe and OCH3), 2.74–2.65
(1H, m, CHHCO2), 2.47 (1H, apparent q, J 6.9, CHCH3), 2.26–
2.18 (2H, m, CH2CH=C), 2.15–2.03 (3H, m, CHCH3, CHHCO2


and CHCH2CO2), 1.96 (1H, br. d, J 14.3, CHHCHOCO), 1.76
(3H, s, IC=CCH3), 1.71–1.63 (2H, m, CH2CHOTBS), 1.54–
1.44 (6H, m, Bu3Sn-3 × CH2), 1.47 (3H, s, C=CCH3), 1.35–1.26
(7H, m, CHHCHOCO and Bu3Sn-3 × CH2), 1.11 (3H, d, J 6.9,
CHCH3), 1.05 (9H, s, TPS-tBu), 0.94–0.87 (18H, m, CHCH3


and Bu3Sn-3 × CH2 and 3 × CH3), 0.81 (9H, s, TBS-tBu),
−0.08 (3H, s, TBS-Me), −0.10 (3H, s, TBS-Me); dC (90.6 MHz,
CDCl3), 170.7 (s), 165.2 (s), 150.5 (s), 148.3 (d), 144.5 (d), 135.5
(d), 133.9 (s), 133.8 (s), 130.3 (d), 129.6 (d), 129.0 (d), 127.7 (d),
124.2 (d), 88.3 (d), 83.3 (d), 78.1 (d), 74.5 (d), 72.2 (d), 60.7 (t),
56.1 (q), 46.1 (d), 38.7 (t), 38.2 (d), 36.0 (t), 35.3 (t), 32.1 (t), 30.9
(d), 29.1 (t), 27.2 (t), 26.8 (q), 25.7 (q), 19.2 (s), 19.0 (s), 18.0 (q),
15.3 (q), 13.7 (q), 11.4 (q), 9.9 (q), 9.5 (t), −5.0 (q), −5.4 (q);
m/z (FAB), 1270 (M + Na) (45%), 1190 (M-tBu) (100).


Macrocyclic core 6


A 0.001 M stock catalyst solution was prepared by adding
tris(dibenzylideneacetone)dipalladium(0) (4.60 mg, 5.00 lmol)
and triphenylarsine (12.5 mg, 40.0 lmol) to freeze/pump/thaw
(×3) degassed dimethylformamide (10 mL). 1.50 mL (1.50 lmol)
of the stock catalyst solution was added to the macrocylisation
precursor 50 (18.0 mg, 14.4 lmol) under argon at room tem-
perature. The resulting solution was stirred and heated at 70 ◦C
under argon for 5 h, then cooled and concentrated in vacuo (high
vacuum) to leave a crude oil. The oil was purified by flash column
chromatography, eluting with ethyl acetate–light petroleum (bp
40–60 ◦C) (1 : 5) to give the E,E-conjugated diene (5.70 mg, 48%)
as a colourless oil. [a]21


D −11 (c 1.30 in CHCl3); mmax(sol.)/cm−1


1722, 1652; dH (400 MHz, CDCl3), 7.74–7.67 (4H, m, ArH),
7.47–7.34 (6H, m, ArH), 6.73 (1H, ddd, J 4.7, 11.0 and 15.7,
CH=CHCO2), 6.23 (1H, dd, J 11.0 and 15.2, C=CHCH=C),
5.69 [1H, dq, J 1.0 and 11.0, CH=C(CH3)], 5.62 (1H, apparent
t, J 5.7, C=CHCH2OTPS), 5.60 (1H, d, J 15.7, C=CHCO2),
5.06 (1H, dd, J 9.7 and 15.2, C=CHCHCH3), 4.52 (1H, dd, J 3.0
and 10.5, CHOCO), 4.37 (1H, dd, J 7.2 and 12.9, CHHOTPS),
4.27 (1H, dd, J 4.8 and 12.9, CHHOTPS), 3.87 (1H, dd, J
3.1 and 10.7, CHOTBS), 3.69 (1H, ddd, J 2.6, 9.8 and 12.1,
CHOCO), 3.18 (1H, d, J 9.2, CHOMe), 3.16 (3H, s, OCH3),
2.77 (1H, ddd, J 2.0, 5.2 and 17.8, CHHCO2), 2.57–2.51 (1H, m,
CHHCH=C), 2.30–2.08 (4H, m, 2 × CHCH3, CHHCHOTBS
and CHHCO2), 1.98 (1H, br. dd, J 2.6 and 14.3, CHHCHOCO),
1.81–1.67 (2H, m, CHHCH=C and CHCH2CO2), 1.74 (3H, d, J
1.0, C=CCH3), 1.63–1.56 (1H, m, CHHCHOTBS), 1.55 (3H, s,
C=CCH3), 1.21 (3H, d, J 6.5 CHCH3), 1.06 (9H, s, TPS-tBu),
0.96 (3H, d, J 6.7, CHCH3), 0.88 (9H, s, TBS-tBu), 0.66 (1H,
ddd, J 12.1, 12.1 and 14.3, CHHCHOCO), 0.06 (3H, s, TBS-
Me), −0.03 (3H, s, TBS-Me); dC (90.6 MHz, CDCl3), 170.4 (s),
165.5 (s), 145.7 (d), 140.1 (s), 135.5 (d), 135.0 (s), 133.7 (s), 133.2
(d), 130.1 (d), 129.6 (d), 129.3 (d), 127.6 (d), 124.6 (d), 124.4 (d),
89.2 (d), 83.4 (d), 78.9 (d), 74.2 (d), 60.6 (t), 56.0 (q), 45.3 (d),
38.2 (d + t), 36.9 (t), 34.6 (t), 34.1 (t), 29.8 (d), 26.8 (q), 25.7
(q), 19.2 (s), 18.0 (s), 16.6 (q), 11.0 (q), 10.9 (q), 9.8 (q) −4.6 (q),
−4.9 (q); m/z (FAB), 851.4704 (M + Na: C49H72O7NaSi2 requires
851.4714), 852 (M + Na) (100%), 574 (M − OTPS) (46).


Allylic alcohol 51a


A solution of TBAF–AcOH in tetrahydrofuran (1 : 1, 1.00 M,
64.0 lL, 64.0 lmol) was added to a stirred solution of the
silyl ether 6 (35.0 mg, 42.3 lmol) in tetrahydrofuran (1 mL)
at room temperature under argon. The mixture was stirred at
room temperature under argon for 12 h, and then quenched
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by the addition of a saturated aqueous solution of ammonium
chloride (0.5 mL). The mixture was diluted with ethyl actetate
(15 mL), washed with brine (10 mL) and the aqueous phase was
then separated and extracted with ethyl acetate (2 × 10 mL).
The combined organic extracts were dried and concentrated in
vacuo to leave a crude oil which was purified by flash column
chromatography, eluting with ethyl acetate–light petroleum (bp
40–60 ◦C) (1 : 1) to give the alcohol (18.3 mg, 74%) as a
colourless oil. [a]21


D −8.3 (c 0.60 in CHCl3); mmax(sol.)/cm−1 3523
(br.), 1721, 1650; dH (360 MHz, CDCl3), 6.74 (1H, ddd, J 4.7,
11.0 and 15.7, CH=CHCO2), 6.23 (1H, dd, J 11.0 and 15.1,
C=CHCH=C), 5.72 [1H, d, J 11.0, CH=C(CH3)], 5.61 (1H, d, J
15.7, C=CHCO2), 5.58 (1H, dd, J 6.4 and 6.9, C=CHCH2OH),
5.13 (1H, dd, J 9.7 and 15.1, C=CHCHCH3), 4.53 (1H, dd, J
3.1 and 10.5, CHOCO), 4.33 (1H, dd, J 6.9 and 12.5, CHHOH),
4.24 (1H, dd, J 6.4 and 12.5, CHHOH), 3.90 (1H, dd, J 2.9 and
10.7, CHOTBS), 3.69 (1H, ddd, J 2.6, 9.9 and 12.0, CHOCO),
3.19 (4H, br. s, CHOMe and OCH3), 2.77 (1H, dd, J 5.1
and 18.0, CHHCO2), 2.55–2.52 (1H, m, CHHCH=C), 2.30–
2.19 (2H, m, 2 × CHCH3), 2.18–2.05 (2H, m, CHHCHOTBS
and CHHCO2), 1.99 (1H, dd, J 2.6 and 14.0, CHHCHOCO),
1.79–1.71 (2H, m, CHHCH=C and CHCH2CO2), 1.76 (3H, s,
C=CCH3), 1.74 (3H, s, C=CCH3), 1.61 (1H, br. s, OH), 1.56
(1H, dd, J 2.9 and 14.9, CHHCHOTBS), 1.22 (3H, d, J 6.4,
CHCH3), 0.97 (3H, d, J 6.9, CHCH3), 0.87 (9H, s, TBS-tBu),
0.68 (1H, ddd, J 12.0, 12.0 and 14.0, CHHCHOCO), 0.05 (3H, s,
TBS-Me), −0.03 (3H, s, TBS-Me); dC (90.6 MHz, CDCl3), 170.4
(s), 165.7 (s), 145.9 (d), 140.0 (s), 137.2 (s), 133.4 (d), 130.0 (d),
128.4 (d), 124.6 (2 × d), 89.3 (d), 83.4 (d), 78.9 (d), 74.1 (d), 58.9
(t), 56.2 (q), 45.3 (d), 38.3 (d), 38.2 (t), 36.9 (t), 34.6 (t), 34.0 (t),
29.8 (d), 25.7 (q), 18.0 (s), 16.6 (q), 11.0 (2 × q), 9.9 (q), −4.6 (q),
−5.0 (q); m/z (ESI), 613.3521 (M + Na: C33H54O7NaSi requires
613.3537), 613 (M + Na) (100%), 573 (M − OH) (13).


Aldehyde 51b


Manganese dioxide (125 mg, 1.44 mmol) was added in a single
portion to a stirred solution of the allylic alcohol 51a (17.0 mg,
28.8 lmol) in dichloromethane (1 mL) at room temperature.
The suspension was stirred rapidly at room temperature for
2 h, and then filtered through a pad of Celite and washed
with dichloromethane (2 × 5 mL). The combined filtrates
were concentrated in vacuo, and the residue was then purified
by flash column chromatography, eluting with ethyl acetate–
light petroleum (bp 40–60 ◦C) (1 : 1) to give the aldehyde
(17.0 mg, 100%) as a colourless oil. [a]21


D −10.3 (c 1.55 in
CHCl3); mmax(sol.)/cm−1 2856, 1721, 1673, 1650; dH (360 MHz,
CDCl3), 10.3 (1H, d, J 7.9, CHO), 6.76 (1H, ddd, J 4.8,
11.0 and 15.7, CH=CHCO2), 6.24 (1H, dd, J 10.9 and 15.2,
C=CHCH=C), 5.96 (1H, d, J 7.9, C=CHCHO), 5.71 [1H, d,
J 10.9, CH=C(CH3)], 5.62 (1H, d, J 15.7, C=CHCO2), 5.14
(1H, dd, J 9.7 and 15.2, C=CHCHCH3), 4.55 (1H, dd, J 3.0
and 10.3, CHOCO), 3.89 (1H, dd, J 3.1 and 10.5, CHOTBS),
3.71 (1H, ddd, J 2.6, 9.9 and 12.0, CHOCO), 3.42 (1H, d, J
7.0, CHOCH3), 3.23 (3H, s, OCH3), 2.78 (1H, ddd, J 2.2, 5.3
and 17.9, CHHCO2), 2.56–2.53 (1H, m, CHHCH=C), 2.31–
2.24 (2H, m, 2 × CHCH3), 2.23 (3H, s, C=CCH3), 2.20–2.09
(2H, m, CHHCHOTBS and CHHCO2), 1.98 (1H, dd, J 2.4
and 14.1, CHHCHOCO), 1.78–1.72 (2H, m, CHHCH=C and
CHCH2CO2), 1.74 (3H, s, C=CCH3), 1.65 (1H, dd, J 3.1 and
14.8, CHHCHOTBS), 1.22 (3H, d, J 6.4, CHCH3), 0.95 (3H,
d, J 7.0, CHCH3), 0.87 (9H, s, TBS-tBu), 0.69 (1H, ddd, J 11.9,
11.9 and 14.2, CHHCHOCO), 0.05 (3H, s, TBS-Me), −0.03
(3H, s, TBS-Me); dC (90.6 MHz, CDCl3), 190.7 (d), 170.3 (s),
165.8 (s), 160.2 (s), 146.2 (d), 139.9 (s), 133.5 (d), 130.0 (d), 128.6
(d), 124.6 (d), 124.4 (d), 88.2 (d), 83.3 (d), 78.8 (d), 74.5 (d), 57.2
(q), 45.3 (d), 38.6 (d), 38.2 (t), 36.9 (t), 34.6 (t), 29.7 (d), 29.6 (t),
25.8 (q), 18.0 (s), 16.6 (q), 12.8 (q), 11.0 (q), 9.0 (q), −4.7 (q),
−5.0 (q); m/z (ESI), 611.3359 (M + Na: C33H52O7NaSi requires
611.3380), 611 (M + Na) (100%), 457 (M − OTBS) (37).


13-(tert-Butyldimethylsilyl)-rhizoxin D 52


The macrocycle 51b and the phosphine oxide 8 were first dried
by azeotroping with benzene (× 3) under vacuum. A solution
of potassium hexamethyldisilazane in toluene (0.50 M, 95.0 lL,
47.5 lmol) was added dropwise over 1 min to a stirred solution
of the phosphine oxide (16.0 mg, 47.5 lmol) in tetrahydrofuran
(1 mL) at −78 ◦C under argon. The resulting bright orange
mixture was then added to a solution of the aldehyde 51b
(14.0 mg, 23.8 lmol) in tetrahydrofuran (1 mL) at −78 ◦C over
2 min via cannula. The mixture was stirred at −78 ◦C for 5 min,
then warmed to 0 ◦C over 10 min and stirred at 0 ◦C for a further
20 min under argon. The mixture was quenched at 0 ◦C by the
addition of a saturated aqueous solution of ammonium chloride
(0.2 mL), and then warmed to room temperature. The mixture
was diluted with diethyl ether (10 mL), washed with brine (5
mL), and the organic extracts were then dried and concentrated
in vacuo.


Triethylamine (13 lL, 95.0 lmol), 2,4,6-trichlorobenzoyl
chloride (7.4 lL, 47.5 lmol) and 4-(dimethylamino)-pyridine
(1 crystal) were added sequentially to a stirred solution of the
residue in tetrahydrofuran (1 mL) at room temperature. The
mixture was stirred for 3 h at room temperature, then diluted
with diethyl ether (10 mL), washed with brine (10 mL), dried,
and concentrated in vacuo. The solid residue was purified by
flash column chromatography, eluting with ethyl acetate–light
petroleum (bp 40–60 ◦C) (1 : 3) to give the triene oxazole
(5.0 mg, 30%; 38% based on recovered starting material) as
a pale yellow solid. [a]21


D +60 (c 0.10 in CHCl3); mmax(sol.)/cm−1


1720, 1650, 1601; dH (500 MHz, CDCl3), 7.56 (1H, s, oxazoleH),
6.76 (1H, ddd, J 4.6, 11.0 and 15.5, CH=CHCO2), 6.64 (1H,
dd, J 10.9 and 15.2, CH=CHCH=C(CH3)), 6.38 [1H, d, J 15.2,
CH=CHCH=C(CH3)], 6.25 [1H, s, oxazole-CH=C(CH3)], 6.21
(1H, dd, J 11.1 and 15.3, C=CHCH=C), 6.06 [1H, d, J 10.9,
CH=CHCH=C(CH3)], 5.68 [1H, d, J 11.1, CH=C(CH3)], 5.61
(1H, d, J 15.5, C=CHCO2), 5.10 (1H, dd, J 9.7 and 15.2,
C=CHCHCH3), 4.54 (1H, dd, J 3.0 and 10.6, CHOCO),
3.84 (1H, dd, J 2.7 and 10.9, CHOTBS), 3.69–3.67 (1H, m,
CHOCO), 3.23 (1H, d, J 8.9, CHOCH3), 3.19 (3H, s, OCH3),
2.77 (1H, ddd, J 2.2, 5.3 and 17.9, CHHCO2), 2.53 (1H,
m, CHHCH=C), 2.43 (3H, s, oxazoleCH3), 2.30–2.23 (2H,
m, 2 × CHCH3), 2.15 (3H, s, C=CCH3), 2.18–2.06 (2H,
m, CHHCHOTBS and CHHCO2), 1.99 (1H, br. d, J 13.5,
CHHCHOCO), 1.92 (3H, s, C=CCH3), 1.76–1.68 (3H, m,
CHHCH=C, CHCH2CO2 and CHHCHOTBS), 1.73 (3H, s,
C=CCH3), 1.20 (3H, d, J 6.4, CHCH3), 0.99 (3H, d, J 7.0,
CHCH3), 0.88 (9H, s, TBS-tBu), 0.68 (1H, ddd, J 11.9, 11.9
and 13.5, CHHCHOCO), 0.04 (3H, s, TBS-Me), −0.06 (3H, s,
TBS-Me); m/z (ESI), 708.4285 (M + H: C41H62NO7Si requires
708.4296), 708 (M + H) (100%).


Rhizoxin D 2


Pyridine (3 drops) and HF/pyridine complex (3 drops) were
added sequentially to a stirred solution of the silyl ether 52
(3.0 mg, 4.2 lmol) in tetrahydrofuran (0.5 mL) in a Teflon flask at
room temperature. The mixture was stirred at room temperature
for 48 h, and then quenched by the careful addition of a saturated
aqueous solution of sodium bicarbonate (5 mL). The mixture
was diluted with ethyl acetate (5 mL), and the aqueous phase was
then separated. The separated aqueous phase was extracted with
ethyl acetate (3 × 5 mL), and the combined organic extracts were
washed with dilute sodium bisulfate solution (10 mL), and brine
(10 mL), then dried and concentrated in vacuo. The residue was
purified by preparative TLC (two elutions with ethyl acetate–
light petroleum; 3 : 2) to give rhizoxin D (2.0 mg, 74%) as a pale
yellow solid. Rf 0.28 (ethyl acetate–light petroleum; 3 : 2); [a]21


D


+286 (c 0.04 in MeOH); kmax(MeOH)/nm 297 (e/dm3 mol−1 cm−1


38 700), 309 (49 900), 323 (36 500); mmax(sol.)/cm−1 3462, 1715,
1650, 1579; dH (500 MHz, CDCl3), 7.55 (1H, s, oxazoleH), 6.76
(1H, ddd, J 4.7, 11.0 and 15.5, CH=CHCO2), 6.63 [1H, dd,
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J 10.9 and 15.2, CH=CHCH=C(CH3)], 6.41 [1H, d, J 15.2,
CH=CHCH=C(CH3)], 6.28 [1H, s, oxazole-CH=C(CH3)], 6.23
(1H, dd, J 11.1 and 15.3, C=CHCH=C), 6.13 [1H, d, J 10.9,
CH=CHCH=C(CH3)], 5.82 [1H, d, J 11.1, CH=C(CH3)], 5.61
(1H, d, J 15.4, C=CHCO2), 5.16 (1H, dd, J 9.6 and 15.3,
C=CHCHCH3), 4.58 (1H, dd, J 3.0 and 10.5, CHOCO), 3.91
(1H, dd, J 3.5 and 13.4, CHOH), 3.68 (1H, ddd, J 2.6, 9.6
and 11.9, CHOCO), 3.26 (1H, d, J 9.2, CHOCH3), 3.18 (3H, s,
OCH3), 2.77 (1H, dd, 3.3 and 17.7, CHHCO2), 2.53 (1H, m,
CHHCH=C), 2.47 (3H, s, oxazoleCH3), 2.32–2.28 (2H, m, 2 ×
CHCH3), 2.16 (3H, s, C=CCH3), 2.14 (1H, m, CHHCHOH),
2.08 (1H, dd, J 11.3 and 18.1, CHHCO2), 1.97 (1H, br. d, J 13.9,
CHHCHOCO), 1.90 (3H, s, C=CCH3), 1.80 (3H, s, C=CCH3),
1.74 (2H, m, CHHCH=C and CHCH2CO2), 1.69 (1H, m,
CHHCHOTBS), 1.20 (3H, d, J 6.4, CHCH3), 1.00 (3H, d, J 6.7,
CHCH3), 0.68 (1H, ddd, J 12.1, 12.1 and 13.9, CHHCHOCO);
m/z (ESI), 648.3532 (M + MeOH + Na: C36H51NNaO8 requires
648.3512), 648 (M + MeOH + Na) (100%), 576 (M − OH) (15).
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The new bis-phenanthridine triamine (3) is characterised by three pKa values: 3.65; 6.0 and >7.5. A significant
difference in the protonation state of 3 at pH = 5 (four positive charges) and at pH = 7 (less than two positive
charges) accounts for the strong dependence of 3–nucleotide binding constants on nucleotide charge under acidic
conditions, whereas at neutral pH all 3–nucleotide complexes are of comparable stability. All experimental data point
at intercalation as the dominant binding mode of 3 to polynucleotides. However, there is no indication of
bis-intercalation of the two phenanthridine subunits in binding to double stranded polynucleotides, the respective
complexes being most likely mono-intercalative. Thermal stabilisation of calf thymus DNA (ct-DNA) and poly
A–poly U duplexes upon addition of 3 is significantly higher at pH = 5 than at neutral conditions. This is not the case
with poly dA–poly dT, indicating that the specific secondary structure of the latter, most likely the shape of the minor
groove, plays a key role in complex stability. At pH = 5 3 acts as a fluorimetric probe for poly G (emission quenching)
as opposed to other ss-polynucleotides (emission increase), while at neutral conditions this specificity is lost. One
order of magnitude higher cytotoxicity of 3 compared to its “monomer” 4 can be accounted for by cooperative action
of two phenanthridinium units and the charged triamine linker. The results presented here are of interest to the
development of e.g. sequence-selective cytostatic drugs, and in particular for the possibility to control the drug
activity properties over binding to DNA and/or RNA by variation of the pH of its surrounding.


Introduction
Numerous drugs base their biological activity on interaction
of low molecular weight organic molecules with DNA and/or
RNA. Therefore design, synthesis, and biological evaluation of
novel compounds that target these macromolecules and whose
interactions could lead to a better understanding of recognition
processes are of high interest. Small molecules of this kind are
of special interest because they can more easily cross biological
membranes than large molecules, and can even be delivered to
cells strongly resistant to exogenous matter. E.g. brain cells resist
the entry of molecules with MW larger than approximately 600,
thus disabling cancer treatment.


In general, there are three main modes of binding of
small molecules to DNA/RNA, (i) minor groove binding, (ii)
intercalation and (iii) pure electrostatic interaction of highly
positively charged molecules with the nucleotide phosphate
backbone.1 Many authors combined more modes of interaction
in the same molecule aiming at very specific goals such as
increased sequence selectivity,2 enhanced affinity,3 or some
specific actions like cleavage.4 Aliphatic polyamines bearing
a variety of aromatics at the terminal amino groups are a
good example of two DNA/RNA binding modes combined:
positively charged amines interact with the polynucleotide phos-
phate backbone while aromatics intercalate. Such molecules


† Present address: Institut für Molekularbiologie und Biophysik, Eid-
genössische Technische Hochschule Hönggerberg (ETH Zürich), CH-
8093 Zürich, Switzerland, Fax: +41 44 633 1036; Tel: +41 44 6332482;
E-mail: goran@mol.biol.ethz.ch


exhibit various highly interesting properties, and are used as
fluorescent chemosensors,5 selective receptors for nucleotides,
nucleosides and single-stranded sequences in DNA,6 highly effi-
cient DNA/RNA bis-intercalators3 as well as light-driven pH-
regulated molecular machines.7 Especially the latter property has
led us to perform a more detailed investigation on the possible
use of such compounds as pH-controlled binders to DNA or
RNA.


In order to be able to assess which role individual structural
features of such molecules play in interactions with its biological
targets, we have decided to work in a simple and well-defined
system. Diethylenetriamine was chosen as linker since its length
(7 atoms + 2 carbons of the aromatic system attached) theoreti-
cally allows bis-intercalation of terminally attached aromatics.3


We decided to use unsubstituted phenanthridine as the aromatic
moiety for the following reasons: (i) the pKa value of the
heteroaromatic nitrogen is about 6, thus at pH = 5 and 7
the novel molecule consisting of the triamine linker and two
phenanthridines would bear significantly different numbers of
positive charges and therefore be ideal for comparison of neutral
and weakly acidic conditions (both of biological relevance), (ii)
the compound should bind to DNA/RNA by intercalation since
the phenanthridine derivatives are well-known intercalators and
(iii) the phenanthridine moiety, characterised by high fluores-
cence emission, offers not only use of this sensitive method for
analytical purposes, but also possible application of the molecule
as a fluorescent marker analogous to bis-methidium spermine.8


It should be stressed that our novel molecule differs essentially
from its above mentioned methidium spermine analogue, the
latter being methylated at the phenanthridine heteroaromaticD
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nitrogen, thus unavailable for protonation and insensitive to pH
values. It is worth stressing that compounds with significantly
increased protonation rate at weakly acidic conditions (pKa ≈
6) hold some promise as targets for different acidic solid tumor
tissues.9


Results and discussion
Synthesis


Coupling starting compounds 1 and 2 by a simple synthetic
procedure as shown in Scheme 1 (for details see Experimental)
gave compound 3 in a good yield. Although the same procedure
worked well in previously reported syntheses of various diaryl-
polyamines,6 some details in the preparation of 3 require more
attention. In the preparation of phenanthridine-5-aldehyde (1)
from the 5-methyl precursor,10 SeO2 should be used in smallest
possible excess ( <5%), otherwise inorganic by-products are
extremely difficult to remove, partially hamper the reactions
presented in Scheme 1, and disable efficient purification of the
final product 3 by successive re-crystallizations.


Scheme 1 Synthesis of 3.


Spectroscopy


Compound 3 is readily soluble in water up to the concentration
of 5 × 10−3 mol dm−3. An aqueous solution of 3 is characterised
by a UV/Vis spectrum with absorbance maxima at kmax =
244, 332 and 348 nm. An aqueous solution of 3 exhibits
strong fluorescence with emission maximum at kmax = 400 nm;
excitation spectrum being in good accordance with the UV/Vis
spectrum. The UV/Vis and in particular fluorescence emission
spectra of aqueous solutions of 3 are pH dependent, with three
main transition steps characterised by pKa = 3.6; 6.0 and >7.5,
respectively. According to the literature data, the first transition
step (most pronounced in fluorescence changes of 3) can be
attributed to the protonation equilibrium of the central amino
group of the aliphatic linker,7 whereas the second transition step
(less pronounced in fluorescence changes of 3) characterizes
protonation of the two equivalent phenanthridine nitrogens.11


The third transition could be only estimated due to partial
precipitation of 3, but it most likely comprises two protonations
of the remaining amines in the linker (pKa = 7.81 and pKa =
8.38, as reported for a close analogue of 3).7 It is well known that
the number of positive charges in the small molecule profoundly
influences its interactions with polynucleotides. Therefore, we
have chosen to perform comparative studies on binding of 3 to
DNA/RNA at pH = 5 (3 characterised by four positive charges,
two phenanthridinium units protonated) and at pH = 7, at which
3 bears less than two positive charges (aliphatic amines pKa


>7.5),7 with two phenanthridinium units not protonated and
thus neutral.


The UV/Vis and fluorescence spectra of 3 at both pH = 5 and
pH = 7 obey the Lambert–Beer law in the concentration range
of 5 × 10−6–8 × 10−5 mol dm−3 and 5 × 10−7–1 × 10−5 mol dm−3,
respectively. Molar extinction coefficients of 3 at used pH’s differ
by about 7% due to different protonation of 3 (Table 1).


Temperature dependent changes of the UV/Vis spectra in
the range between 25 ◦C and 90 ◦C resulted in less than
5% hypochromicity at both pH = 5 and pH = 7, which
indicates that intramolecular stacking interactions between
the phenanthridine units of 3 are very weak or not existing.
Although the combined influence of strong hydrophobic effects


Table 1 Molar extinction coefficients of 3 at pH = 5 and pH = 7
(sodium cacodylate buffer, I = 0.05 mol dm−3)


pH k/nm e/mol−1 cm2


5.0 244 63827
332 2718
348 2358


7.0 244 59115
332 4429
348 3840


and aromatic p · · · p stacking interactions favors intermolecular
aggregation of large aromatic systems in aqueous media, linear
dependence of absorbance on concentration of 3 excludes this
possibility. Most probably, repulsion of positive charges located
at the terminal amines of the linker hinders intramolecular
aggregation of the tethered phenanthridine units.


Aqueous solutions of 3 were stable for three days, after which
a substantial decrease and systematic changes in the UV/Vis
spectrum were observed, attributed to the chemical degradation
of 3. Therefore, all experiments were performed with fresh
solutions.


Interactions of 3 with nucleotides


Addition of nucleotides to aqueous solutions of 3 at both pH =
5 and 7 induced minor changes in the UV/Vis spectrum of 3, but
significant quenching of 3 fluorescence emission. An excitation
wavelength of 3 at kmax = 332 nm was used for fluorimetric
titrations since nucleotides do not absorb light at k > 300 nm and
at k > 340 nm excitation and emission spectra of 3 significantly
overlap. To obtain the binding constants (K s), fluorescence
titration data were processed by SPECFIT12 giving in most cases
the best fit for the 3–nucleotide (nucleoside) complexes of 1 : 1
and 1 : 2 stoichiometries. Experimental data in the range of
20–80% of complex formation could be collected for only 1 : 1
stoichiometry, while formation of 1 : 2 stoichiometry complexes
for most titration experiments were observed in less than 20%;
therefore binding constants for the latter stoichiometry can be
considered only as an estimate. In general, binding constants for
1 : 1 stoichiometry found for purine nucleotides are significantly
higher than those observed for pyrimidine nucleotides (Table 2
and Fig. 1), which suggests significant contribution of aromatic
p · · · p stacking interactions in 3–nucleotide complexes.13


Fluorimetric titrations at pH = 5 of 3 with adenosine
series differing in the number of phosphates (Fig. 1a) reflect
a strong impact of the number of nucleotide negative charges
on the binding affinity of 3 towards it. The value of K s


Table 2 Binding constants (log K s) for various 3–nucleotide complexes
of 1 : 1 stoichiometry obtained from fluorimetric titrations at pH = 5
and pH = 7a


log K s (pH = 5) log K s (pH = 7)


ATP 3.54 ± 0.12 3.67 ± 0.06
ADP 2.64 ± 0.05 3.32 ± 0.03
AMP 2.29 ± 0.03 2.98 ± 0.04
Adenosine 2.10 ± 0.27b b


GMP 2.20 ± 0.05 3.27 ± 0.1
CMP 2.12 ± 0.05 2.32 ± 0.18


a For both pH’s titrations were performed in sodium cacodylate buffer,
I = 0.05 mol dm−3. Data were processed by SPECFIT,12 in most cases
yielding the best fit for 1 : 1 and 1 : 2 stoichiometry complexes; only
values for the former are given for easier comparison, while the latter
could be only estimated as follows: log K s (purine bases) = 1–2; log K s


(CMP) < 1. b Low solubility of adenosine allowed collection of titration
data only up to 50% of complex formation at pH = 5, thus the higher
error of the respective log K s value; even lower solubility at pH = 7 made
measurements impossible.
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Fig. 1 Fluorimetric titrations with adenosine series differing in the number of phosphates. Dependence of calculated 1 : 1 stoichiometry complex
formation on concentration of nucleotide or nucleoside added to 3 is depicted (sodium cacodylate buffer, I = 0,05 mol dm−3), a) at pH = 5, b) at
pH = 7.


obtained for 3–adenosine is in good accordance with affinities
of other phenanthridinium analogues forming complexes with
nucleotides and nucleosides based solely on aromatic p · · · p
stacking interactions.14–16 This finding suggests that at pH =
5 there is no chelate effect of phenanthridine subunits of
3 in nucleoside binding. The observed substantial increase
of K s values (Table 2, pH = 5) reflects the increase of the
number of negatively charged phosphates attached to adenosine,
in agreement with electrostatic interactions between negative
charges of the nucleotide phosphates and the positive charges
of 3. A possible explanation for this tendency is that aromatic
stacking between nucleobase and one phenanthridinium unit of
3 has a certain constant value and every additional negatively
charged phosphate substantially contributes to the cumulative
affinity. This presumption is in accordance with significantly
less pronounced corresponding increase in the K s values with
increasing number of adenosine phosphates at pH = 7 (Fig. 1b,
Table 2) since at that pH compound 3 bears less than half positive
charges than at pH = 5.


Another point to stress is the influence of pH (i.e. proto-
nation state of 3) on the binding affinity of 3 towards the
same nucleotide (Table 2, Fig. 1a,b). For all nucleotides, K s


values at pH = 7 are higher than those at pH = 5. Also,
affinities of the bis-phenanthridinium derivative 3 toward most
of the nucleotides are almost an order of magnitude higher
than those of its “monomeric” analogues bearing a single
phenantridinium moiety.14–16 Such increased affinities cannot
be accounted for by the possible intercalation of nucleotide
base between phenanthridine units of 3 because the chelate
effect observed for such “sandwich type complexes”, with
previously studied bis-phenanthridinium analogues, resulted in
more than two orders of magnitude higher K s compared to
the corresponding monomers.13 Therefore, the only possible
reason for the increased affinity at pH = 7 is the difference
in binding affinity of phenanthridinium (dominant at pH = 5)
and phenanthridine (dominant at pH = 7) towards the aromatic
moiety of nucleotides. Significantly higher hydrophobicity of
phenanthridine compared to phenanthridinium should there-
fore be responsible for the increased affinity toward nucleotides
at pH = 7.


Interactions with double stranded (ds-) DNA and RNA


UV/Vis titrations. The UV/Vis spectrum of 3 is charac-
terised by strong absorption maximum at 244 nm and two much
weaker maxima over 300 nm (Table 1). Due to the low solubility
of 3–polynucleotide complexes, c (3) = 2 × 10−5 mol dm−3


had to be used, where only absorption at kmax = 244 nm


was strong enough for studying interactions with DNA and
RNA. At pH = 7 addition of any polynucleotide yielded instant
precipitation. On the contrary, at pH = 5 3–polynucleotide
complexes were significantly more soluble. Titration experiments
were performed by collecting changes in the UV/Vis spectra of
3 in the range k = 220–300 nm upon addition of polynucleotide
into the buffered solution (pH = 5) of 3. Addition of all studied
polynucleotides at excess 3 up to the ratios ra[3]/[polynucleotide] (Table 3)
showed a decrease in UV/Vis absorption, this observation being
in clear contrast with the fact that polynucleotides also absorb
light in this range and therefore total absorption of the sample
should increase. In all experiments isosbestic points could be
observed at these conditions, indicating coexistence of only two
major light-absorbing species, the free 3 and its complex with
polynucleotide. Further additions of polynucleotides (increasing
excess of polynucleotides over 3) resulted in loss of isosbestic
points (ratios r < ra) due to more absorbing species in solution
(we assume free 3, free polynucleotide and their complex).
Therefore, in order to estimate binding affinities of 3 towards var-
ious polynucleotide substrates by spectroscopic titrations, it was
necessary to analyse the data (changes in complete spectra) using
the multivariate nonlinear factor analysis program SPECFIT.12


This program, however, does not use the Scatchard equation,17


so we had to fix the Scatchard ratio n[bound 3]/[polynucleotide] = 0.2 as
the most common value for intercalators,18 which is also in good
agreement with the ratio ra (Table 3). The calculated binding
constants (K s) and spectroscopic properties of complexes are
given in Table 3.


Fluorimetric titrations. Since 3 exhibits strong fluorescence
emission, it was possible to perform fluorimetric titrations with
polynucleotides. Excitation of 3 at kmax = 332 nm was used for


Table 3 Binding constants (K s), hypochromic effect (H) and spectro-
scopic properties of complexes (shift of kmax = 244 nm) calculated from
UV/Vis titrations of 3 with ds-polynucleotides at pH = 5 (buffer citric
acid, I = 0.03 mol dm−3)a


bH cShift of kmax = 244 nm dra log K s


Poly A–poly U 0.66 +8 0.11 5.0 ± 0.1
Poly G–poly C 0.93 +16 0.20 6.2 ± 0.2
ct-DNA 0.98 +6 0.18 5.8 ± 0.2


a Titration data were processed using the program SPECFIT12 for
n[bound 3]/[polynucleotide] = 0.2 as the most common value for intercalators.
b hypochromic effect. H = Abs(complex at kmax = 244 nm)/Abs(3 at
kmax = 244 nm). c Shift of kmax 244 nm = kmax 244 nm (3)- kmax (complex). d The
lowest ratio r[3]/[polynucleotide] at which isosbestic points are still present.
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Table 4 Binding constants (K s), ratios n = ([bound 3]/[polynucleotide])
and spectroscopic properties of complexes of 3 (c = 5 × 10−6 mol dm−3)
with ds-polynucleotides calculated from fluorimetric titrations of 3 at
pH = 5 (buffer citric acid, I = 0.03 mol dm−3) and pH = 7 (buffer
sodium cacodylate, I = 0.05 mol dm−3)a


pH n log K s
bI/Io


5 ct-DNA 0.22 5.87 0.61
Poly A–poly U 0.22 5.12 0.58
Poly G–poly C 0.13 5.81 0.57


7 ct-DNA 0.13 6.65 0.39
c0.09 c6.34 c0.55


Poly A–poly U d0.001 d6.19 d1.1
Poly G–poly C 0.08 5.22 0.26


a Titration data were processed using the Scatchard equation, accuracy
of obtained n ± 10–30%, consequently log K s values vary in the same
order of magnitude. b Emission change; I = I(complex)/I(3). c Data
calculated by the Scatchard equation from the first part of titration
experiment with poly A–poly U in which starting fluorescence of 3 was
quenched. d Data calculated by the Scatchard equation from the second
part of titration experiment with poly A–poly U in which fluorescence of
primarily formed complex 3–poly A–poly U was enhanced by formation
of secondary complex.


fluorimetric titrations because polynucleotides do not absorb
light at k > 300 nm and at k > 340 nm excitation and emission
spectra of 3 significantly overlap. Addition of ds-polynucleotides
at both pH = 5 and 7 results in strong changes of 3 fluorescence.
For most titrations it was possible to process spectroscopic data
using Scatchard equation, results are given in Table 4.


According to the values of K s and n calculated from titrations
performed at pH = 5, compound 3 shows similar affinity towards
all studied polynucleotides. The values are in good accord with
those estimated from UV/Vis titrations (Table 3). Both K s and
n values suggest mono-intercalative rather than bis-intercalative
binding mode, since the affinities of classical bis-intercalators
are much higher than those observed, and the values of n are
much lower than 0.1.3,19


It is interesting to note that only titration with poly A–
poly U at pH = 7 yields quenching of 3 fluorescence until
ratio r[3]/[poly A–poly U] = 0.02, and further addition of poly A–
poly U yields substantial fluorescence increase (Fig. 2). Such
a pattern clearly indicates formation of two different 3–poly A–
poly U complexes, significantly different either in stability or
in the availability of free poly A–poly U necessary for efficient
binding of 3. Fluorescence titration data of both quenching
and emission increases were separately processed by means
of the Scatchard equation. Processing of the part of titration
data where fluorescence was quenched gave values of binding
constant (K s) and ratio n (with excellent correlation coefficients,
R > 0.999) quite similar to those obtained for ct-DNA, but
significantly higher than observed for poly G–poly C. Processing
of titration data where fluorescence of 3 was enhanced gave a
value of binding constant (log K s = 6.2) similar to the one
found for the quenching part of titration but the value of ratio
n was significantly lower (n = 0.001). A possible explanation
of the observed two different 3–polyA–poly U complexes is the
following: a) quenching of the fluorescence could be the result
of the inter-strand cross-binding of 3 to two different molecules
of poly A–poly U at the conditions close to the equimolar
ratio of 3 and polyA–poly U (which would dictate binding of 3
approximately once per full turn of two double helices), and b)
fluorescence increase at high excess of polyA–poly U over 3 could
be indicating conversion of the afore mentioned complex into a
mono-intercalative complex of 3 with only a single molecule of
poly A–poly U. The difference in orientation and engagement of
phenanthridinium units of 3 in these two complexes could easily
yield different fluorescence properties and therefore observed
opposite fluorescence changes.


Fig. 2 Fluorimetric titration of 3 (c = 5 × 10−6 mol dm−3) with poly
A–poly U at pH = 7 (buffer sodium cacodylate, I = 0.05 mol dm−3), a)
r[3]/[poly A–poly U] = 1–0.02; b) r[3]/[poly A–poly U] = 0.02–0.0002.


Both ds-RNA (A–U and G–C base pairs) form an A-helix
at the experimental conditions (pH = 7, I = 0.05 mol dm−3).
The poly G–poly C minor groove is sterically hindered by
the amino groups of guanine, while the minor groove of
poly A–poly U is not,20 thus facilitating the approach of the
positively charged linker of 3 to negatively charged phosphates.
Therefore, if we consider that 3 is mono-intercalating into both
RNA polynucleotides from the minor groove site, its positively
charged linker can fit tighter to poly A–poly U, resulting
in a higher binding constant than observed for poly G–poly
C. The proposed tight contact of 3 into poly A–poly U minor
groove at conditions of high excess of polynucleotide over 3
could result in a better accommodation of 3 and formation of
other types of complex (possibly even bis-intercalative binding),
with molecules of 3 covering larger areas of poly A–poly U
independently of each other. This could explain the observed
secondarily formed complex in fluorimetric titrations at pH = 7
(fluorescence increase) and also different binding of 3 to polyG–
poly C.


At pH = 5 addition of poly A–poly U to 3 resulted only in
quenching of its fluorescence. The calculated K s value of the
3–poly A–poly U complex was significantly lower at pH = 5
than at pH = 7 for the quenching part of the titration. At pH =
5 3 bears double the positive charge as compared to pH = 7,
but the poly A strand is partially protonated as well.20 Such a
high concentration of positive charges on both complex-forming
species could hamper the tight fitting of 3 into the minor groove
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Table 5 DTm values (◦C) of 3 in low ionic strength buffers pH = 5.0
and pH = 7.0a ,e


br


pH 0.1 0.2 0.3 0.5


5 ct-DNA 20.3 25.8 28.8 32.3
cpoly A–poly U c12.5 c9.5 c10.0 dND
cpoly AH+–poly AH+ c0 c0 c0 c0
poly dA–poly dT 7.5 11.1 12.6 16.0


7 ct-DNA 4.1 5.7 6.0 7.0
poly A–poly U 3.1 5.2 6.0 7.1
poly dA–poly dT 8.6 12.1 14.2 15.1


a Buffer pH = 5 (citric acid; I = 0.03 mol dm−3) and buffer pH = 7
(sodium cacodylate, I = 0.05 mol dm−3); error in DTm: ± 0.5 ◦C. b r:
molar ratio of 3/nucleic acid phosphates. c Biphasic transitions: the first
transition at Tm = 28.5 ◦C is attributed to denaturation of poly A–poly
U and the second transition at Tm = 80.1 ◦C is attributed to denaturation
of poly AH+–poly AH+ since poly A at pH = 5 is mostly protonated
and forms ds-polynucleotide.16,19 d ND: impossible to determine. e Tm


values of free polynucleotides: pH = 5 (ct-DNA/59.2 ◦C; polyA–
polyU/28.5/81.1 ◦C see explanation at c; poly dA–poly dT/66.0 ◦C);
pH = 7 (ct-DNA/78.0 ◦C; polyA–polyU/50.0 ◦C; poly dA–poly
dT/62.1 ◦C).


of poly A–poly U, as it is presumed at pH = 7, and result in
lower affinity at acidic pH. This explanation is consistent with
a smaller difference in affinity of 3 towards poly A–poly U and
poly G–poly C at pH = 5 than at pH = 7.


Thermal melting experiments. Addition of 3 to most ds-
polynucleotides yielded strong thermal stabilisation of the
double helices (Table 5). The only exception was poly AH+–
poly AH+ monitored either as a second transition curve in poly
A–poly U melting experiments or formed by protonation of a
single poly A strand at pH = 5.20 The reason for this is probably
the high melting point of poly AH+–poly AH+ where 3 very
likely does not form a stable complex. Also, repulsive forces
between positively charged adenines of poly AH+–poly AH+


and four positive charges of 3 at pH = 5 could be the cause of
no measurable interaction.


For all other ds-polynucleotides stabilised by 3, an increase of
the ratio r did not result in a proportional increase of DTm values.
According to this nonlinearity (dependence of DTm values on
the ratio r; Table 5 and Fig. 3), saturation of binding sites could
be estimated at about r = 0.2,21 the value being in accordance
with calculated values for the ratio n[bound 3]/[polynucleotide] from the
spectrophotometric titrations. This finding does not support the
bis-intercalative binding mode, and it is in line with the next
neighbour exclusion principle.18


Fig. 3 Nonlinear dependence of ratio r (molar ratio of 3–nucleic acid
phosphates) and respective DTm values found for ct-DNA at pH = 5.


The DTm values obtained at pH = 5 and at pH = 7 are
significantly different (Table 5). At pH = 5 stabilisation of ct-
DNA is 5 times stronger than at pH = 7, while for poly A–poly
U the difference is only by 50%. Observed results point to the
strong ct-DNA over poly A–poly U preferential stabilisation of 3


Table 6 DTm values (◦C) of 3 in high ionic strength buffer pH = 5.0a ,b


r


0.1 0.2 03


ct-DNA 2.0 3.0 4.0
poly A–poly U 23/0 29/0 3.1/0


a See footnotes to Table 5. b Tm values of free polynucleotides: ct-
DNA/77.2 ◦C; poly A–poly U/48.0; 73.5 ◦C, about biphasic transition
see footnote c to Table 5.


at pH = 5, a feature not present at neutral pH. It is interesting to
note that stabilisation of poly dA–poly dT is virtually the same
at both pH values used, thus strong poly A–poly U over poly
dA–poly dT preferential stabilisation of 3 observed at pH = 5, is
actually reversed at pH = 7. Since not only basepair composition
but also secondary structures of studied ds-polynucleotides are
significantly different (B-helix of ct-DNA, A-helix of poly A–
poly U and peculiar twisted helix with deep and narrow minor
groove of poly dA–poly dT22,23) it was not possible to distinguish
features responsible for obtained selective thermal stabilisation
between polynucleotides at same pH, as well as between different
thermal stabilisations of same polynucleotide at pH = 5 and
pH = 7, respectively.


To shed more light on the influence of electrostatic inter-
actions on the thermal stabilisation of double helices in the
presence of 3, we have performed thermal melting experiments
(at pH = 5) also at increased ionic strength with 0.1 mol dm−3


NaCl in respective buffer (Table 6). At pH = 5 ct-DNA–poly A–
poly U preference at higher ionic strength is significantly lower,
revealing much more pronounced inhibitive effect of added
NaCl on thermal stabilisation of ct-DNA than of poly A–poly
U. These two polynucleotides significantly differ in secondary
structure, the former characterised by a much narrower and
more hydrophobic minor groove compared to the shallow and
wide minor groove of the latter.20 Since the hydrophobicity of
the poly dA–poly dT minor groove is even more pronounced
than that of ct-DNA, it seems that minor groove properties are
important for selectivity of polynucleotide thermal stabilisation
induced by addition of 3.


It is interesting to note that classical intercalators like
ethidium bromide (EB) do not significantly change DNA/RNA
preference stabilisation with the change of ionic strength
(Table 7).26


Also, at pH = 5 and pH = 7 the stabilisation effects of EB
toward different polynucleotides are similar (Table 7). These
observations point toward a strong impact of the pH (and
consequently the number of positive charges of 3) on the
thermal stabilisation of ds-polynucleotides, thus electrostatic
interactions of the non-intercalated part of 3 with negatively
charged phosphates of polynucleotide playing also an important
role in cumulative stabilisation of the polynucleotide double
helix.


All the afore mentioned put forward the significance of the fine
interplay between hydrophobic properties of the minor groove of


Table 7 Previously published25 DTm values (◦C) of EB in low and high
ionic strength buffers pH = 5.0 and pH = 7.0


r = 0.3


pH I = 0.025 mol dm−3 I = 0.125 mol dm−3


5 ct-DNA 17.3 3.2
Poly dA–poly dT 14.0 3.0
Poly A–poly U 36.1 10.7


7 ct-DNA — —
Poly dA-poly dT 13.5 —
Poly A–poly U 29.1 —
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ds-polynucleotide and electrostatic interactions of the positively
charged non-intercalated part of 3 and the negatively charged
phosphates on thermal stabilisation of polynucleotides, resulting
in observed selectivity.


1H NMR experiments. All 1H NMR experiments were
performed in buffered D2O solution (sodium cacodylate buffer,
pD = 5.4, d6H(2 CH3) = 1.64 ppm, I = 0.05 mol dm−3) of 3 and
all proton signals were assigned by 1D and 2D NMR analysis
(Scheme 2).


Scheme 2 Chemical shifts (d/ppm) of 3 1H NMR signals at c = 1 ×
10−4 mol dm−3 (Na cacodylate buffer, pD = 5.4, reference d6H(2 CH3) =
1.64 ppm, I = 0.05 mol dm−3).


The proton signals of 3 did not shift significantly in the
concentration range c(3) = 2 × 10−4–2 × 10−3 mol dm−3 indi-
cating that there are no significant intermolecular interactions.
1H NMR titrations with ct-DNA were done at c(3) = 2 ×
10−4 mol dm−3 by successive additions of aliquots of DNA
solution to cover the range of ratios r[3]/[ct-DNA] = 2.5–0.1. The
height of proton signals attributed to CH2 groups of the aliphatic
linker of 3 did not change significantly upon adding ct-DNA,
only a slight downfield shift of the proton signal attributed to
the centrally positioned CH2 groups in the linker was observed.
Upon successive additions of ct-DNA, a substantial height
decrease and broadening of 1H NMR aromatic signals of 3
was observed, until they completely disappeared at r = 0.25.
It is noteworthy that this value of ratio r is in good agreement
with values of ratio n obtained by processing titration data
with the Scatchard equation (Table 4) as well as with those
estimated from thermal denaturation experiments (Fig. 3).
Disappearance of aromatic proton signals of 3 strongly suggest
intensive involvement of phenanthridine units into aromatic
stacking interactions with ct-DNA.24,25 The rather low values
of K s and high n ratio values obtained for 3 (Table 4) as well as
the DTm values (Table 5) do not agree with a bis-intercalative
binding mode of 3 to ct-DNA, but the complete disappearance
of aromatic proton signals points to the equivalent involvement
of both phenanthridinium units in intercalative binding mode.
In all probability, aromatic units of 3 successively intercalate and
dissociate from DNA, as it was proposed for its close analogues
and termed “creeping” over ds-polynucleotide.3


Interactions of 3 with single stranded (ss-) polynucleotides


UV/Vis titrations. Addition of ss-polynucleotides at pH =
5 caused small hypochromic effects in the UV/Vis spectrum of 3
under conditions of excess of 3 over intercalation binding sites.
Further additions of polynucleotides resulted in a substantial
absorption increase of the sample due to the significant overlap-
ping of UV/Vis spectra of 3 and ss-polynucleotides in excess.
However, clear non-additivity of polynucleotide and 3 UV/Vis
spectrum could be observed. Unfortunately, the limitations
of the method prevented us from collecting enough titration
data for accurate calculation of binding constants. At pH = 7


Table 8 Binding constants (K s) and ratios na ([bound 3]/[polynu-
cleotide]) calculated from fluorimetric titrations of 3 (c = 5 ×
10−6 mol dm−3) with ss-polynucleotides at pH = 5 (buffer citric acid,
I = 0.03 mol dm−3) and pH = 7 (buffer sodium cacodylate, I =
0.05 mol dm−3)


pH n log K s I/Io


5 poly A 0.2 5.0 2.50
poly G 0.2 6.13 0.66
poly C 0.2 5.43 1.68
poly U 0.2 4.5 2.02


7 poly A 0.2 4.57 0.32
poly G 0.2 5.12 0.25
poly C 0.2 4.49 0.70
poly U 0.2 4.37 0.75


a For easier comparison of log K s values the Scatchard equation was
modified by fixing value of ratio n = 0.2.


addition of any polynucleotide to solution of 3 yielded instant
precipitation.


Fluorimetric titrations. Since 3 exhibits strong fluorescence
emission, it was possible to perform fluorimetric titrations with
ss-polynucleotides. Excitation of 3 at kmax = 332 nm was used
for fluorimetric titrations for the same reasons as described
in the above section on interactions with ds-polynucleotides.
Processing of titration data by means of a modified Scatchard
equation gave the binding constants listed in Table 8.


Among all ss-polynucleotides only the affinity of 3 towards
poly U does not depend on pH. This observation could be
attributed to the fact that poly U is the only ss-polynucleotide
without a significantly organised secondary structure and proto-
nation sites at the used pH’s,20 so its properties remain basically
unchanged within the used pH range. It is obvious that a
different number of positive charges of 3 does not significantly
influence the overall stability of the 3–poly U complex. All the
above-mentioned suggests a dominant role of aromatic stacking
interactions between phenanthridines of 3 and uracils of the
polynucleotide in complex stability. The binding constants for
3–poly U complexes are more than one order of magnitude
higher than the respective K s values observed for most classical
intercalators (phenanthridinium and acridinium cations, log
K s < 3),26,27 what strongly supports simultaneous and additive in-
teractions of both phenanthridine units of 3 in binding to poly U.


The higher affinity of 3 towards poly A and poly C at
pH = 5 could be the consequence of binding to double
stranded structures (poly AH+–poly AH+ and poly CH+–poly
CH+),20 while at pH = 7 binding of 3 to the corresponding
ss-polynucleotides resulted in lower affinity. The K s values at
pH = 5 are in agreement with this assumption, being of the
same order of magnitude as those obtained for binding of 3 to
ds-polynucleotides (Table 4). The double positive charge of 3 at
pH = 5 compared to pH = 7 will also contribute to significantly
higher binding constants under acidic conditions compared to
those at neutral conditions.


The higher affinity of 3 towards poly G at both pH’s than
to other studied ss-polynucleotides reveals a significant role
of additional stabilizing interactions specific for the 3–poly G
complex. Specific structural features of poly G compared to
other ss-polynucleotides could play a significant role.28 The
observed specific spectroscopic effect upon addition of poly G to
3 (fluorescence quenching at pH = 5) could be attributed to the
electron donating properties of guanine.29,30 Similar effects have
been observed with proflavine29 and 4,9-diazapyrene26 derivative
(increase of fluorescence for all nucleobases, quenching exclu-
sively for guanine derivatives). An order of magnitude lower
binding of 3–poly G complex at pH = 7 than at pH = 5 again
suggests a significant influence of the number of positive charges
of 3.
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Fig. 4 Structures of studied compounds, 3 and its “monomer” 4.


Fig. 5 Dose–response profiles for compounds 3 and 4 tested on various
human cell lines in vitro. The cells were treated with compounds 3 and 4 at
different concentrations, and the percentage of growth was calculated.
Each point represents a mean value of four parallel samples in three
individual experiments.


Antitumor activity assays


Among many antitumor drugs numerous are DNA inter-
calators1 and some bis-intercalators (like e.g. echinomycin).31


Therefore, it was of highest interest to study cytotoxic effects
of 3 on different tumor and normal cell lines. In addition,
monomer 432 (Fig. 4) was studied for comparative purposes.
The results presented in Table 9 and Fig. 5a clearly show a
distinct antiproliferative activity of 3 towards five tumor cell
lines (with IC50 in micromolar range). However, a slightly less
pronounced inhibition of the growth of normal fibroblasts (WI
38) does not indicate selectivity towards tumor cells. Moreover,
results presented in Table 9 indicate that the activity of 3 is
more than one order of magnitude higher than observed for 4.
If the intercalation of the phenanthridine moiety would be the


sole mode of action, one would expect just double the activity
for 3 as compared to 4. This finding clearly demonstrates not
only additive but also a positively cooperative effect of two
phenanthridines and triamine linker assembled in the same
molecule, which is also in accord with the results obtained for
many bis-intercalative antitumor agents.3


Conclusions
The protonation state of 3 is strongly pH-dependent, 3 bearing
four positive charges at pH = 5 and less than two at pH = 7. This
is clearly reflected in the stability of 3–nucleotide complexes: at
pH = 5 binding constants (K s) are proportional to the number
of nucleotide phosphates, while at pH = 7 this is not the case.


Pronounced thermal stabilisation of double helices of
ds-polynucleotides upon addition of 3, hypochromic and
bathochromic effects induced in UV/Vis spectrum of 3 upon
addition of all studied polynucleotides and specific changes
in 1H NMR aromatic signals of 3 upon titration with ct-
DNA are characteristic for aromatic p · · · p stacking interactions
between aromatic moieties of 3 and polynucleotides, all strongly
supporting the intercalative binding mode.25 Binding constants
(K s) obtained for ds-polynucleotides are more than one order of
magnitude higher than those observed for ss-polynucleotides—
this finding can easily be correlated with the significantly larger
aromatic surface of basepairs compared to single nucleobases—
also in line with aromatic stacking interactions. However, values
of ratio n > 0.1 and values of K s and DTm mostly of the same
order of magnitude as found for classical mono-intercalators do
not agree with bis-intercalation of 3 but suggest intercalation of
only one phenanthridine unit with additional interactions of the
non-intercalated positively charged part of the molecule with
polynucleotide. As a final conclusion, aside from intercalation
as a dominant binding interaction of 3 with ds-polynucleotides,
a fine interplay between hydrophobic properties of the minor
groove of ds-polynucleotide and electrostatic interactions of
positively charged (pH dependent) non-intercalated part of 3
with the negatively charged phosphates are resulting in selective
binding of 3 to different ds-polynucleotides.


Stability of most of the most 3–ss-polynucleotide complexes
is also dependent on the number of positive charges of 3. The
only exception was the 3–poly U complex, whose stability was
essentially independent of pH, very likely due to the specific
structural properties of poly U. However, 3 exhibited the highest
affinity and specific fluorescence sensing of poly G at pH =
5, again very likely due to the specific structural properties of
poly G and the guanine base itself. As a general conclusion
regarding ss-polynucleotides, 3 is a highly sensitive ligand
addressing specific polymer structure and nucleobase nature,
being additionally regulated by pH.


The one order of magnitude higher cytotoxicity of 3 compared
to its “monomer” 4 can only be explained by cooperative action
of the two phenanthridine units and the charged triamine linker
of 3. Since it is known that the microenvironment within solid
tumors is slightly more acidic than in normal tissues,33 and that a
weakly acidic drug with pKa = 6.0 will be concentrated inside the
cell at 2.4-fold the extracellular drug concentration (i.e. weakly


Table 9 In vitro inhibition of tumor- and normal human fibroblast (WI 38) cell growth


IC50/lmol dm−3a


Cell lines


Compound Hep 2 HeLa MiaPaCa-2 SW 620 MCF-7 WI 38


3 1.9 ± 0.3 2.5 ± 1.2 2.5 ± 1.2 2.0 ± 0.6 1.5 ± 0.4 4.2 ± 1.0
4 41.2 ± 7.3 29.7 ± 15.3 50.0 ± 7.6 38.6 ± 20.0 40.0 ± 23.6 36 ± 1.7


a IC50 is the concentration that causes a 50% cell growth reduction.
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acidic drugs are well-suited for treatment of tumors with large
acidic regions)9 the demonstrated pH dependent properties of 3
make it a promising candidate for further in vivo testing.


Experimental
Spectroscopy
1H-NMR spectra were recorded on Bruker spectrometers at
300 and 600 MHz. Chemical shifts (d) in 1H NMR spectra are
expressed in ppm and J values in Hz. All NMR measurements
were done in buffered D2O solution (Na cacodylate buffer, pD =
5.4, I = 0.05 mol dm−3), using buffer proton signal (d6H(2 CH3) =
1.64 ppm) as reference. Signal multiplicities are denoted as s
(singlet), d (doublet), t (triplet), q (quartet) and m (multiplet).
Electronic absorption spectra were obtained on Varian Cary 100
Bio spectrometer and fluorescence spectra were recorded on a
Varian Cary Eclipse fluorimeter, both in quartz cuvettes (1 cm).
ESI MS spectra were obtained using Waters Micromass ZQ. All
measurements were performed in aqueous buffered solutions
at pH = 5 (Na citrate buffer, I = 0.027 mol dm−3 or Na
cacodylate buffer; I = 0.05 mol dm−3) and at pH = 7 (Na
cacodylate buffer; I = 0.05 mol dm−3). Polynucleotides were
purchased as noted: poly G–poly C, poly A–poly U, poly
dA–poly dT, poly A, poly G, poly C, poly U (Sigma), calf
thymus ct-DNA (Aldrich). Polynucleotides were dissolved in
Na-cacodylate buffer, I = 0.05 mol dm−3, pH = 7. Calf thymus
ct-DNA was additionally sonicated and filtered through a
0.45 lm filter.34,35 Polynucleotide concentration was determined
spectroscopically,35 and expressed as concentration of backbone
phosphates. Spectroscopic titrations were performed by adding
portions of polynucleotide solution into the solution of the
studied compound.


Absorbance and fluorescence emission of 3 was proportional
to its concentration under the experimental conditions. Titration
data were corrected for dilution. Excitation of 3 at kmax =
332 nm was used for fluorimetric titrations since nucleotides
and polynucleotides do not absorb light at k > 300 nm and at
k > 340 nm excitation and emission spectra of 3 significantly
overlap. Binding constants (K s) for 3–nucleotide complexes
were calculated by SPECFIT program12 from fluorimetric
titration data. Processing of titration data by means of the
Scatchard equation was used for the calculation of ratio n
([bound 3]/[polynucleotide]) and binding constants (K s) for 3–
polynucleotide complexes.17 Values for K s and n given in Tables 4
and 8 all have satisfactory correlation coefficients (>0.999).
Thermal melting curves for DNA, RNA and their complexes
with 3 were determined as previously described33 by following
the absorption change at 260 nm as a function of temperature.
Absorbance of 3 was subtracted from every curve, and the
absorbance scale was normalized. Tm values are midpoints of the
transition curves, determined as maximum of the first derivative
plots and checked graphically by the tangent method.33 DTm


values were calculated subtracting Tm of the free nucleic acid
from Tm of the complex. Every DTm value here reported was
the average of at least two measurements; the error in DTm is ±
0.5 ◦C.


Synthesis of 1,9-bis(6-phenanthridinium)-2,5,8-triazanonane
tetrahydrochloride (3)


A solution of diethylenetriamine (32 ll; 3 mmol, 1 equiva-
lent) and phenanthridine-5-aldehyde (1, 136 mg; 0.66 mmol,
2.2 equivalents) in solvent mixture CH3OH–CH2Cl2 = 1 : 1
(9 ml) under Ar was stirred in the dark at room temperature
for 24 hours. The solution was then cooled to 0 ◦C and
NaBH4 (30 mg, 8 mmol, 2.6 equivalents) was added under dry
conditions. Suspension was stirred at 0 ◦C for 1 hour and then at
room temperature overnight. Solvents were evaporated at T <


30 ◦C, the oily residue suspended in water (10 ml) and extracted
with three portions of 5 ml of CH2Cl2. The organic phase was


dried on Na2SO4 and solvent evaporated. Addition of 3.5 ml
(app. 8 equivalents) of 0.7 mol dm−3 HCl–CH3OH to the crude
residue resulted in formation of a green precipitate, which after
recrystallization form hot CH3OH and successive washing with
small portions of cold CH3OH gave a creamy, white precipitate.
1H NMR (for assignment see Scheme 2; dH/ppm, D2O, pD =
5,4; buffered with sodium cacodylate buffer; I = 0.001 mol dm−3,
c(3) = 1 × 10−4 mol dm−3, reference 2 CH3 of the cacodylate,
d6H = 1.64 ppm): 3.16 (br; 4H; c-CH2); 3.23 (br; 4H; b-CH2);
≈4.8 (2H; a-CH2); 6.85 (dd, 2Hphen-C9); 6.97 (dd, 2H-Hphen8);
7.36 (d, 2H-Hphen7); 7.38 (dd, 2H-Hphen3); 7.50 (d, 2H-Hphen4);
7.60 (dd, 2H-Hphen2); 7.73 (d, 2H-Hphen10); 8.13 (d, 2H-Hphen1).
ESI-MS (m/z) 486.1 (3 − H+); 243.7 (3 − 2H+). Anal. Calcd for
C32H31N5 × 4 HCl (Mr = 631.45): C 60.87, H 5.59, N 11.09%;
Found: C 60.43, H 5.87, N 11.39%.


Antitumor activity assays


HeLa (cervical carcinoma), MCF-7 (breast carcinoma), SW
620 (colon carcinoma), MiaPaCa-2 (pancreatic carcinoma),
Hep-2 (laryngeal carcinoma) and WI 38 (diploid fibroblasts)
cells were cultured as monolayers and maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 2 mmol dm−3 L-glutamine,
100 U ml−1 penicillin and 100 lg ml−1 streptomycin in a
humidified atmosphere with 5% CO2 at 37 ◦C. Growth inhibition
activity was assessed according to the slightly modified proce-
dure performed at the National Cancer Institute, Developmental
Therapeutics Program.36,37 Cells were inoculated onto standard
96-well microtiter plates on day 0. Cell concentrations were
adjusted according to the cell population doubling time (PDT):
1 × 104 ml−1 for HeLa, Hep-2, MiaPaCa-2 and SW 620 cell
lines (PDT = 20–24 hours) 2 × 104 ml−1 for MCF-7 cell lines
(PDT = 33 hours) and 3 × 104 ml−1 for WI 38 (PDT =
47 hours). Test agents were then added in five 10-fold dilutions
(10−8 to 10−4 mol dm−3) and incubated for further 72 hours.
Working dilutions were freshly prepared on the day of testing.
Solvent (0,001 mol dm−3 HCl) was also tested for possible
inhibitory activity by adjusting its concentration to be the same
as in working concentrations. After 72 hours of incubation, cell
growth rate was evaluated by performing MTT assay,38 which
detects dehydrogenase activity in viable cells. Absorbance (OD,
optical density) was measured in a microplate reader at 570 nm.
Percentage of growth (PG) of the cell lines was calculated
according to one or the other of the following two expressions:


If (mean ODtest − mean ODtzero) ≥ 0 then
PG = 100 × (mean ODtest − mean ODtzero)/(mean ODctrl −


mean ODtzero).
If (mean ODtest − mean ODtzero) < 0 then
PG = 100 × (mean ODtest − mean ODtzero)/ODtzero.
Where:
Mean ODtzero = average optical density before exposure of


cells to the test compound.
Mean ODtest = average optical density after the desired period


of time.
Mean ODctrl = average optical density after the desired period


of time with no exposure of cells to the test compound.
Each test point was performed in quadruplicate in three


individual experiments. Results are expressed as IC50, which is
the concentration necessary for 50% inhibition. IC50 values for
each compound are calculated from dose–response curves using
linear regression analysis by fitting the test concentrations that
give PG values above and below the reference value (i.e. 50%).
Each result is a mean value of three separate experiments.
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Poly(diacetylene)-nanofibers can be fabricated through
photo-irradiation using natural polysaccharide schizophyllan
as a one-dimensional mold
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Schizophyllan interacts with various 1,4-diphenylbutadiyne derivatives to induce their chirally-twisted
packing. A series of referential experiments using other polysaccharides (amylose, pullulan, dextran, etc.) and a
carbohydrate-appended detergent (dodecyl-b-D-glucopyranoside) indicates that these 1,4-diphenylbutadiyne
derivatives are accommodated within a tubular cavity constructed by a helical superstructure of schizophyllan. In
these 1,4-diphenylbutadiyne derivatives, 1,4-bis(p-propionamidophenyl)butadiyne can be easily polymerized
through UV-irradiation, in which schizophyllan acts as a one-dimensional mold to produce the corresponding
poly(diacetylene)s with fibrous morphologies. Detailed investigations on this unique approach to prepare the
nanofibers revealed that it includes two individual processes, that is, 1) UV-mediated polymerization of encapsulated
1,4-bis(p-propionamidophenyl)butadiyne to produce immature nanofibers and 2) their reorganization through
hydrophobic interfiber interactions into ordered nanofibers. The other 1,4-diphenylbutadiyne derivatives could not
be polymerized through UV-irradiation, indicating that the p-propionamido-functionalities play substantial roles for
a suitable packing of the monomer for the polymerization. The other 1,4-diphenylbutadiyne derivatives, however, can
be also polymerized through c-ray irradiation in the presence of schizophyllan to give the corresponding
poly(diacetylene)-nanofibers, emphasizing the wide applicability of the schizophyllan-based strategy for
polymerization of various 1,4-diphenylbutadiyne derivatives.


Introduction


Convenient approaches to design conductive nanofibers have
received an increasing research interest, since such nanofibers
can be used as conductive wires in nano-scaled electric
circuits in a coming age. There are two attractive candi-
dates for such nanofibers. One is a family of covalently-
bonded p-conjugated polymers including poly(acetylene)s,1


poly(phenylenethynylene)s,2 etc. and the other is a fam-
ily of noncovalently-assembled nanofibers of low molecular-
weight organic compounds having donor–acceptor complexes
(e.g., tetracyanobenzoquinone (TCNQ) and tetrathiafulvalene
(TTF))3. The p-conjugated polymers have one clear advantage
over the latter: that is, the stable conductivity is generated
even under harsh conditions, e.g., at high temperature where
the molecular assemblies are easily decomposed. However, they
also have a drawback as well: that is, simple polymerization
of the corresponding monomers usually results in amorphous
polymer-aggregates, in which the polymer strands are highly
entangled in a random fashion. It is strongly desired, therefore,
to establish convenient strategies to fabricate the nanofibers, in
which individual polymers are aligned in a parallel orientation.
Such nanofibers are expected to be useful molecular wires having
excellent conductivity through the long axis.


Poly(diacetylene)s are a family of the most interesting research
targets among the p-conjugated polymers, since they are readily
produced through photo-irradiation (UV or c-ray) without
any initiators.4 It is known, however, that closely-packed pre-
organization of the corresponding monomers is indispensable


for their photo-mediated polymerization (topochemical poly-
merization). Poly(diacetylene)s can be, therefore, usually pre-
pared from molecular assemblies (crystals, micelles, Langmuir–
Blodgett films, etc.) of the corresponding monomers, in which
the monomers are aligned in a parallel but slightly slided
packing mode suitable for the topochemical polymerization.
Since the resultant morphologies of obtained poly(diacetylene)s
strikingly depend on the superstructure of the monomer-
assemblies before photo-irradiation, pre-organization of the
corresponding monomers into well-designed fibrous architec-
tures is, therefore, a prerequisite to obtain the nanofibers
composed of poly(diacetylene)s. Several research groups have
devoted their intense research efforts on the fabrication of such
fibrous monomer-assemblies, mainly utilizing the amphiphilic
diacetylene-monomers which are spontaneously assembled into
the fibrous superstructures.5


Schizophyllan (SPG, Fig. 1-a) produced by fungus Schizo-
phyllum commune is an extracellular b-1,3-glucan having a b-1,6-
glucoside-appendage at every three repeating units. This native
polysaccharide has been of great interest for many researchers
because of its anticancer activity as well as its gel-forming
ability.6 The most interesting structural feature of SPG is a
reversible and solvent-induced structural transition between a
triple-stranded helical structure (t-SPG) in water and individual
single-strands (s-SPG) in dimethyl sulfoxide (DMSO).7


In a series of intense research on SPG, we found that SPG has
a one-dimensional (1D) cavity inside its helical superstructure
(Fig. 1-b) and accommodates various hydrophobic guests within
this 1D cavity through the structural transition from s-SPG toD
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Fig. 1 (a) Chemical and (b) spatial structure of schizophyllan having a
triple-stranded helical structure (t-SPG).


t-SPG (renaturation process).8 It should be noted that this renat-
uration process is essential for the guest encapsulation: in fact,
no complexation can be observed by simple mixing of t-SPG
with the guests. We assumed that the 1D cavity inside the rigid-
helical structure of t-SPG is not ready for the complexation.
However, once SPG takes the random-coiled structure (s-SPG),
the 1D cavity is exposed to the solvent and the complexation can
occur during the water-induced renaturation process. One may
regard, therefore, that SPG can be induced to fit the guests of
various size and shape through this unique renaturation process
and in this respect, the complexation behaviour of SPG is quite
different from that of cyclodextrins, which have strict size- and
shape-selectivity.


The first example of SPG–guest complexes was observed for
single-walled carbon nanotubes (SWNTs).9 In this example,
highly-stable and water-soluble SPG–SWNT complexes are
formed by mixing s-SPG in DMSO with a SWNT-dispersed
aqueous solution. Atomic force microscopic (AFM) observa-
tions of the resultant complexes revealed that the SWNTs
are accommodated within the 1D cavity of SPG. We also
reported that not only SWNTs but also polyaniline (PANI)
can form a stable macromolecular complex with SPG through
the renaturation process.10 Of great interest, the resultant SPG–
PANI complex has a fibrous superstructure, in which several
PANIs are packed in a parallel fashion within the helical
superstructure of SPG. This unique morphology is quite in
contrast to free PANI, which gives only amorphous aggregates.
This finding clearly indicates that SPG can act as a 1D host to
accommodate not only rod-like polymers (SWNTs) but also
flexible synthetic polymers (PANI) within the 1D cavity to
produce the fibrous polymeric assemblies. More recently, we also
found that small Au-nanoparticles can be entrapped by SPG to
produce the 1D Au nano-arrays.11 These findings consistently
support the view that SPG can act as a general 1D host to
accommodate a wide variety of guest metals and molecules to
produce their 1D architectures.


Our research efforts are now focused on low molecular-weight
compounds as guests.12 Especially, it is of great significance
to establish SPG-templated polymerization of various low
molecular-weight monomers in the 1D cavity to construct the
corresponding polymers with fibrous morphologies.13 Herein,
we report one of such successful examples that SPG can ac-
commodate various 1,4-diphenylbutadiyne derivatives (DPBs)
within the 1D cavity and can produce poly(DPBs)s-assembled
nanofibers through UV or c-ray irradiations (Fig. 2).


Fig. 2 Schematic illustration of our concept to use SPG as a 1D host
to accommodate DPBs within the helical superstructure of SPG and
construct poly(DPBs)-nanofibers through UV/c-ray irradiation.


Results and discussion
Synthesis of DPBs


DPBs were prepared through 1) amido-coupling of a com-
mercially available 4-ethynylaniline with the corresponding acid
chlorides or acid anhydrides, followed by 2) Cu(II)-catalyzed
homo-coupling of the resultant 1-amido-4-ethynylbenzene
derivatives (Scheme 1). We prepared 1,4-bis(p-propionamido-
phenyl)butadiyne (DPB-Pr), 1,4-bis(p-sec-butyramidophenyl)-
butadiyne (DPB-Bu) and 1,4-bis(p-(S)-2-methylbutyramido-
phenyl)butadiyne (DPB-(S)Pe) through this simple 2-step syn-
thesis. Structural proofs of the resultant DPBs were obtained
from 1H NMR, MALDI-TOF-MS and IR spectral evidence.
Along with these DPBs, we also used commercially available
1,4-diphenylbutadiyne (DPB) having no p-substituent in our
experiments.


Scheme 1 Synthesis of 1,4-diphenylbutadiynes having propionamido
(DPB-Pr), sec-butyramido (DPB-Bu), and (S)-2-methylbutyramido-
substitutions (DPB-(S)Pe): i) propionyl chloride for DPB-Pr, isobu-
tyric anhydride for DPB-iBu, or (S)-(+)-methylbutyric anhydride for
DPB-(S)Pe, pyridine, rt, ii) Cu(acetate)2, pyridine, reflux.


Preparation of SPG–DPB complexes


SPG (Mw = 150 kDa) and DPBs were dissolved into DMSO and
the resultant DMSO solution containing s-SPG (random-coiled
single-strand) and DPBs was mixed with water to regenerate the
t-SPG helical structure (the final water content was 70 v/v%).
Formation of the desired SPG–DPBs complexes was confirmed
by their circular dichroism (CD) spectra. For example, SPG–
DPB-Pr complex gave a CD spectrum showing a negative Cotton
signal (Fig. 3-a, bold green line), clearly indicating that SPG
interacts with DPB-Pr monomers to arrange them in a chirally-
twisted packing. It should be noted that the resultant aqueous
DMSO solutions containing SPG–DPB complexes are slightly
turbid, but the linear dichroism is negligibly small.


We carried out a few reference experiments using different
solvent systems and polysaccharides in order to clarify the
detailed mechanism of the interaction. The CD spectra of the
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Fig. 3 (a) CD spectra of DPB-Pr in the presence of s-SPG under various aqueous DMSO solutions with different water contents and (b) CD
spectra of DPB-Pr in the presence of s-SPG, amylose, dextran, pullulan, t-SPG and the detergent: d = 1.0 cm, 20 ◦C, [H2O] = 70 v/v%, [DPB-Pr] =
25 lg ml−1, [polysaccharide] or [detergent] = 25 lg ml−1, 24 h after sample preparation.


SPG–DPB-Pr complex was dramatically changed by a change
in the water content (Fig. 3-a). This solvent-dependent CD
spectral change is considerably complex, however, two apparent
characteristics can be seen. 1) The CD signal was observed only
under water-rich conditions ([H2O] = 60∼99 v/v%), suggesting
that the hydrophobic interactions, rather than the hydrogen-
bonding interactions, play major roles for the complexation.
This finding supports our assumption that hydrophobic DPBs
are entrapped within the 1D cavity of SPG, as already reported
for other guest molecules (SWNTs, PANI, Au-particles, etc.). 2)
All CD spectra observed herein show negative Cotton-effects,
indicating that DPB-Pr monomers are aligned in a left-handed
helical manner within the 1D cavity.


Reference experiments using other polysaccharides (amylose,
pullulan and dextran) also offered useful information on
the mechanism of the interaction between SPG and DPB-Pr
(Fig. 3-b). No other polysaccharide can induce any CD spectral
change of DPB-Pr, indicating that a few factors (hydrophobic
interactions, conformational changes, etc.), other than the
hydrogen-bonding interactions, play substantial roles in the
arrangement of DPB-Pr monomers in the 1D cavity of SPG.


Comparison between s-SPG and t-SPG also gave important
information on the mechanism of the interaction: that is, when
t-SPG (in water) was mixed with DPB-Pr (in DMSO), the
resultant mixed solution gave no CD signal, indicating that the
structural transition from s-SPG to t-SPG is essential for the
interaction. This finding is of great significance because it implies
that DPB-Pr molecules locate inside the helical structure of
renascent t-SPG, as already reported for other guest molecules.


We also carried out an additional experiment using a
carbohydrate-appended detergent (dodecyl-b-D-glucopyrano-
side) as a reference. DPB-Pr shows a small (compared with that
in the presence of SPG) but perceptible induced-CD signal at


around 280 nm in the presence of the detergent, indicating that
DPB-Pr molecules are chirally packed within a hydrophobic
inner space of the micelles having the chiral head groups. This
finding also supports our assumption that the hydrophobic
interactions play substantial roles for the complexations.


We also carried out CD spectral measurements on other
DPBs including DPB, DPB-Bu and DPB-(S)Pe to find that
these DPBs also showed SPG-induced CD signals, although
their intensities are quite different (Fig. 4). These data
indicate that their interactions with SPG are strikingly de-
pendent on the structure of DPBs. For example, as shown in
Fig. 4-a, the CD intensities of DPB-Bu and DPB are 3- and
10-fold weaker, respectively, than that of DPB-Pr. Comparison
between DPB-Pr and DPB suggests an important role of
p-amido-substituents for the interactions. We assume that the
p-amido-substitutions are indispensable for arranging DPB-Pr
molecules in the chirally-twisted packing, presumably through
the hydrogen-bonding interaction with the neighbouring DPBs
and/or SPG. Furthermore, comparison between DPB-Pr and
DPB-Bu shows that bulky-substituents strongly disrupt the close
and stable packing of DPBs in the 1D cavity.


UV-mediated polymerization of DPBs


UV-mediated polymerization of DPBs in the presence of SPG
was carried out under two different conditions: that is, using 1)
water-jacketted or 2) water-unjacketted cells. The temperature
of the reaction cell was controlled at 25 ◦C by using the water-
jacketted cell, however, it was elevated up to ca. 50 ◦C on UV-
irradiation without using the water-jacketted cell. Before these
experiments, we thought that the controlled temperature would
play an important role to fabricate ordered nanofibers with
uniform diameters, however, we found that the UV-mediated


Fig. 4 (a) CD spectra of (dotted line) SPG–DPB complex, (plane line) SPG–DPB-Pr complex, and (thin line) SPG–DPB-Bu complex and (b) those
of (plane line) SPG–DPB-(S)Pe complex and (dotted line) free DPB-(S)Pe: d = 1.0 cm, 20 ◦C, [H2O] = 70 v/v%, [DPB], [DPB-Pr], [DPB-Bu], or
[DPB-(S)Pe] = 25 lg ml−1, [SPG] = 25 lg ml−1, 24 h after sample preparation.
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polymerization without using the water-jacketted cell could
generate more ordered fibers than those produced under the
controlled temperature (25 ◦C).


In the UV-mediated polymerization without using the water-
jacketted cell, SPG–DPB-Pr complex in aqueous DMSO was
placed at 5 cm distance from a high pressure Hg lamp and the
temperature of the reaction solution was, therefore, elevated up
to ca. 50 ◦C. A gradual colour change in the reaction solution
could be visibly detected during the UV-irradiation process, as
shown in Fig. 5-a. To our great interest, the solution colour
changed from colourless to pale red during the first 4 h UV-
irradiation and then gradually turned into pale blue during
the following 16 h UV-irradiation. The time-course of the UV-
vis spectra (Fig. 5-b) shows a biphasic spectral change during
the UV-irradiation. In the first phase, an absorption band at
540 nm which is characteristic of poly(diacetylene)s appears.
In the following phase, however, this new peak is gradually
diminished and another peak appears simultaneously at 720 nm.
Usually, such red-shifted absorption bands can be assigned to
poly(diacetylene)s having the extremely large molecular weight
and/or tight inter-stranded packing. We can exclude the former,
because an isosbestic point can be observed in this spectral
change. If the further UV-irradiation facilitates elongation of
the corresponding poly(diacetylene) strands, the peak should
continuously red-shift from 540 to 720 nm and the isosbestic
point should not exist. We assumed, therefore, that this spectral
change in the second phase arises from the inter-stranded
packing of the poly(diacetylene) strands. The mechanism of this
colour change will be further discussed below in detail.


Fig. 5 Solutions of SPG–DPB-Pr complex after (left) 0, (centre) 4,
and (right) 16 h UV-irradiation and (b) UV-vis spectra of SPG–DPB-Pr
complex after 0, 1.0, 2.5, 4.0, 5.5, 7.0, 9.0, 11.5, and 16 h UV-irradiation:
25 ◦C, d = 1.0 cm, aqueous DMSO ([H2O] = 70 v/v%).


The UV-mediated polymerization of DPB-Pr in the pres-
ence of SPG was also confirmed by the Raman spectra
(Fig. 6), in which the SPG–DPB-Pr complex shows a sharp
peak at 2000 cm−1 assignable to poly(diacetylene)s (–CH=CH-


Fig. 6 Raman spectra of DPB-Pr in the presence of SPG after 0, 4 and
16 h UV-irradiation: cast films.


stretching vibration).14 The difference between 4 and 16 h UV-
irradiation does not induce any significant shift of the Raman
peaks, again supporting that the elongated UV-irradiation time
does not result in the further growth of the poly(diacetylene)
strands. It should be emphasized that no such Raman peak
appeared without SPG, indicating that SPG accommodates
DPB-Pr within the 1D cavity to align them in a one-dimensional
packing mode suitable for the topochemical polymerization.


Other DPBs could not be polymerized through the UV-
irradiation, although these DPBs are accommodated within
the 1D cavity. These results closely correlate to the intensity of
their SPG-induced CD signals: that is, the DPBs showing weak
CD signals are not suitable monomers for the UV-mediated
polymerization, presumably owing to their loose packing mode
in the 1D cavity.


Transmission electron microscopic (TEM) observation
showed that the resultant SPG–poly(DPB-Pr)s complex has
a fibrous structure (Fig. 7-a) with diameters ranging from 2
to 20 nm. On the other hand, no such fibrous assembly was
obtained without SPG (data not shown). We also confirmed
that neither other polysaccharides (amylose, dextran, pullulan
and t-SPG) nor the carbohydrate-based detergent (dodecyl-b-
D-glucopyranoside) can produce such nanofibers (Fig. 7-c, d, e
and f). These data clearly demonstrate an advantage of SPG as
the 1D host to generate the nanofibers.


Fig. 7 TEM images of poly(DPB-Pr)s in the presence of (a) SPG (after
16 h UV-irradiation), (b) SPG (after 4 h UV-irradiation), (c) amylose,
(d) dextran, (e) pullulan, and (f) dodecyl-b-D-glucopyranoside.


Energy dispersive X-ray (EDX) spectroscopic analysis showed
the existence of oxygen and nitrogen in the nanofibers. Although
the spectrum was overlaid by an enormous amount of carbon
originating from the carbon grid, the analytical data gave an
excess amount of oxygen in comparison to that of nitrogen. Since
poly(DPB-Pr) itself contains an equal amount of oxygen and ni-
trogen, the presence of the excess amount of oxygen suggests that
SPG strands co-exist around poly(DPB-Pr)-nanofibers. The co-
existence of SPG strands is also supported by a morphological
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change in the nanofibers through an acid-catalyzed degradation
of the co-existing SPG. This result is discussed in the following
section in detail.


Detailed investigations on the UV-mediated polymerization


Ordered nanofibers with uniform diameters can be observed
for SPG–poly(DPB-Pr) complexes after 16 h UV-irradiation,
however, shortened irradiation time (4 h) gives much differ-
ent morphologies, that is, short and disordered nanofibers
(Fig. 7-b). Together with the UV-vis spectral change during
the polymerization suggesting the interfiber interactions, it
is likely that the disordered nanofibers are organized into
ordered ones during the UV-irradiation. We assumed that this
structural transition should arise from temperature-induced re-
organization of the poly(DPB-Pr) strands. As mentioned above,
when the reaction cell was not water jacketted, the temperature
of the reaction solutions was elevated up to ca. 50 ◦C on the
UV-irradiation. This elevated temperature should disorder the
helical superstructure of SPG around the as-grown poly(DPB-
Pr) strands and then, the resultant poly(DPB-Pr) strands, which
are partially exposed to the solvent, should be packed through
interstrand hydrophobic interactions.


Comparison between the UV-mediated polymerization with
or without the water-jacketted cell clearly supports this assump-
tion: that is, when we used a water-jacketted reaction cell to
keep the solutions at 25 ◦C, UV-irradiation gave a red-coloured
solution and no further colour change from red to blue was
observed even after 16 h UV-irradiation. The UV-vis spectra
of the resultant solution confirm that no blue peak appears
(Fig. 8, bold line). Furthermore, incubation of the resultant red-
coloured solution in the dark at 50 ◦C resulted in an appearance
of a new absorption peak at around 720 nm (Fig. 8, thin lines).
These data also clearly support our assumption that the colour
change from red to blue is induced through the temperature-
induced re-organization of poly(DPB-Pr) strands.


Fig. 8 Temperature-induced UV-vis spectral change (0 to 256 min)
of SPG–poly(DPB-Pr) complexes in aqueous DMSO ([H2O] =
70 v/v%): The original red-coloured solution was obtained through
16 h UV-irradiation on SPG–DPB-Pr complex using a water-jacketted
(25 ◦C) reaction cell: 25 ◦C, d = 1.0 cm.


We also confirmed the effects of SPG on the ordered
nanofibers by removing SPG from the SPG–poly(DPB-Pr)
complexes through an acid-catalyzed degradation of SPG. As
shown in Fig. 9-a, SPG–poly(DPB-Pr) complexes show a UV-
vis spectrum having an intensified peak at 720 nm after the acid-
catalyzed degradation. The removal of SPG from the complex,
which results in poly(DPB-Pr) exposed to the media, should
cause tight inter-stranded packings. TEM observation of the
resultant complexes after the acid-catalyzed degradation did
not show the ordered nanofibers but highly entangled net-like
morphologies, supporting our assumption that perturbation (or
removal) of the helical superstructure of SPG results in inter-
stranded packing of poly(DPB-Pr) and the resultant colour and
morphological changes.


c-Ray mediated polymerizations of DPBs


As we mentioned above, the UV-mediated polymerization is
only applicable for DPB-Pr, and no other DPBs, such as
DPB, DPB-Bu and DPB-(S)Pe can be polymerized to afford
the corresponding nanofibers. We, therefore, carried out c-ray
mediated polymerization of these DPBs, since c-ray irradiation is
known to produce poly(diacetylene)s very readily in comparison
to the UV-irradiation. The aqueous DMSO solutions containing
these SPG–DPBs complexes turned into pale blue after the
c-ray irradiation, indicating that the polymerization of all
these DPBs does take place. Their UV-vis spectra after the
c-ray irradiation showed small new peaks around 500 nm
(emphasized within closed circles, Fig. 10). Although these peaks
are quite weak, they clearly indicate that these monomers can
be polymerized through the c-ray irradiation. TEM observation
of the resultant SPG–poly(DPBs)s complexes showed fibrous
superstructures that are similar to that of SPG–poly(DPB-Pr)
complexes (Fig. 11-a). On the contrary, c-ray-irradiation on
DPBs in the absence of SPG gave amorphous aggregates with
disordered rectangular shapes (Fig. 11-b). These rectangular
poly(diacetylene)s should arise from amorphous aggregates of
the corresponding “water-insoluble” monomers in the aque-
ous solution. These data clearly indicate that our SPG-based
approach is a quite general one to obtain poly(diacetylene)-
nanofibers from various DPB monomers.


Chirality of the nanofibers


It is of great interest to prepare poly(diacetylene)s with the
helical superstructure, since they should be useful to develop
various catalytic and sensory devices for chiral materials. In this
respect, a conformation of poly(DPB-(S)Pe) is quite interesting.
Poly(DPB-(S)Pe) prepared through the SPG-templated c-ray
irradiation followed by a dialysis with DMSO (to remove the
unreacted monomer) showed a CD spectrum having a positive
CD signal at around 300 nm that is assignable to p–p* transition
of the phenyl-appendage (Fig. 12). On the other hand, no CD
signals can be observed at 540 or 720 nm that are assignable


Fig. 9 (a) UV-vis spectra of SPG–poly(DPB-Pr) complexes (dotted line) before and (plane line) after the acid-catalyzed degradation of SPG and
(b) TEM image of poly(DPB-Pr)s after the degradation followed by dialysis (MWCO 8000, water): for UV-vis, d = 1.0 cm, 25 ◦C.
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Fig. 10 UV-vis spectra of (a) DPB-Pr, (b) DPB-Et, (c) DPB-Bu and (d) DPB-(S)Pe after c-ray irradiation in the (plane lines) presence and (dotted
line) absence of SPG: 25 ◦C, d = 1.0 cm, aqueous DMSO ([H2O] = 70 v/v%).


Fig. 11 TEM images of poly(DPB-(S)Pe)s in the (a) presence and (b) absence of SPG after c-ray irradiation followed by dialysis (MWCO 8000,
water).


Fig. 12 CD spectra of poly(DPB-(S)Pe): d = 1.0 cm, 20 ◦C, in DMSO,
the sample after the dialysis (DMSO) was directly used for this UV-vis
measurement and therefore [poly(DPB-(S)Pe)] is unknown.


to p–p* transition of the polymer main chain. These data
indicate that packing and conformation of the polymer main
chain are not twisted in spite of the chiral substituents on
the phenyl-appendages. We assume that tight inter-stranded


packings between the polymer main chains would prohibit chiral
twisting of the main chains.


Conclusions
We established a unique, easy and general approach to prepare
nanofibers composed of various poly(DPBs)s. In our strategy,
SPG acts as a unique 1D host to accommodate various DPBs to
produce the corresponding poly(DPBs)s having highly ordered
fibrous superstructure through UV- or c-ray-irradiation. Recent
studies on the fabrication of polydiacetylene-nanofibers utilize
the corresponding monomers that are self-assembled into the
fibrous superstructure. These diacetylene monomers should be
carefully designed for their pre-organization into the nanofibers
before polymerization. On the other hand, the SPG-templated
approach can be applicable to various DPBs having various
size and functionalities. Together with a series of our reports
on SPG to show its unique properties as 1D hosts, the results
we reported in this paper clearly show that SPG can be
also applicable to template polymerization of the encapsulated
monomers to produce the corresponding polymer-fibers. We
believe that, along with the tolerance of SPG to the guests,
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the SPG-templated approach should be a potent one to prepare
nanofibers with other functional polymers.


Experimental
General
1H NMR spectra were acquired on a Brucker DRX600 (Brucker
Co., Ltd) in DMSO-d6 at 600 MHz. The chemical shifts
are reported in ppm (d) relative to Me4Si. IR spectra were
recorded on a Perkin Elmer Spectrumone Fourier transform
infrared spectrometer attached to a Universal ATR Sampling
Accessory. Circular dichroism (CD) spectra were measured
on JASCO 720WI Circular Dichroism Spectrometer. Matrix
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectra were recorded on PerSeptive Biosystems
Voyager-DERP Biospectrometry Workstation. Silica gel 60 N
(particle size 40–50 lm) for column chromatography was
purchased from KANTO CHEMICAL Co. INC. Thin layer
chromatography (TLC) was carried out with Merck TLC
aluminium sheets pre-coated with silica gel 60 F254. Native
schizophyllan (Mw = 1.5 × 105) was kindly supplied by Mitsui
SeitoCo. Ltd., (Japan). The other chemicals were purchased
from Aldrich.


Syntheses of 1-amido-4-ethynylbenzenes


1 - Propionamido - 4 - ethynylbenzene. To 4 - ethynylaniline
(0.50 g, 4.27 mmol) and triethylamine (0.5 ml) in dichloro-
methane (30 ml) propionyl chloride (0.45 ml, 5.12 mmol) was
added and then, the resultant mixture was stirred for 5 min.
The resultant mixture was diluted with dichloromethane and
the resultant organic layer was washed with water, dried over
anhydrous magnesium sulfate, filtrated, and evaporated to give
1-propionamido-4-ethynylbenzene as a pale yellow powder
(0.70 g, 94%). 1H NMR (DMSO-d6, TMS): 10.00 (s, 1H), 7.61
(d, J = 8.40 Hz, 2H), 7.40 (d, J = 8.52 Hz, 2H), 4.06 (s,1H),
2.35 (m, 2H), 1.08 (t, J = 7.2 Hz, 3H); IR (KBr, cm−1) 3288,
2977, 2104, 1670, 1597, 1531; Anal. Calcd. for C22H20N2O2: C,
76.72; H, 5.85; N, 8.13. Found: C, 75.90; H, 5.90; N, 7.92%;
[M + Na]+ = 196.06 (calc. 196.07).


1-sec-Butyramido-4-ethynylbenzene. To 4-ethynylaniline
(0.69 g, 5.89 mmol) in anhydrous pyridine (40 ml) isobutyric
anhydride (30 ml) was added and then, the resultant mixture
was stirred for 3 h. The resultant mixture was diluted with ethyl
acetate and then, the organic layer was washed with water, 1 M
HCl (aq.), and NaHCO3 saturated aqueous solution, repeatedly.
The resultant organic layer was evaporated and then, hexane
was added to the resultant syrup. The resultant precipitate was
washed with hexane several times to give the pure product in a
yellow solid (0.75 g, 80%). 1 H NMR (DMSO-d6, TMS): 9.99 (s,
1H), 7.74 (d, J = 8.46 Hz, 2H), 7.39 (d, J = 8.46 Hz, 2H), 4.27
(s, 1H), 2.59 (m, 1H), 1.09 (d, J = 6.60 Hz, 6H); IR (KBr, cm−1)
3316, 2106, 1666, 1530; Anal. Calcd. for C24H24N2O2: C, 77.39;
H, 6.49; N, 7.52. Found: C, 66.80; H, 6.47; N, 7.62%; [M +
H]+ = 188.10 (calc. 188.12).


1-(S)-2′-Methylbutyramido-4-ethynylbenzene. To 4-ethynyl-
aniline (0.20 g, 1.7 mmol) and triethylamine (0.56 ml, 4.0 mmol)
in pyridine (20 ml) (S)-(+)-2-methylbutyric anhydride (0.40 ml,
2.0 mmol) was added and then, the resultant mixture was
stirred overnight. The resultant mixture was diluted with
dichloromethane and the resultant organic layer was washed
with water, 1.0 M HCl (aq.) and NaHCO3 saturated aqueous
solution and then, dried over anhydrous magnesium sulfate,
filtrated, and evaporated to give 1-(S)-2′-methylbutyramido-4-
ethynylbenzene as a pale yellow powder (0.12 g, 36%). 1H NMR
(DMSO-d6, TMS): 10.00 (s, 1H), 7.63 (d, J = 8.70 Hz, 2H), 7.40
(d, J = 8.64 Hz, 2H), 4.06 (s, 1H), 2.40 (m, 1H), 1.60 (m, 1H),
1.39 (m, 1H), 1.07 (d, J = 6.78 Hz, 3H), 0.85 (t, J = 7.34 Hz,
3H); IR (KBr, cm−1) 3292, 2963, 2105, 1771, 1506; Anal. Calcd.


for C24H24N2O2: C, 77.97; H, 7.05; N, 6.99. Found: C, 77.41; H,
7.16; N, 6.92%; [M + H]+ = 202.12 (calc. 202.11).


Syntheses of 1,4-bis(p-amidophenyl)butadiynes


1,4-Bis(p-propionamidophenyl)butadiyne (DPB-Pr). To 1-
propionamido-4-ethynylbenzene (0.40 g, 2.31 mmol) in a mix-
ture of anhydrous pyridine (30 ml) and methanol (50 ml)
copper(II) acetate monohydrate (1.15 g, 5.47 mmol) was added
and then, the resultant mixture was refluxed for 2 days under
nitrogen atmosphere. The resultant reaction mixture was diluted
with ethyl acetate and then, the organic layer was washed
with NH4Cl-saturated aqueous solution. The resultant organic
layer was dried over anhydrous magnesium sulfate, filtrated,
evaporated. The residue was purified on silica-gel (hexane : ethyl
acetate = 5 : 1) to give 1,4-bis(p-propionamidophenyl)butadiyne
(0.32 g, 80%) in a pale yellow powder. 1H NMR (DMSO-d6,
TMS): 10.11 (s, 2H), 7.64 (d, J = 8.70 Hz, 4H), 7.50 (d, J =
8.46 Hz, 4H), 2.36 (m, 4H), 1.07 (s, 6H); IR (KBr, cm−1) 3235,
3080, 2144, 1660, 1588, 1521; [M + H]+ = 344.12 (calc. 344.15).


1,4-Bis(p-sec-butyramidophenyl)butadiyne (DPB-Bu). To 1-
sec-butyramido-4-ethynylbenzene (0.50 g, 2.67 mmol) in anhy-
drous pyridine (50 ml) copper(II) acetate (0.97 g, 5.34 mmol) was
added and then, the resultant mixture was stirred at 50 ◦C for 3 h.
The resultant mixture was diluted with ethyl acetate and then,
the organic layer was washed with water, 1 M HCl (aq.), and
NaHCO3 saturated aqueous solution, repeatedly. The resultant
organic layer was dried over Na2SO4, filtrated, and evaporated
to give the product as pale yellow solid (0.69 g, 99%). 1H NMR
(DMSO-d6, TMS): 10.00 (s, 2H), 7.63 (d, J = 8.64 Hz, 4H), 7.52
(d, J = 8.52 Hz, 4H), 2.61 (m, 2H), 1.10 (d, J = 6.84 Hz, 12H);
IR (KBr, cm−1) 3305, 2150, 1667, 1526; [M + H]+ = 373.18 (calc.
373.18).


1,4-Bis(p-(S )-2′ -methylbutyramidophenyl)butadiyne (DPB-
(S )Pe). To 1-(S ) -2′ -methylbutyramido-4-ethynylbenzene
(0.10 g, 0.48 mmol) in anhydrous pyridine (15 ml) copper(II)
acetate (0.18 g, 0.98 mmol) was added and then, the resultant
mixture was stirred at 50 ◦C for 3 h. The resultant mixture was
diluted with ethyl acetate and then, the organic layer was washed
with water and 1 M HCl (aq.) repeatedly. The resultant organic
layer was dried over Na2SO4, filtrated, and evaporated to give
the pure product as pale yellow solid (75 mg, 75%). 1H NMR
(DMSO-d6, TMS): 10.1 (s, 2H), 7.68 (d, J = 8.64 Hz, 4H), 7.52
(d, J = 8.70 Hz, 4H), 2.40 (m, 2H), 1.61 (m, 2H), 1.39 (m,
2H), 1.08 (d, J = 6.84 Hz, 6H), 0.86 (t, J = 7.44 Hz, 6H); IR
(KBr, cm−1) 3298, 2961, 2144, 1668, 1580, 1506; [M + H]+ =
401.22 (calc. 401.14).


Preparation of SPG–DPB complexes


s-SPG (Mw = 150 kDa) in DMSO (5 mg ml−1, 10 ll) was mixed
with DPBs in DMSO (5 mg ml−1, 10 ll) and then, the resultant
DMSO solution (20 ll) was diluted with an additional DMSO
(180 ll). The resultant DMSO solution (200 ll) was mixed with
water (200 ll) to give aqueous DMSO containing 50 v/v% of
water. This solution still has high DMSO content and, therefore,
DPDs should be loosely accommodated within the partially
renatured helical structure of SPG. The resultant solutions were
then subjected to a sonication (bath-type, ca. 5 min) followed by
mixing with additional water (266 ll) to give DPBs in aqueous
DMSO (water contents are 70 v/v%).


The referential solution using t-SPG was prepared as follows.
s-SPG in DMSO (5 mg ml−1, 10 ll) was diluted with DMSO
(180 ll) followed by mixing with water (200 ll). After a sonica-
tion, the resultant aqueous DMSO ([H2O] = 50 v/v%) was di-
luted with water (266 ll) and aqueous DMSO ([H2O] = 70 v/v%,
1334 ll) followed by incubation at room temperature for
overnight to ensure entire renaturing of SPG. Finally, DPBs in
DMSO (5 mg ml−1, 10 ll) was added into the resultant solution.
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Photo-mediated polymerization of SPG–DPB complexes


Photo-mediated polymerization of SPG–DPB complexes was
carried out by using UVL-100P (Riko Kagaku Sangyo Co.
Japan) with a distance of 5 cm from the samples.
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The use of engineered phenylalanine dehydrogenase N145A supported on Celite for the reductive amination of
phenylpyruvic acid in homogeneous and biphasic aqueous–organic solvents is reported. The results indicate that the
immobilised biocatalyst is remarkably robust, even in the presence of high concentrations of polar or non-polar
organic solvents such as acetone, methanol, n-hexane, toluene and methylene chloride. Cofactor regeneration with
alcohol dehydrogenase from Saccharomyces cerevisiae and ethanol was successfully explored. Application to the
non-natural poorly water-soluble 2-oxo acid p-NO2-phenylpyruvic acid was successfully performed, resulting in the
biocatalytic synthesis of p-NO2-phenylalanine. In all cases 100% stereoselectivity for the production of the amino
acid was retained.


Introduction
Enzymatic synthesis in non-aqueous media has emerged as an
attractive alternative to chemical synthesis. Numerous strategies
have been developed for carrying out enzymatic reactions in
organic media including multiphase aqueous–organic media,
reverse micelles and monophasic media.1


Most synthetic uses of enzymes to date, including those in
non-aqueous solvents, have involved hydrolases such as lipases.
The effects of organic media are particularly straightforward
in such cases, especially in terms of the stereoselectivity.2,3 It is
known, in fact, that organic solvents can alter the enzymatic
selectivity of hydrolases thus allowing a modulation of the
stereoselectivity control through the solvent.4 Several examples
of solvent-controlled enantioselection have been reported in
resolution of racemates with lipases.5 Furthermore, in the
presence of organic solvents lipases show an increased stability
to temperature, an improved control of unwanted side-reactions
(hydrolysis) and the possibility of using highly hydrophobic
substrates insoluble in aqueous phases.


In the production of enantiomerically pure compounds, redox
enzymes have a significant advantage over lipases because
they may permit substrate conversion of up to 100%. In this
field many alcohol dehydrogenases display high stereoselectivity
and a broad substrate range.6 However, dehydrogenases have
been used less often in organic solvents,7 the main drawback
being their limited stability in non-aqueous solvents and the
requirement for a co-factor which is sparingly soluble and
unstable in some organic solvents (e.g. nicotinamide adenine
dinucleotide species are almost insoluble in many lipophilic
media).8 Notwithstanding these limitations, interesting contri-
butions have recently appeared in the literature on alcohol
dehydrogenases.9


Phenylalanine dehydrogenase (PheDH) interconverts phenyl-
alanine and phenylpyruvate plus ammonia via a NAD+-
dependent oxidoreduction. The wild-type enzyme from Bacillus
sphaericus accepts various non-natural amino substrates in place
of phenylalanine.10 We have recently reported a successful study
based on this specific phenylalanine dehydrogenase in which
single point mutations greatly affected the substrate specificity


of the enzyme, allowing the new biocatalysts to accept non-
natural substrates (2-oxo-acids), yielding the corresponding L-
amino acids with total retention of the enantioselectivity.11,12


Among the different mutations, the N145A PheDH, in which
asparagines at position 145 is replaced by alanine, proved
to be the most versatile and efficient biocatalyst with several
synthetic 2-oxo-acids. Unfortunately, substituted phenylpyruvic
acids (e.g. p-MeO-, p-NO2- and p-CF3-phenylpyruvic acid) have
dramatically diminished solubility in water (10- to 20- fold
relative to phenylpyruvic acid), casting a substantial doubt on
the possibility of scaling-up those reactions.


To overcome this problem, performing the enzymatic reduc-
tive amination in the presence of organic solvents would be
the ideal solution. Toleration of the organic solvents by the
biocatalyst can be judged in two senses. First of all, there is the
basic question of whether the enzyme catalyst is active under
these conditions. Secondly, even where there is a substantial
level of catalytic activity, there is also the issue of longer-term
stability. To our knowledge, even though there have been several
reports of enantioselective reduction of ketones to alcohols, via
alcohol dehydrogenases for example,13,14 there are no previous
studies on amino acid dehydrogenases in organic solvents, and
here we report our latest results on the use of the N145A mutant
immobilised by deposition on Celite with regard to stability,
efficiency and yields in mono- and biphasic systems in presence
of organic solvents. The commercially available phenylpyruvic
acid is used as the substrate in all the screening reactions
(Scheme 1).


Scheme 1


Finally, we report the practical application of our system in
the synthesis of a more hydrophobic non-natural amino acid,
p-NO2-phenylalanine, starting from the poorly water-soluble p-
NO2-phenylpyruvic acid.D
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Results and discussion
Enzyme immobilisation


The PheDH used in this work is not commercially available
but cultured and purified as previously reported,15 and usually
stored as an ammonium sulfate precipitate at 4 ◦C. For synthetic
application, however, a much more practical way to handle the
biocatalyst is to have it in a solid form.


Free enzyme powder continues to be used even in nearly
anhydrous media, but immobilization offers an enhanced sta-
bilization of enzymes in organic solvents.16 We have tried two
different preparations: lyophilised and immobilised enzyme. The
lyophilised PheDH lost almost 10% activity with respect to the
free enzyme under standard reaction conditions,15 while when
the purified enzyme was immobilised by deposition on Celite R©


521 as reported by Persson et al.17 the retention of activity was
excellent. The supported enzyme stored at 4 ◦C appeared to
be stable for several months. Also, when the freshly prepared
material was redissolved in buffer and centrifuged to remove
the Celite and other solid debris, over 90% of the enzyme
could be recovered in a fully active state. Although in our case
extensive experiments showed that the unsupported enzyme is
extremely stable (results not shown), the augmented volume of
the immobilised biocatalyst simplified the preparation of the
reaction mixture with a more accurate quantification.


Homogeneous organic co-solvents


We first examined organic solvents which form homogeneous
solutions with the aqueous buffer. In the absence of a recycling
system for the cofactor, an excess of NADH, with respect to the
substrate, is necessary to push the reaction to completion. Reac-
tion time-courses were therefore followed in homogeneous co-
solvent systems with THF, acetonitrile, acetone and methanol as
10, 50, and 90% (v/v) components of the liquid phase. Aliquot
samples were filtered and directly analysed by HPLC using a
chiral column. This allowed a check on both the yield and the
enantiopurity of the product. In all cases the enantioselectivity
of the enzyme afforded exclusively L-phenylalanine and no traces
of D-phenylalanine were ever detected. Results, reported in Fig. 1
and Table 1, are expressed as % conversion. The reactions with
various amount of co-solvents were compared with reactions
in purely aqueous buffered solution, which were efficient and
quantitative in 1 h.


In THF, at only 10% the reaction proceeded more slowly
than in Tris buffer alone, but negligible reaction was seen
with 50 or 90% THF, which forms a biphasic system at these
higher concentrations. The enzyme was also found to be very
sensitive to the purity of this solvent: reactions performed in
THF other than freshly distilled failed to yield any product.
The breakdown products of THF, such as butyraldehyde, 4-
hydroxybutyraldehyde and several others as reported in the
literature18 seem to be responsible for destroying the enzyme
activity. When the THF is freshly distilled the reaction proceeds
up to 99.5% conversion.


The reaction in acetonitrile was slow, but nevertheless pro-
ceeded even in 50% organic solvent. In 10% acetone, reaction


Fig. 1


was somewhat slower than in purely aqueous solution, but
still reached almost complete conversion within 2 h. In 50%
acetone, the extent of conversion was much less and the results
suggest that after 2 h the catalytic activity was lost. In methanol,
conversion did not exceed 90%, but nevertheless even in 50%
solvent reaction was clearly proceeding steadily well beyond the
second hour.


In the presence of large amounts of organic co-solvents, KCl
and NH4Cl precipitated, so that for the main aqueous protocol
KCl was omitted, and NH4OAc replaced NH4Cl with good
results in terms of recovery of L-phenylalanine (Table 2).


KCl is usually added to the reaction mixture to improve
the stability of the free enzyme; in this case it seems that
the supported enzyme shows excellent stability and optimum
efficiency even without the salt. However, when pure organic
solvents (such as ethyl ether or hexane), previously saturated
for 24 h with a 50 mM Tris solution (pH 8.5), were used, the
reaction did not proceed at all with or without KCl or with
or without NH4OAc replacing NH4Cl. Finally, replacing am-
monium chloride with hydrochlorides of organic amines, (such
as methylamine hydrochloride or benzylamine hydrochloride,
which are soluble in organic solvents) failed to support any
reaction.


Homogeneous organic co-solvents with cofactor regeneration


Since the design of economically useful enzymatic synthesis
requires cofactor regeneration, the possibility of recycling


Table 2 Conversion (%) of phenylpyruvic acid into L-phenylalanine
using Celite-supported enzyme in aqueous Tris buffer solution (pH 8.5),
no co-solvents and different ammonia source


Time Tris–NH4Cl Tris–NH4OAc–KCl Tris–NH4OAc


15 min 51.7 66.4 45.7
1 h 60.8 71.2 75.1
2 h 92.0 82.8 93.2
3 h 97.0 94.1 97.6


Table 1 Conversion (%) of phenylpyruvic acid into L-phenylalanine using Celite-supported enzyme in a homogeneous system of aqueous Tris buffer
solution (pH 8.5) and different amounts of co-solvents


Time/min Tris
THF
10%


THF
50%


THF
90%a


CH3CN
10%


CH3CN
50%


CH3CN
90%a


Acetone
10%


Acetone
50%


Acetone
90%a


MeOH
10%


MeOH
50%


MeOH
90%a


15 80.3 19.2 — — 24.0 12.3 — 32.9 6.8 — 34.5 18.5 —
60 100 45.9 — — 28.7 18.7 — 88.1 11.6 — 81.7 47.2 —


120 100 64.2 — — 28.4 23.6 — 99.7 16.7 — 79.9 65.3 —
1440 100 99.5 — — 30.9 28.2 — 93.0 16.4 — 87.1 85.2 —


a With a 90 : 10 mixture vs. Tris, the conversion reached 1% after 1 week.
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Fig. 2


with alcohol dehydrogenase from Saccharomyces cerevisiae and
ethanol was explored (Fig. 2).


Under these circumstances, despite the sub-stoichiometric
(20%) NADH concentration relative to phenylpyruvate, virtu-
ally complete conversion to L-phenylalanine was again accom-
plished in the aqueous system, showing that the recycling system
with ethanol and alcohol dehydrogenase is effective. In general,
the results in the presence of organic solvents are not dissimilar
from those of Table 1 (NADH in excess and no recycling) and in
fact show somewhat higher conversion in most cases (Table 3).
Fig. 2 also includes results for ethanol, with near complete
conversion in 10% ethanol and almost 70% conversion even
in 50% ethanol.


Biphasic organic co-solvents


A number of solvents immiscible with water were tested in
biphasic systems in a ratio of 20% organic phase added to
80% aqueous reaction mixture. These included tert-butylmethyl
ether, dichloromethane, toluene, n-hexane, and diethyl ether
as members of different classes: oxygenated and halogenated
solvents, aromatic and aliphatic hydrocarbons (Fig. 3).


The organic and the aqueous phases were separately analysed.
The former contained phenylpyruvic acid and a small amount
of NADH while the L-phenylalanine was in the aqueous phase
with most of the NADH. Although reaction was slower under
these conditions (50–60% after 6 h), the enzymatic system
appears to tolerate the presence of an immiscible organic solvent
well, with over 90% conversion in every case (Table 4) and
virtual completion with methylene dichloride and t-butyl methyl


Fig. 3


ether. Strict enantioselectivity is retained in all cases as only L-
phenylalanine was detected in the crude reaction mixture.


The trial of immiscible solvents was extended by reversing the
ratio and using 80% of organic phase with only 20% aqueous.
The results show that conversion rates were faster, reaching 50–
60% conversion in most cases in the first hour, possibly because
of the higher coenzyme concentrations in the 20% aqueous phase
where the reaction takes place, or more efficient inter-phase
transfer of the substrate. With the possible exception of toluene,
high final extents of conversion were achieved even with these
4 : 1 organic–aqueous systems.


Biphasic system with co-factor regeneration


In experiments to test whether the enzymatic recycling system
for the cofactor would also tolerate the organic solvents, in the
case of 20 : 80 organic–aqueous mixtures all incubations gave
a high yield of product, the lowest being 93% after 24 h with
hexane (Fig. 4).


On the other hand, when the organic : aqueous ratio was
reversed, the yields in the biphasic systems after 24 h were in
all cases less than 90% (Table 5). Comparison with the results
in Table 4 suggests that the poorer result here probably reflects
sensitivity of the recycling system (alcohol dehydrogenase) to
the high concentrations of organic solvent.


Table 3 Conversion (%) of phenylpyruvic acid into L-phenylalanine using Celite-supported enzyme in homogeneous system of aqueous Tris buffer
solution (pH 8.5) with different co-solvents and co-factor regeneration


Time Tris
THF
10%


THF
50%


CH3CN
10%


CH3CN
50%


Acetone
10%


Acetone
50%


MeOH
10%


MeOH
50%


EtOH
10%


EtOH
50%


15 min 47.9 29.5 22.9 30.0 28.4 67.8 11.5 84.6 32.2 32.2 31.0
1 h 58.5 39.8 32.6 36.3 33.0 92.1 12.4 98.6 37.3 39.0 27.6
2 h 95.6 41.3 35.2 40.9 37.1 98.7 18.0 91.5 40.3 48.7 36.7


24 h 98.4 45.8 37.6 38.7 40.5 98.6 19.4 98.5 45.7 95.1 67.6


Table 4 Conversion (%) of phenylpyruvic acid into L-phenylalanine using Celite-supported enzyme in biphasic systems of aqueous Tris buffer
solution (pH 8.5), 20 and 80% of different co-solvents


Time
Hexane
20%


Hexane
80%


Toluene
20%


Toluene
80%


Et2O
20%


Et2O
80%


tBuOMe
20%


tBuOMe
80%


CH2Cl2


20%
CH2Cl2


80%


15 min 12.6 20.4 23.6 32.4 7.7 23 18.7 34.7 20.2 42.2
1 h 27 39.5 37 82.5 26.5 46.5 40.8 79 41.7 84
2 h 38.1 45.6 44.1 88.4 55.6 84.6 42.6 93.4 44.5 85.9
6 h 54.2 57.9 51.3 86.5 63.1 83.4 50.5 94.4 50.9 88.5


24 h 93.1 95.5 95 86.7 90.9 97.3 99.7 98.8 97.9 95.2
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Table 5 Conversion (%) of phenylpyruvic acid into L-phenylalanine with co-factor regeneration using Celite-supported enzyme in biphasic systems
of aqueous Tris buffer solution (pH 8.5), 20 and 80% of different co-solvents


Time Tris
Hexane
20%


Hexane
80%


Toluene
20%


Toluene
80%


Et2O
20%


Et2O
80%


tBuOMe
20%


tBuOMe
80%


CH2Cl2


20%
CH2Cl2


80%


15 min 47.9 18.5 18.4 24.5 38.7 20.3 48.4 18.9 25.7 18.6 25.2
1 h 58.5 28.1 23.6 30.1 50.7 33.7 54.1 33.7 51.1 27.5 38.5
2 h 95.6 34.3 35.9 31.9 46.7 37.1 61.9 46.1 81.7 28.1 49.1


24 h 98.4 93.3 89.9 96.7 70.6 96.9 71.3 98.1 85.1 96.5 85.5


Fig. 4


Application to a non-natural oxo-acid: synthesis of
p-NO2-phenylalanine


As mentioned above, our mutated PheDH is efficient with
several non-natural 2-oxoacids. However, there were aqueous
solubility concerns in many cases. To further explore the
improved performance of the supported N145A PheDH in
organic solvents, several experiments were carried out to convert
the commercially available p-NO2-phenylpyruvic acid into the
corresponding amino acid. The solubility of such substrates in
fact, is greatly improved by the addition of organic solvents.†
Two different reactions were compared: (A) the reductive
amination of 10 mg p-NO2-phenylpyruvic acid in 3 mL 50 mM
Tris buffer (pH 8.5) with 5% EtOH and (B) of 15 mg of the same
substrate in 3 mL 50 mM Tris buffer (pH 8.5) with 5% EtOH and
10% MeOH (same reaction conditions as reported for cofactor
regeneration in homogeneous systems). Owing to the formation
of a precipitate, samples were centrifuged and supernatant and
precipitate were analysed separately. The product concentration
in the supernatant is reported in Table 6.


In both cases, the precipitate was redissolved in fresh buffer
and it was confirmed by HPLC to be the amino acid product.
Concentration of p-NO2-phenylalanine in solution was 14.2 mM


Table 6 Conversion of p-NO2-phenylpyruvic acid into p-NO2-L-
phenylalanine using Celite-supported enzyme in a homogeneous system
of aqueous Tris buffer solution (pH 8.5), 10% MeOH with co-factor
regeneration. Values are expressed as % of the total expected conversion
and also as product concentration (mM)


Time/h Tris MeOH 10%


18 89.3% (14.2 mM) 67% (16.0 mM)
24 89.3% (14.2 mM) 67% (16.0 mM)
43 89.3% (14.2 mM) 67% (16.0 mM)


† In pure Tris buffer we estimated a maximum solubility of 1.8 mg mL−1


(ca. 9 mM). Simply by adding 5% EtOH necessary to use the recycling
system, the solubility improved by almost 2 fold (3.3 mg mL−1, ca.
16 mM). MeOH was selected among the miscible organic solvents for
this experiment at a 10% ratio. Under these conditions the solubility of
the substrate was increased to 5 mg mL−1 (ca. 24 mM).


(89.3%) in reaction A (5% EtOH) and 16 mM (67%) in reaction
B (5% EtOH and 10% MeOH). Injections repeated after 43 h did
not show increased yields and the apparent shortfall from 100%
may be attributed to the separation of a portion of the total
product as precipitate. Analysis of the crude reaction mixture
by 1H-NMR did not show any traces of the starting material in
reaction A, confirming total conversion, while 5–10% unreacted
oxo-acid was still detectable in the spectrum of reaction B.


Conclusion
Overall, the results indicate that the immobilised biocatalyst is
remarkably robust, even in the presence of high concentrations
of non-polar organic solvents, offering a good prospect for
its use even with poorly water-soluble substrates. It has been
shown elsewhere12,19 that the range of substrate specificity
of phenylalanine dehydrogenase may be greatly extended by
site-directed mutagenesis. However, the utility of such novel
biocatalysts could, in principle, be limited by the insolubility
of some of the target substrates. It is therefore of considerable
practical importance that in the immobilised state, as used here,
phenylalanine dehydrogenase will tolerate concentrations of
organic solvent in homogeneous systems that will greatly extend
the solubility of such substrates. In fact, we have successfully
exemplified how the synthesis of the non-natural amino acid
p-NO2-phenylalanine can be scaled-up in the presence of
organic solvent: our results show that it is possible to work
at much higher concentrations, with correspondingly higher
yields. This favourable outcome is reinforced by the results
obtained with biphasic systems where the enzyme remains in the
predominantly aqueous phase and the organic phase serves as a
reservoir for the substrate. As expected, in no case was the strict
enantioselectivity of the catalyst compromised. Observation of
the reactions over several hours confirms that the catalytic
capacity of the enzyme persists, although there are indications
of declining activity in some cases.


Experimental
Materials


All organic solvents, L-phenylalanine and phenylpyruvic acid
were analytical grade purchased from Sigma-Aldrich, Celite R©


521 was purchased from Sigma-Aldrich, NADH was ob-
tained from Roche Diagnostic, and Saccharomyces cerevisiae
alcohol dehydrogenase from Sigma. p-NO2-phenylpyruvic acid
was purchased from Frinton Laboratories, Inc., while p-NO2-
phenylalanine was obtained from Bachem. Mutant pheny-
lalanine dehydrogenase N145A was prepared as described
elsewhere.15


Immobilisation of the enzyme


The purified enzyme (0.6 mg mL−1) was taken directly from
the eluate of the Procion Red P3BN chromatography column
in potassium phosphate buffer (20 mM), pH 7.9, containing
NaCl (0.5 M),15 without precipitating with ammonium sulfate.
2 mL of this protein solution was added to Celite (1 mg). The
preparation was dried for approx. 18 h under vacuum and then
stored at 4 ◦C.
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Reactions in homogeneous co-solvents


For these experiments a freshly prepared stock reaction mixture
was used consisting of KCl (200 mM), NH4Cl (800 mM),
NADH (2 mM) and phenylpyruvic acid (1 mM) in Tris
(50 mM, pH 8.5). To 3 mL of this solution different amounts
of homogeneous organic co-solvents: THF, CH3CN, acetone
and MeOH were added. The reactions were initiated with
the enzyme-impregnated Celite (3 mg) and reaction mixtures
were magnetically stirred in capped vials at room temperature.
When cofactor regeneration was employed, the reaction mixture
differed from that above in the addition of ethanol (5%) and
EDTA (1 mM) and also the use of a lower NADH concentration
(0.2 mM). When reaction was initiated as above, yeast alcohol
dehydrogenase (1 mg) was also added.


Reactions in biphasic systems


The freshly prepared stock reaction mixture was as for the
experiments of Table 1. In the first set of experiments (20%)
organic solvent (0.75 mL) (tBuOMe, CH2Cl2, toluene, hexane
or diethyl ether) was added to this solution (3 mL). To minimize
changes in the phase volumes, the organic solvent was previously
saturated with the Tris solution before use. The reactions were
initiated as before with immobilised enzyme and the mixtures
were efficiently magnetically stirred in capped vials at room
temperature. In a second set of experiments the organic : aqueous
ratio was reversed. To maintain the same total amounts of
reactants in the combined volumes of both phases, the stock
solution in Tris (50 mM, pH 8.5) was modified as follows: KCl
(1600 mM), NH4Cl (3200 mM), phenylpyruvic acid (4 mM)
and NADH (8 mM): (80%) of the organic solvent (6 mL) and
the supported enzyme (6 mg) were added to the stock solution
(1.5 mL).


The recycling system for cofactor was also tested as follows:
the supported enzyme (3 mg) and yeast alcohol dehydrogenase
(1 mg) were added to the aqueous Tris buffer stock solution
(3 mL), followed by (20%) of tBuOMe, CH2Cl2, toluene or
diethyl ether (0.75 mL), and in this case the stock solution,
freshly prepared in Tris buffer (50 mM, pH 8.5), contained: KCl
(200 mM), NH4Cl (800 mM), phenylpyruvic acid (1 mM),
NADH (0.2 mM), EDTA (1 mM) and 5% EtOH.


Moving to the 80 : 20 organic: aqueous ratio we changed
the stock solution as follows: freshly prepared stock solution
in Tris buffer (50 mM, pH 8.5) contained KCl (1600 mM),
NH4Cl (3200 mM), phenylpyruvic acid (4 mM), NADH
(0.8 mM), EDTA (4 mM) and 5% EtOH. To the Tris stock
solution (1.5 mL) the supported enzyme (6 mg), alcohol
dehydrogenase from Saccharomyces cerevisiae (2 mg) and (80%)
of one of the following solvents tBuOMe, CH2Cl2, toluene, and
diethyl ether (6 mL) were added.


Synthesis of p-NO2-phenylalanine


The buffers for these reactions were prepared as described above
for the reaction with homogeneous co-solvent and cofactor
regeneration. The substrate concentration differed in the two
experiments as follows: when no co-solvent other than 5% EtOH
was added to the reaction mixture, p-NO2-phenylpyruvic acid
was 16 mM, while when 10% MeOH is present, the substrate
concentration was 24 mM. Reactions were started as described


above. As the reactions proceeded, the formation of an insoluble
product was observed. In a different study (unpublished results),
we observed that p-NO2-phenylalanine was extremely insoluble
in aqueous medium (2 mM) and that in presence of 10% MeOH
we could achieve a concentration of 10 mM. Thus, it may be
deduced that, in the present experiment, because of the high
concentration of substrate, part of the product precipitated.
After 24 h, samples of the reactions were centrifuged and
supernatants were injected into the HPLC column to assess
enantiopurity, and product concentration. The precipitated
product was also analysed by HPLC. The crude reaction mixture
was then evaporated and analysed by 1H-MNR.


Quantitative product analysis


Formation of L-phenylalanine and p-NO2-phenylalanine was
monitored by HPLC analysis on a chiral column CHIROBI-
OTIC T (250 × 4.6 mm, eluent H2O–EtOH 1 : 1, flow rate
1 mL min−1, l = 208 nm). At different times, aliquot samples were
filtered on a PTFE filter (0.20 m), diluted and directly injected.
Calibration curves obtained with commercial L-phenylalanine
and p-NO2-phenylalanine were used for quantitative analysis.


Acknowledgements
This work was supported by MURST (ex-60% and FIRB),
University of Bologna (Funds for selected topics) and in part by
a grant from the Advanced Technology Research Programme of
Enterprise Ireland.


References
1 A. Klibanov, Nature, 2001, 409, 241–246.
2 G. Cainelli, V. De Matteis, P. Galletti, D. Giacomini and P. Orioli,


Chem. Commun., 2000, 23, 2351–2352.
3 G. Cainelli, P. Galletti, D. Giacomini, A. Gualandi and A.


Quintavalla, Helv. Chim. Acta, 2003, 86, 3548–3559.
4 G. Carrea and S. Riva, Angew. Chem., Int. Ed., 2000, 112, 2226–2254.
5 A. Ghanem and H. Y. Aboul-Enein, Tetrahedron: Asymmetry, 2004,


15, 3331–3351.
6 W. Hummel, Trends Biotechnol., 1999, 17, 487–492.
7 A. M. Klibanov, Curr. Opin. Biotechnol., 2003, 14, 427–431.
8 D. Metrangolo-Ruı̀z de Teminio, W. Hartmeier and M. B.


Ansorge-Schumacher, Enzyme Microb. Technol., 2005, 36, 3–9.
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Hydrogen-bonding interaction plays a crucial role in the
molecular recognition and activation processes of various
biologically important reactions that are mediated by en-
zymes and antibodies in living organisms. Recently, it has
been shown that a hydrogen-bonding donor can be used as a
general acid catalyst for various types of reactions in organic
chemistry. In this article, we describe enantioselective reac-
tions catalyzed by urea and thiourea derivatives as general
acid catalysts as well as diastereoselective reactions. This
perspective provides an overview of this rapidly growing
field.


1 Introduction
Over the past decade, it has been established that small organic
molecules, called organocatalysts, can be used as efficient cat-
alysts for various asymmetric reactions.1 Such organocatalysts
do not contain any metals, and are therefore advantageous from
environmental as well as resource perspectives. These catalysts
hold considerable promise as cheap, stable, moisture-insensitive,
reproducible, and easy-to-construct alternatives to well-studied
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metal-based catalysts. From a mechanistic point of view,
organocatalysts are sometimes regarded as artificial enzymes.
Due to the recent progress in this research area, most enzymatic
reactions can be reproduced/mimicked in terms of chemi-
cal yield and even stereoselectivity by using organocatalysts.
Furthermore, due to the relatively weak interactions between
organocatalyst and substrate, so-called “product inhibition” is
generally not a problem in organocatalyst-mediated reactions.
Among various interactions, hydrogen-bonding is a slightly old
but powerful tool for activating Lewis basic substrates as general
acid catalysts. Therefore, much effort has been directed toward
the development of new Brønsted acid catalysts, which has led
to the discovery of several types of hydrogen-bonding donors
such as ureas/thioureas, diols, and phosphoric acids.2,3


Urea and thiourea derivatives have been intensively investi-
gated in the area of molecular recognition due to their strong
hydrogen-bonding activity.4 They can be used to recognize
carboxylic acids, sulfonic acids, nitrates, and others through
multi-hydrogen bonding. Recently, several groups have reported
that urea and thiourea not only recognized organic compounds
but also activated them as an acid catalyst. The original
concept was reported by Kelly et al. in the Diels–Alder reaction
catalyzed by biphenylene diols (bis-hydrogen-bonded complex
A in Fig. 1).5 The subsequent discovery by Etter and co-workers
that diaryl ureas possessing electron-withdrawing substituents
readily form cocrystals with a variety of proton acceptors such
as carbonyl compounds (Etter’s urea B) inspired the impressive
development of chiral urea catalysts.6 Furthermore, a similar
dual-hydration model (C) was proposed by Jorgensen to explain
the accelerating effect of water on the Diels–Alder reaction and
the Claisen rearrangement.7


Fig. 1 Bis-hydrogen-bonding interaction.


Thus far, urea and thiourea derivatives have been successfully
used for a variety of diastereo- and enantioselective reactions
and the versatility of these urea derivatives as general acids has
been demonstrated by several groups. However, the application
of these catalysts to enantioselective reactions seems to be
somewhat limited, since ureas are weaker acids than metallic
Lewis acids. Therefore, quite recently, a bifunctional thiourea
catalyst has been designed and prepared to overcome this
problem,8 and it has been shown that such a catalyst is effective
for use in catalytic asymmetric reactions. Since this report, the
dual-activation of bifunctional ureas has been shown to be useful
and applicable to a variety of asymmetric reactions. In thisD
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Scheme 1 Acceleration of allylation and Claisen rearrangement of 2 and 5 with diarylurea 1a.


Table 1 Allylation of phenylseleno sulfoxide 2


Entry Solvent Additive 4 (t/c) Yield (%)


1 Benzene None 2.5/1 60
2 AcOH None 6.7/1 51
3 CF3CH2OH None 8.1/1 83
4 THF ZnBr2 (0.5 M) 8.0/1 60
5 Benzene Urea 1a (0.2 eq) 3.7/1 57
6 Benzene Urea 1a (1.0 eq) 7.0/1 81


perspective, we attempt to offer a comprehensive overview of
asymmetric reactions mediated by these urea/thiourea catalysts.


2 Diastereoselective reactions using urea and
thiourea catalysts
Curran apparently was the first to use urea derivatives for
general acid-promoted reactions. The new diarylurea 1a was
designed by combining the ideas and observations of Kelly, Etter,
and Jorgensen. To facilitate the synthesis and to increase the
solubility of the catalyst, a trifluoromethyl group and an octyl
ester are introduced to the aromatic rings of 1a (Scheme 1).9


The radical-mediated allylation reaction of a-(phenylseleno)-
sulfoxide 2 with allyltributylstannane was examined to evaluate
the ability of 1a to diastereoselectivity.9a As shown in Table 1, an
increase in the amount of urea 1a increases both the trans/cis
ratio and the combined yield of 4. The addition of 1 equiv
of 1a enhanced the diastereoselectivity comparable to the best
solvent and also improved the chemical yield (entry 6 vs. entries
1–4). The increase in the trans/cis ratio of the product 4 was
explained by the intermediacy of complexed radical 3, in which
the coordination of the urea shields one face. Furthermore,
complexed radical 3 may be more electrophilic than the free
radical, and thus favorable polar effects were proposed to
accelerate its rate of addition to allylstannane. Catalysts of
types 1a–b were also used for some Claisen rearrangements,
in which they provided a one- to five-fold rate acceleration at
80–100 ◦C.9b A 22-fold increase in the rearrangement rate of
5 to 7 was observed when 1 equiv of 1a was added. Although
thiourea 1b was also examined for this rearrangement, the rate
acceleration was moderate (krel: 3–4). The bis-hydrogen bonded
transition state model 6 was proposed as an explanation for the
accelerating effects of urea 1a on the Claisen rearrangement of 5.


Based on Curran’s studies, Schreiner and co-workers deve-
loped a remarkable array of thiourea catalysts for the Diels–
Alder reaction between enone 8 and cyclopentadiene in terms
of their solubility in a variety of solvents and simplified prepa-
ration. In addition, the thiocarbonyl group is a much weaker
hydrogen-bond acceptor (Scheme 2).10a From experiments with
thioureas 1c–e they identified thiourea 1e, which has two
trifluoromethyl groups at the 3,5-positions of the aromatic


Scheme 2 Cycloaddition reactions with electron-deficient thioureas
1c–e.


rings, as the most efficient catalyst. Thioureas such as 1d and
1e, bearing electron-withdrawing substituents at the meta- and
para-positions, have a significant accelerating effect due to their
rigid conformation (D in Fig. 2), which minimizes the entropic
penalty upon complexation with carbonyl compounds. In addi-
tion, they studied the complexation between thiourea 1e and N-
acyloxazolidinone 10 by a combination of dynamic NMR, low-
temperature IR, and high-level computational methods (DFT),
and elucidated the structure of the complex 1e·10 like 12A and
12B (Fig. 3).10b These findings are further supported by the
Diels–Alder reaction of 10 with cyclopentadiene (Table 2). Since
the uncatalyzed reaction did not occur at room temperature,
prolonged heating was required to obtain the cycloadducts 11a
and 11b in a ratio of 36/64 (entry 1). In marked contrast,
catalytic amounts of Lewis acids such as AlCl3 accelerated the
reaction enormously to give 11a and 11b in good yield with
high diastereoselectivity (entry 2). Similarly, thioureas 1d and 1e
catalyzed the reaction well enough so that it could be carried out


Fig. 2 Attractive S–H interaction of 1e.
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Table 2 Diels–Alder reactions between 10 and cyclopentadiene


Entry Reaction conditions % Yield (11a : 11b)


1 Benzene, 130 ◦C 55 (36 : 64)
2 AlCl3 (0.25 eq), CHCl3, −78 ◦C 95 (92 : 8)
3 Urea 1d (0.25 eq), CHCl3, rt 74 (77 : 23)
4 Urea 1e (0.25 eq), CHCl3, rt 78 (81 : 19)


Fig. 3 Plausible hydrogen-bonding interaction between 1 and 10.


at 23 ◦C with appreciable yields (entries 3 and 4). In the thiourea-
catalyzed reactions, the de’s are also enhanced and product 11a
was obtained as a major product as in entry 2. Since 11a would
be produced via the conformation 12A and 12B, these results are
consistent with the above discussion. To verify the proposal that
the interaction between the thiourea and the carbonyl groups
causes the observed accelerations, 1,3-dipolar cycloadditions of
N-benzylideneaniline N-oxide 13 with dipolarophiles such as
methyl vinyl ketone 14a and iso-propyl vinyl ether 14b were
investigated.10a While the addition of an equimolar amount of 1e
did not have an accelerating effect on the reaction with electron-
deficient olefin 14a, modest enhancement of the reaction rate was
observed in the reaction with electron-rich olefin 14b. These re-
sults support the proposition that the thiourea catalysts operate
by hydrogen-bonding to the most Lewis-basic group and reduce
the HOMO–LUMO gap in an analogous manner as Lewis acids.


Later, Schreiner’s catalyst 1e was used for the activation of
nitrones, c-crotonolactone, and methyl acrylate in nucleophilic
addition reactions by three research groups.


We found that thioureas promoted the addition of TMSCN
and ketene silyl acetals to various nitrones 16 to give the corre-
sponding hydroxyamines 17 in good yields (Scheme 3).11 As in
Schreiner’s reports, a positive correlation was observed between
the acidity of the N–H bond of amides, ureas and thioureas
and their catalytic activities, and bidentate coordination of
the thiourea to the nitrone was shown to be important for
catalytic activation (Table 3). Among the catalysts examined,
thiourea 1e was the best catalyst for the nucleophilic addition
of TMSCN and ketene silyl acetals. The postulated hydrogen-
bonding interaction between nitrone 16 and 1e is supported by
1H and 13C NMR experiments.


Scheme 3 Thiourea-catalyzed nucleophilic addition to nitrones 16.


Nagasawa and co-workers investigated the urea-catalyzed
hetero-Michael reaction of a,b-unsaturated carbonyls
(Scheme 4).12 The reaction of pyrrolidine with c-crotonolactone
18 was carried out in the presence of ureas, thioureas, and guani-
dine as catalysts and the accelerating activities of the catalysts
were determined by measuring t1/2 (Table 4). As expected, the


Table 3 Organocatalyst-mediated addition of TMSCN to nitrone 16a


Entry Organocatalyst Time/min Cy (%)


1 — 300 79
2 E 180 83
3 1c 45 81
4 1d 15 75
5 1e 15 81


Table 4 Organocatalyst-mediated hetero-Michael reaction of pyrroli-
dine to 18


Entry Catalyst t1/2 (min) Rel. increase (krel)


1 None 96
2 1c 37 2.6
3 1e <4 >24
4 1f <4 >24
5 1g 14 6.9


Scheme 4 Hetero-Michael reaction of pyrrolidine to 18 with catalysts
1c and 1e–g.


reaction rates with catalyst 1e were increased more than 24-fold
over the uncatalyzed reaction. Thiourea 1e was a more efficient
catalyst for the hetero-Michael reaction than urea 1f and
guanidine 1g. In addition, the authors stated that the catalytic
activity of these urea compounds is correlated with their ability
to alter the chemical shifts of protons adjacent to the lactone 18.


The three-component Morita–Baylis–Hillman reaction is a
promising carbon–carbon bond-forming process, since multi-
functional products can be obtained from relatively simple
starting materials. However, a significant drawback associated
with these transformations are low reaction rates. Various types
of catalysts have been used to accelerate the reaction by either
activating the aldehyde component or stabilizing the nucle-
ophilic betaine intermediate. In 2004, Connon and co-workers
developed a dual-activation method for this reaction using two
different electrophiles with urea 1f (Scheme 5).13 To examine the
catalysts’ abilities to promote Morita–Baylis–Hillman processes,
the pseudo-first-order rate constants for the reaction between
methyl acrylate (10 equiv) and benzaldehyde catalyzed by both
DABCO (1 equiv) and catalysts were determined (Table 5). The


Scheme 5 DABCO-promoted Baylis–Hillman reaction catalyzed by
ureas 1f and 22a,b.
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Table 5 Baylis–Hillman reaction with H-bonding catalysts


Entry Catalyst 10−2kobs/h−1 krel


1 None 0.46 1
2 1e (20 mol%) 1.73 3.7
3 1f (20 mol%) 3.06 6.7
4 MeOH (40 mol%) 1.15 2.5
5 H2O (40 mol%) 0.72 1.6


results revealed that though both ureas and thioureas accelerated
the reaction relative to the uncatalyzed process, urea 1f was
superior to thiourea 1e in terms of stability and efficiency.
However, the urea-catalyzed reaction was completely suppressed
in the presence of equimolar TBAA (tetrabutylammonium
acetate), and the desired product 20 could not be obtained.
The authors postulated that the catalysts operate mainly via
binding of a Zimmerman–Traxler-type transition state 21 for
addition of the resulting enolate anion to the aldehyde. In view
of the compatibility of urea with DABCO, tertiary amino/aryl
urea hybrid catalysts 22 were prepared and tested in the same
reaction, but the performance of 22a and 22b was disappointing,
and both gave inferior results compared to DABCO.


3 Enantioselective reactions using chiral urea and
thiourea catalysts
3.1. Reactions of aldimines and ketoimines with Schiff-base
catalysts (Jacobsen’s catalyst)


The most remarkable advances in the field of urea and thiourea
catalysts were achieved by Jacobsen’s group.14–18 They focused on
the activation of alkyl- or acyl-substituted imines and identified
and optimized a series of urea- and thiourea-containing Schiff-
base catalysts for various types of asymmetric reactions such as
Strecker, Mannich, hydrophosphonylation, nitro-Mannich, and
acyl Pictet–Spengler reactions.


In 1998, Jacobsen et al. first reported the asymmetric Strecker
reaction of N-allyl aldimines 24 with Schiff-base urea cata-
lyst 23a, which was identified and optimized from a parallel
synthetic library (Scheme 6).14a The three components (L-
tert-leucine, (R,R)-1,2-diaminocyclohexane, and 3-tert-butyl-5-
methoxysalicylaldehyde) of 23a are crucial for good enantiose-
lectivity (70–91% ee) in the product 25.


Scheme 6 Asymmetric Strecker reaction of 24 with Schiff base catalysts
23.


Later, the 5-pivaloyl-substituted Schiff base 23b and resin-
bound catalyst 23c proved to be superior catalysts for the enan-
tioselective Strecker reaction of N-allyl or N-benzyl aromatic
and aliphatic imines 24 and 27 as well as cyclic imine 26 by
further optimization (up to 97% ee) (Scheme 7).14b Catalyst 23c
was reused for up to 10 cycles with no loss of catalyst reactivity or
product enantioselectivity in the Strecker reaction of N-benzyl
imine 27 to 28. They succeeded in the highly enantioselective
addition of HCN to methylketoimines 29 for the first time using
recyclable resin-bound urea catalyst 23d as well as 23b (up to
95% ee).14c,d Both spectral experiments and high-level calcula-
tions suggest that the Z-isomer of imines preferentially interacts


Scheme 7 Optimization of a highly enantioselective catalyst 23b–e for
Strecker reaction of aldimines 27 and ketoimines 29.


with both urea hydrogens of the catalyst in a bridging mode
(Fig. 4). Based on a consideration of this reaction mechanism,
thiourea 23e was identified as the most enantioselective Strecker
catalyst (up to 99.3% ee).14e


Fig. 4 The proposed mechanism of the Strecker reaction using 23b.


Subsequently, they succeeded in developing catalytic Mannich
and hydrophosphonylation reactions of N-Boc imines 31 and
N-benzyl imines 27 by tuning the Schiff base catalysts (23f and
23e) and nucleophiles (silyl ketene acetal 32 and phosphite 33),
respectively (Scheme 8).15,16


Scheme 8 Thiourea-catalyzed enantioselective Mannich reaction and
hydrophosphonylation.


Recently, they discovered that urea- and thiourea-catalysts 34
without a Schiff-base moiety promoted the acyl-Pictet–Spengler
reaction with high enantioselectivity (Scheme 9).17 After initial
failure in the direct Pictet–Spengler reaction of imines, N-
acyliminium ions were revealed to be suitable substrates for the
urea-catalyzed cyclization. The enantioselectivity of the reaction
strongly depended on the structure of the catalysts, as well as the
acylating agent and reaction solvent. The reaction of tryptamine
35 and an appropriate aldehyde in the presence of acetyl chloride
and 34a occurred smoothly to provide the cyclized product
36 with high enantioselectivity (85–93% ee), while the same
treatment of 35 [R = CH(CH2CH3)2] in the presence of Schiff-
base catalyst 23e gave 36 in only 59% ee.


Similarly, in the Henry (nitro-Mannich) reaction of N-Boc
imines 31 with nitroalkanes, the simple acetamide thiourea 34c
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Scheme 9 Highly enantioselective catalytic acyl-Pictet–Spengler reaction and nitro-Mannich reaction.


was demonstrated to be an excellent catalyst, and gave the syn
adducts 37 with high enantio- and diastereoselectivity (up to
97% ee and 16/1 dr) in the presence of Hünig’s base (Scheme 9).18


In this study, they found that the addition of powdered 4 Å
molecular sieves improved the reproducibility of the process and
provided higher diastereoselectivity in the products.


3.2. Reactions with bifunctional urea and thiourea catalysts


Although Jacobsen’s group has shown that some urea and
thiourea derivatives connected to suitable amino acids cat-
alyze several types of asymmetric reactions with excellent
enantioselectivity,14–18 the substrates used in their reactions are
somewhat restricted to aldimines and ketoimines. This limitation
was overcome by the development of bifunctional urea and
thiourea catalysts 38, 43, 46, and 61. With the use of these
catalysts, Michael reactions of various electron-deficient alkenes
bearing nitro, ketone, and carboxylic acid derivatives proceeded
smoothly to give the addition products in good yield with
excellent enantioselectivity.


While the nitro group is well known to interact with urea and
thiourea through hydrogen bonding,4 there have been no reports
concerning the urea-catalyzed reaction of nitro compounds. In
2003, we first discovered that bifunctional thiourea 38a, bearing
a tertiary amine, promoted the Michael addition of diethyl
malonate with b-nitrostyrene to give the addition product 39
with up to 93% ee (Scheme 10).8,19a Since both a thiourea moiety
and a dimethylamino group are essential for rate acceleration
and high enantioselectivity, the bifunctional catalyst 38a can
be considered to activate both nitroolefins and nucleophiles
simultaneously and to control the approach of these substrates
stereoselectively (Fig. 5). Indeed, the X-ray crystallography of
38a indicates that amino groups and thiourea N–H orient
towards the same direction (Fig. 6). Therefore, nucleophiles
can approach nitroolefins in an ideal way, when both thiourea
and amino group interact with nitroolefin and nucleophile,
respectively. This hypothesis agrees with the experimental result
in Scheme 10, and it encouraged us to employ the catalyst 38a in


Scheme 10 Bifunctional thiourea-catalyzed Michael addition of 1,3-di-
carbonyl compounds 41 to nitroolefins.


Fig. 5 Dual activation concept using bifunctional thiourea.


Fig. 6 X-Ray crystal structure of bifunctional thiourea 38a.


Michael reactions of various 1,3-dicarbonyl compounds. When
the same reaction was carried out with prochiral 1,3-dicarbonyl
compounds, moderate to good diastereoselectivities (57/43–
99/1) were observed together with high enantioselectivities (81–
95% ee). Furthermore, we succeeded in the stereoselective prepa-
ration of chiral cyclohexanes 42 by applying the above protocol
to the double Michael reaction of c,d-unsaturated b-ketoester
41 with nitroolefin 40.19b The three contiguous stereogenic
centers of 42 were constructed with excellent diastereoselectivity
and good enantioselectivity. The asymmetric synthesis of (−)-
epibatidine was accomplished from one of the intermediates 42
in seven steps in 30% overall yield.


Nagasawa’s group developed the bis-thiourea-catalyzed asym-
metric Baylis–Hillman reaction of cyclohexenone with aldehydes
(Scheme 11).20 They found that the bis-thiourea catalyst 43
promoted the reaction of cyclohexenone with benzaldehyde in
the presence of an additive (0.4 equiv) such as DMAP and
imidazole to afford the allylic alcohol 45 (DMAP: −5 ◦C, 88%,
33% ee; imidazole: rt, 40%, 57% ee). Higher enantioselecitivities
were obtained in the reaction with aliphatic aldehydes (up to
90% ee). Transition state 44, in which both the aldehyde and the
enone coordinate to the thiourea groups of 43 through hydrogen-
bonding interactions, is proposed to explain the stereochemistry
of the product.
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Scheme 11 Asymmetric Baylis–Hillman reaction of cyclohexenone
with bis-thiourea 43.


Later, the enantioselective Michael addition of nitromethane
to acyclic enones using bifunctional cinchona alkaloid-based
thioureas was described by Soós’ group (Scheme 12).21 They
designed the new bifunctional catalysts 46a–c to enhance the
Lewis acidity of the original cinchona alkaloids such as quinine
by replacing the hydroxy group with a thiourea moiety. Inter-
estingly, catalysts 46a–b with an unnatural C-9 configuration
showed high activity in this process compared with quinine and
thiourea 46c with a natural C-9 configuration. These results
indicate that the introduction of a more acidic thiourea moiety
to quinine is necessary to obtain efficient catalytic activity
and 46a is the best catalyst in terms of chemical yield and
enantioselectivity. With catalyst 46a (10 mol%), chalcones 48
bearing electron-withdrawing or electron-donating substituents
underwent clean reactions to afford the corresponding adducts
49 with high enantioselectivities (89–98% ee).


Scheme 12 Michael addition of nitromethane to chalcones 48 with
bifunctional chinchona organocatalyst 46.


To date, the asymmetric Michael addition to a,b-unsaturated
carboxylic acid derivatives has been reported by two research
groups using the same bifunctional thiourea catalyst 38a.


Wu et al. examined the catalytic activities of various thioureas
in the asymmetric Michael addition of phenylthiol to a,b-
unsaturated imide 50, and found that the thiourea catalysts 47a,b
derived from cinchonine and cinchonidine were not effective
for the reaction independent of the C-9 configuration, and the
best result (95%, 77% ee) was obtained when the reaction (50:
R = n-Pr) was conducted with 10 mol% ent-38a (antipode of
38a) in CH2Cl2 at −40 ◦C (Scheme 13).22 This protocol can
be applied to cyclic enones. For example, the same thiourea-
catalyzed reaction of 2-cyclohexenone and phenlythiol at 0 ◦C
gave the product 52 in 97% yield with 85% ee. Furthermore, they
investigated the asymmetric protonation of a-prochiral imide 53
with phenylthiol and ent-38a, which gave the addition product
54 with an S-configuration with 60% ee.


During studies to expand the synthetic utility of 38a in the
asymmetric reaction, we also discovered that a,b-unsaturated


Scheme 13 Asymmetric Michael addition of arylthiols to imides 50
with ent-38.


imides 55 were suitable Michael acceptors for the thiourea-
catalyzed conjugate addition of malononitrile (Scheme 14).23 In-
deed, the reaction of N-acylpyrrolidinones 55 with malononitrile
(2 equiv) and 38a (10 mol%) in toluene at room temperature pro-
vided the Michael adducts 56 in good yields (77–99%). The enan-
tioselectivities were almost independent of the b-substituents
in terms of steric hindrance and electronic properties (84–
92% ee). In contrast, the concentration of the reaction mixture
somewhat affects the stereoselectivities. When the reactions were
carried out in a 0.1 M solution, the corresponding products
were obtained with higher enantioselectivities (> 93% ee).
The reaction mechanism of both reactions is not clear at this
stage, but different transition state models have been proposed
by the two research groups (F in Scheme 13 and G in Scheme 14).


Scheme 14 Asymmetric Michael addition of CH2(CN)2 to imides 55
with 38a.


Recent studies have revealed that bifunctional thiourea cat-
alysts could be used in the 1,2-addition reactions of several
nucleophiles to imines and ketones as well as Michael addition
reactions.


Since Jacobsen’s group previously reported that Schiff-base
urea catalysts efficiently activated N-Boc imines, we explored
the nitro-Mannich reaction of several imines with nitromethane
in the presence of the bifunctional catalyst 38a(Scheme 15).24 In
this reaction, we expected that the corresponding nitronate an-
ion could be effectively produced from nitroalkane by thiourea
38a via hydrogen-bonding activation through the thiourea
moiety and subsequent intra- or intermolecular deprotonation
by the dimethylamino group. Consequently, the reaction of the
nitronate with the activated imine proceeds enantioselectively to
give the optically active b-nitroamine. In practice, the thiourea-
catalyzed nitro-Mannich reaction of N-phosphinoylimine 57
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Scheme 15 Enantioselective aza-Henry reaction of 57 catalyzed by bifunctional thiourea 38a.


Scheme 16 Enantioselective dynamic kinetic resolution of azlactones 60 with bifunctional thiourea 59.


with nitromethane in dichloromethane at room temperature
resulted in the corresponding b-nitroamines 58 in good yields,
but the enantioselectivities were moderate to good (63–76% ee).
After our report, a more enantioselective nitro-Mannich reac-
tion has been reported by Jacobsen’s group, as described above.18


With the aim of establishing a method for the synthesis of
chiral N-acyl amino acid esters 61, Berkessel’s group studies the
dynamic kinetic resolution of azlactones 60 using bifunctional
urea-catalyzed alcoholysis (Scheme 16).25 Among the many
bifunctional ureas and thioureas examined, they identified 38a,b
as a first-generation catalyst and allyl alcohol was selected as
an optimal nucleophile.25a In further studies, they noted that
the electron-deficient arylamino group of the catalyst could
be replaced by a tert-leucine amide, and discovered the best
catalyst 59 as a second-generation catalyst.25b The reaction of
azlactones 60 with allyl alcohol at room temperature in the
presence of 5 mol% catalyst 59 furnished the N-benzoylamino
acid allyl esters 61 with up to 95% ee. The same treatment of
60 with mono- and bis-ureas without the amine functionality
as well as (−)-quinine and dimeric cinchona alkaloids such
as (DHQD)2PHAL and (DHQD)2AQN resulted in recovery of
the starting material or low enantioselectivity. Based on NMR
experiments, which support the formation of a substrate-catalyst
complex, the plausible transition state model H is proposed.


The catalytic asymmetric cyanation of carbonyl compounds is
among the most important and well-studied reactions in asym-
metric catalysis. Quite recently, Jacobsen also reported the appli-
cation of bifunctional thiourea catalysts to the catalytic cyanosi-
lylation of ketones 63 into cyanohydrins 64 (Scheme 17).26


Scheme 17 Bifunctional thiourea-catalyzed enantioselective cyanosi-
lylation of ketones 63.


Thiourea 62c, bearing propyl groups as amine substituents,
proved to be an excellent catalyst for the highly enantioselective
reaction (up to 97% ee) of a wide range of ketones 63 such as
alkyl aryl ketones and a,b-unsaturated ketones. In this reaction,
the addition of 1.0 equivalent of 2,2,2-trifluoroethanol is crucial
for catalytic activity and high enantioselectivity. The electronic,
rather than steric, differentiation of the two ketone substituents
is speculated to be the source of asymmetric induction.


Conclusion
Recent developments in the area of urea- and thiourea-catalyzed
stereoselective reactions have been summarized. The develop-
ment of organocatalysts that bind to and activate a substrate
through two hydrogen bonds offers attractive alternatives to
metal-catalyzed reactions. Since the first report of urea–Lewis
base complexes in early 1990 by Etter’s group, not only have
various types of organic reactions catalyzed by urea and thiourea
derivatives been reported, but also novel multi-functional ureas
and thioureas have been designed and synthesized. Of partic-
ular significance are the enantioselective reactions catalyzed
by the Schiff-base ureas and bifunctional thioureas. From
the standpoint of sustainable chemistry, these organocatalyst-
mediated reactions seem to be desirable tools for preparing
organic compounds and therefore the further development of
more multi-functional organocatalysts should be increasingly
important. For example, few urea-catalyzed asymmetric reac-
tions of aldehydes and ketones have been developed. For this
purpose, a new design concept is required. However, since the
detailed mechanisms of these reactions are often not available,
the rational design of multi-functional organocatalysts utilizing
hydrogen bonds and hydrophobic interactions may be very
difficult at this stage without basic knowledge on how to control
reactivity and selectivity. Therefore, computational techniques
may help to facilitate the discovery of novel catalyst structures.
Furthermore, the development of new methodologies for multi-
component and tandem reactions and of a system for recycling
organocatalysts such as immobilization on a solid support as
well as improvements in activity and selectivity through the
design of multi-functional catalysts should have great practical
potential in these organocatalyst-mediated reactions. Finally, I
hope that many more exciting and practical advances will be
forthcoming in this important area.
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Efficient and practical large scale synthesis of suitably protected 1′,2′-oxetane locked purine and pyrimidine
nucleosides for incorporation in oligo-DNA or -RNA by solid-phase synthesis is reported. A high regio and
stereoselectivity with preferential formation of the b-anomer in the glycosylation reaction, using the
Vorbrüggen procedure, was achieved by a convergent synthetic procedure with orthogonal protection
strategy using either 1,2-di-O-acetyl-3,4-O-isopropylidene-6-O-(4-toluoyl)-D-psicofuranose or
2-O-acetyl-6-O-benzyl-1,3,4-tri-O-(4-toluoyl)-D-psicofuranose as the glycosyl donor.


Introduction


Antisense oligonucleotides (AONs) incorporated with sugar
modified nucleosides have been widely used as a valuable
alternative for down-regulation of genes.1–3 Among these, the
AONs modified with North-East conformationally (−1◦ <


P < 34◦)4 constrained [LNA5–13 and oxetanes14–17 (1–4, Fig. 1)]
nucleotide blocks have unique abilities to dictate conformational
preorganisation7,17,18 of the AON–RNA duplex to the rigid
RNA–RNA type duplex which results in the modulation of
the target affinity as well as a loss of the RNase H cleavage
efficiency.18,19 However, RNase H eliciting capability can partly
or fully be regained by adopting various mixmer and gapmer
strategies utilizing these modifications17,18 (a gap size of 8–
10 nucleotides is necessary for the b-D-LNA modified20,21


AONs, whereas a gap of 4 nt is necessary for the oxetane-
modified counterpart).17,18 The length of the gap in the gap-
mer can however potentially make the AON vulnerable to
endonucleases.22


The mixmer AON–RNA hybrids incorporated with oxetane-
T units (Tm drops by ∼5–6 ◦C/T unit, Fig. 1) were found to be
excellent substrates for RNase H promoted cleavage, which is
very comparable to that of the native hybrid.14–18,23 However, the
incorporation of the oxetane-C moiety (Fig. 1) into the AONs
imparts only ∼3 ◦C loss in Tm per modification,14 whereas no
loss in Tm is observed for the oxetane-A or -G modified AONs.
The loss of thermodynamic stability in the case of oxetane-
T and -C was fully or partly regained by the introduction of
the non-toxic23 DPPZ (dipyridophenazine) group24,25 at the 3′


end, which gave also additional stability against exonucleases
similar to that of the phosphorothioate AONs.15,26 Another
interesting property of these oxetane-incorporated AONs was
that only 4 deoxynucleotide gaps in the AON strand were needed


† Electronic supplementary information (ESI) available: experimental
procedures for compounds 23 and 24. 13C NMR spectra of compounds
13, 14a–d, 15–27, 31a–d, 32a,b, 33, 35–42. See DOI: 10.1039/b511406c


Fig. 1 Oxetane constrained nucleosides and their structural and NMR parameters.


to achieve the RNase H cleavage of the RNA in their hy-
brid duplexes,14,17 thereby reducing endonuclease susceptibility.
Michaelis–Menten kinetics of the RNase H cleavage showed
that V max and Km increase with increasing the number (one
to three) of T/C/A/G modifications in the AONs, indicating
higher catalytic activity and lower enzyme binding affinity of
the oxetane-modified AON–RNA hybrids.14,16 In addition to
the favorable RNase H cleavage properties of these oxetane-
modified molecules, their endonuclease susceptibility was sig-
nificantly reduced compared to the native counterpart, and it
was proportional to the number of oxetane-modified nucleotides
per AON molecule: single modification gave 2-fold protection
to the cleavage and double and triple modification gave 4-
fold protection compared to that of the native phosphodiester
oligonucleotide.14,15


The AON constructs with the oxetane-C and 3′-DPPZ were
found to be non-toxic in K562 human leukemia cells and
have been successfully employed to down-regulate the proto-
oncogene c-myb in very efficient manner.23 QRT-PCR (Quan-
titative RealTime–Polymerase Chain Reaction) and Western
blotting (the “gold standard” in antisense efficacy)27 have shown
that rationally designed oxetane-C modified AONs were highly
efficient both in diminishing the c-myb mRNA (85% has been
reduced) and the c-myb protein (70% of its expression was found
to be halted) of the targeted gene. Based on the amount of AON
uptake after delivery, determined by slot blot, it was apparent
that the oxetane modified AONs are 5–6 times more efficient
antisense agents than those of the corresponding isosequential
phosphorothioate analogue.23


Because of the effective down-regulation of genes by oxetane-
modified AONs and their possible applications in the RNAi
approach,28 we have been naturally interested in synthesizing
the oxetane-modified nucleoside blocks on a large scale in a
reproducible manner with a high overall yield. Here we report
two convenient procedures for the preparation of building blocks
covering both pyrimidine and purine derivatives of oxetane
functionalized nucleosides.
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Results and discussion
For the synthesis of oxetane-T (1) and oxetane-C (2) nucleosides,
we employed the protected sugar, 6-O-(4-toluoyl)-1,2:3,4-di-O-
isopropylidene-b-D-psicofuranose (5a)14,18 which was coupled
with persilylated thymine or N4-benzoylcytosine in the presence
of trimethylsilyl trifluromethanesulfonate (TMSOTf) as a Lewis
acid catalyst to afford an inseparable, as well as unfavorable,
anomeric mixture of nucleosides 6 and 7 (a : b, 1 : 1 in 67%
and 3 : 2 in 75% yield, respectively) (Fig. 2). The use of
sugar 5a for direct coupling with persilylated uracil gave 8 as
an even more undesirable anomeric mixture with poor yield
(a : b, 55 : 45 in 52% yield)29 of the corresponding purified
psicofuranose nucleoside, which makes the use of sugar block
5a not only cumbersome but clearly inadequate for the large
scale synthesis of the oxetane-U block in order to explore its use
for the preparation of oxetane-modified small interfering RNA
(siRNA).30


In addition to the above problem, the coupling of the
sugar block 5a with persilylated purine nucleobases was also
unsuccessful, hence we employed16 an alternative strategy for the
synthesis of 9-(1′,3′-O-anhydro-b-D-psicofuranosyl)adenine/
guanine [oxetane-A (3) and oxetane-G (4)] nucleosides involving
the key bromosugar 12. The synthesis of this bromosugar 12
itself involved a 5-step preparation from 5a giving a poor overall
yield (45% after four steps).


Two common drawbacks of both of the above approaches are
(i) poor anomeric a : b ratio of the coupling reaction of the
functionalized sugar with the nucleobase resulting in a loss of
material in the form of a redundant a-anomeric nucleoside, and
(ii) unsatisfactory coupling yield.


It was therefore clear that we require a convergent synthetic
procedure with an orthogonal protection strategy to make all
four oxetane-nucleoside blocks available for easy preparation
of oxetane-modified AONs as well as small siRNAs for further
biological studies.


Due to the rather low reactivity of ketoses in compari-
son to aldoses the reaction yields of many of the known
methods of condensation used generally for ribose or 2′-
deoxyribose8,9,31–34 derivatives are not always satisfactory for the
coupling with the corresponding ketoses.35,36 This is especially
true for the synthesis of psico-guanosine derivatives16 by a
coupling reaction with a ketose-like sugar, which remains a
challenge.


Here we report the application of two sets of acety-
lated sugars 13 and 30, based on an orthogonal protec-
tion strategy at 1′, 3′, 4′ and 6′ positions, for the large
scale straightforward synthesis of the oxetane-locked U, A
and G nucleosides, using Vorbrüggen glycosylation methods.37


The choice of suitable orthogonal protection strategy at po-
sitions 1′, 3′, 4′ and 6′ clearly played an important role
(Schemes 1 and 2) to enable smooth completion of the syn-
thesis of 6-O-DMTr oxetane-locked building blocks 21, 37
and 42.


(A) Preparation of the sugar block 13 and its coupling with
uracil


6-O-(p-Toluoyl)-1,2:3,4-diisopropylidenepsicofuranose (5a) was
treated in a mixture of acetic acid (100 eq.), acetic anhydride
(10 eq.) and triflic acid (0.02 eq.) for 2 h at room temperature
providing, after work-up, one crude product (>90% pure by 1H-
NMR) which was identified as 1,2-di-O-acetyl-3,4-O-isopropyli-
dene-6-O-(p-toluoyl)-a-D-psicofuranose (13) (Scheme 1). The a-
anomeric nature of 13 was evident from 1D diff NOE studies (see
Experimental Section). This crude product was subsequently
coupled with silylated uracil or N4-benzoylcytosine using a
Vorbrüggen37 procedure to give an a : b mixture (1 : 9 by
1H-NMR) of psicouridine (76%) and psico-N4-benzoylcytidine
(74%), respectively, after work-up and chromatography. The a-
anomer of either of the above pyrimidine nucleosides is not
chromatographically separable from the predominant b-anomer,
which could be however separated by simple crystallization
from methanol to give pure b-anomer 14a (54%) or 14b (33%)
in two steps from 5a. Since the preparation of the oxetane
derivative of cytidine blocks from 5a → 7 works very well with
a favorable yield for the b-anomer (Fig. 2),14 we report here
only the synthesis of the oxetane derivative of the uridine block,
which required improvement because our older unpublished
procedure29 gave an undesirable a : b mixture of 55 : 45, as
well as a poor yield in the glycosylation step (52%).


Since we required a leaving group at C1′ in order to achieve a
1′,3′ ring-closure to complete the oxetane synthesis, selective
deprotection of 1′-acetate ester in the presence of the 6′-(p-
toluate) ester in 14a was necessary to introduce a leaving group
at C1′. Selective removal of 1′-acetate over 6′-(p-toluate) ester by
16% methanolic ammonia38 led to the well separable mixture of
desired alcohol 15 (48%) and fully deprotected diol 16 (44%).
This is a consequence of the longer reaction time required
for full conversion of the starting material 14a to the desired
alcohol 15 (6 h compared to 2 h usually needed for acetate
deprotection in the ribonucleoside)38,39 leading to significant
concomitant deprotection of 6′-(p-toluate) ester giving diol
16. The observed resistance of the 1′-acetate group in 14a is
probably the result of steric hindrance by the nucleobase in the
proximity. Alcohol 15 was mesylated to 1′-O-mesylate 17 (95%),
which was then subjected to acidic hydrolysis of the 3′,4′-O-
isopropylidene protecting group by the action of 90% aqueous
trifluoroacetic acid to give 3′,4′-diol 18, which was treated with
sodium bis(trimethylsilyl)amide in THF to afford 6′-O-toluoyl
oxetane-uridine derivative 19 in 76% yield (in 2 steps from 17).
Deprotection of the 6′-(p-toluate) ester from the oxetane 19 with
methanolic ammonia and subsequent 6-O-alkylation of 20 by
DMTr-Cl in pyridine completed the synthesis of 6′-O-DMTr
oxetane-U block 21.


As the above mentioned selective deprotection of the 1′-
acetate in the diester 14a was only partly successful and a
significant amount (44%) of 1′,6′-diol 16 was formed, we have
explored various means to convert this diol 16 to the desired


Fig. 2 Synthesis route to bromosugar 12.
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Scheme 1 Reagents and conditions: (i) Ac2O, AcOH, TfOH, RT, 3 h; (ii) 1. base, BSA, MeCN, 90 ◦C, 1 h, 2. TMSOTf; (iii) 16% methanolic ammonia,
RT, 6 h; (iv) Ms-Cl, pyridine, 0 ◦C, 2 h; (v) 90% TFA (aq.), RT, 40 min; (vi) NaHMDS, THF, 0 ◦C, 2 h; (vii) 25% methanolic ammonia, RT, 2 days;
(viii) DMTr-Cl, pyridine, RT, 24 h; (ix) MeONa, MeOH, RT, 6 h; (x) DBU, MeCN, RT, 2 h; (xi) TolONa, DMF, 90 ◦C, 6 h for 26 or 15 h for 15;
(xii) NaOH, dioxane–H2O, RT, 1 h. Abbreviations: Tol = p-toluoyl, Ac = acetyl, Bz = benzoyl, U = uracil, CBz = N4-benzoylcytosin-1-yl, ABz =
N6-benzoyladenin-9-yl, GDPC


AC = N2-acetyl-O6-diphenylcarbamoylguanin-9-yl, DMTr = 4,4′-dimethoxytrityl, Ms = methylsulfonyl, NaHMDS =
sodium bis(trimethylsilyl)amide.


oxetane 20. This is also an attractive goal because the diol 16
can be easily synthesized by full deprotection of the diester
14a by its treatment with methanolic sodium methoxide in a
quantitative yield. Although the conversion of 1′,6′-diol 16 to
6′-O-mesyl-oxetane nucleoside 24 through 1′,6′-dimesylates 22
and 23 seemed to be the most straightforward way to produce
20, the subsequent displacement of the 6′-O-mesyl group from
the nucleoside 24 by sodium benzoate in DMF at 90 ◦C was
not successful because of significant concomitant oxetane ring
opening during the reaction.


Hence we decided to find an alternative efficient method
for the conversion of this easily accessible 1′,6′-bis-mesylate
(22) to the 6′-(p-toluate) block 15 as a key precursor for
the synthesis of oxetane 21. The internal displacement of 1′-
mesylate in 22 by DBU in dry CH3CN at RT gave 2,1′-O-
anhydro nucleoside 25 smoothly (83% crystalline yield) because
the formation of this 5-membered spirocyclic compound is
strongly thermodynamically preferred over the 7-membered
2,6′-O-anhydro derivative. The 6′-mesyl group from 25 was
then cleanly displaced by sodium 4-toluate at the C6′ center
exclusively to give 26 (94%) because of the high stability of the
5-membered 2,1′-O-anhydro ring in 25. The ring opening of the
2,1′-O-anhydro system in 6′-O-mesyl 2,1′-anhydro nucleoside 25
was however accomplished by the action of sodium hydroxide in
aqueous dioxane at RT providing 6′-O-mesyl alcohol 27 in 92%
yield. Compound 27 was subsequently reacted with sodium 4-
toluate in DMF at 90 ◦C to displace the 6′-mesylate group to give
the desired 6-O-(p-toluoyl) alcohol 15 (88%), which was further
transformed to oxetane-U building block 21, as described
above.


We have also performed the glycosylation of N6-
benzoyladenine and O6-diphenylcarbamoylguanine with 1,2-di-
O-acetyl-3,4-O-isopropylidene-6-O-toluoyl-a-D-psicofuranose
(13) under the above conditions to yield pure b-anomer
of psicofuranosyl nucleosides 14c and 14d (in 39% and
40% yields in 2 steps from 5a, respectively), after work-up
and chromatography. Clearly, the origin of the anomeric
selectivity arises from the presence of a participating acetate
group at C1′, giving spirocyclic 1,3-dioxolanium ions as
intermediates, which is consistent with the earlier works on
glycosylation with sugar-acetates as donors in the glycosylation
reaction.36,40,41 Unfortunately, during the deprotection of the
3,4-O-isopropylidene group from either 14c or 14d under acidic
conditions (Dowex H+ in dioxane),40 considerable depurination
took place, which made this approach redundant. Hence we
had to adopt an alternative strategy using base-labile protecting
groups in the sugar building blocks as in 30 for the psico-purine
nucleoside synthesis (see Part B).


(B) Preparation of the sugar block 30 and its coupling with
appropriately-protected adenine and guanine blocks


Use of perbenzoylated psicofuranoside35,36 as a glycosyl donor
has severe limitations: (i) the coupling works well with persi-
lylated N6-benzoyladenine, 6-chloropurine and uracil bases
but the a : b anomeric ratio (1 : 2) is very unfavorable for
preparative purposes, and more importantly, (ii) the coupling
does not work with the appropriately protected guaninyl base.16


(iii) In addition, we also required an orthogonal protection
strategy to manipulate functionalization at C1′ vis-à-vis C6′ with
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Scheme 2 Reagents and conditions: (i) 70% aqueous acetic acid, 70 ◦C, 5 h; (ii) p-toluoyl chloride, pyridine–dichloromethane 1 : 7, 0 ◦C, 4 h,
then 4 ◦C overnight; (iii) acetic anhydride, pyridine, 0 ◦C–RT, 48 h; (iv) persilylated GDPC


AC , CH3CN, TMSTf, 80 ◦C, 1.5 h for 31a (a : b, 3 : 7),
persilylated ABz, CH3CN, TMSTf, 80 ◦C 1.5 h for 31b (a : b, 3 : 7); (v) methanolic ammonia, RT, 48 h, (vi) p-toluenosulfonyl chloride, pyridine,
0 ◦C, 5 h; (vii) NaHMDS, 0 ◦C–RT, THF, 8 h; (viii) N,N-dimethylformamide dimethylacetal, methanol, RT, overnight; (ix) ammonium formate,
MeOH, Pd(OH)2/C, 75 ◦C, 5 h; (x) DMTr-Cl, pyridine, RT, 2 h; (xi) TMS-Cl, pyridine, RT, 2 h, then PAC-Cl, 2 h, RT. Abbreviations: Tol = 4-toluoyl,
Ac = acetyl, Bn = benzyl, Bz = benzoyl, GDPC


AC = N2-acetyl-O6-diphenylcarbamoylguanin-9-yl, ABz = N6-benzoyladenin-9-yl, NaHMDS = sodium
bis(trimethylsilyl)amide, DMTr = 4,4′-dimethoxytrityl, Dmf = N,N-dimethylaminomethylene, Ts = p-toluenosulfonyl, PAC = phenoxyacetyl.


high selectivity for the oxetane synthesis, which perbenzoylated
psicofuranose does not offer. Hence, we have successfully
explored and developed 6-O-benzyl 1,2:4,5-bis-isopropylidene
psicofuranose 5b as a starting material for the synthesis of
appropriately-protected sugar donor 30 for the glycosylation
step (Scheme 2). Thus compound 30 was prepared from the
bisketal 5b, which upon treatment with aqueous acetic acid
at 70 ◦C afforded 6-O-benzyl psicofuranose 28. This was p-
toluoylated under mild conditions (pyridine–CH2Cl2 1 : 7, v/v,
3.1 eq. of 4-toluoyl chloride, 0 ◦C) to give sugar 29 (75% in
two-steps from 5b) with a free anomeric OH function.42,43 The
subsequent acetylation with acetic anhydride (20 eq.) in pyridine
was slow but led to compound 30 (90%) on standing at RT
(2 days) without any detectable side reactions.


The silylation of nucleobases was carried out in situ in the
presence of glycosyl donor 30, followed by the addition of
trimethylsilyl triflate affording adenosine 31a (62%, a : b, 3 :
7), guanosine nucleosides 31b (60%, a : b, 3 : 7), and pyrimidine
nucleosides 31c (63%, a : b, 1 : 9) and 31d (78%, a : b, 5 : 95) with
various ratios of the a : b anomeric mixture. The stereochemical
assignment of a or b-anomeric configuration was based on 1D
differential NOE experiments (see Experimental section).


Since the yield and the distribution of anomers for pyrimidine
nucleosides by the above procedure (B) were not significantly
improved compared to procedure (A) for the psicofuranosyl-
uracil derivative or to the literature procedure14,18 for the
corresponding cytidine derivative, we focused only on the purine
derivatives, which were not possible to obtain using either
procedure (A) or by any other published procedures on a
preparative scale.16,35,36,44,45


The a : b anomeric mixture obtained at the glycosylation
step for 31a or 31b was separated in the following manner: all
protecting groups except the 6′-O-benzyl were removed from the
a : b anomeric mixture of 31a or 31b by simple treatment with
methanolic ammonia to give the corresponding crude 32a or 32b
in quantitative yields. The selective 1′-tosylation of this crude a :
b anomeric mixture, after a simple chromatographic purification
step, gave the pure b-anomer of 1′-O-tosyl-6′-O-benzyl derivative
33 (44%) and 38 (45%). Subsequently, the conversion of 33 and
38 to their respective oxetane derivatives 35 (75% in two-steps
from 33) and 39 (90% from 38) was achieved by activation
of the 3′-hydroxyl group with sodium bis(trimethylsilyl)amide
using our earlier published procedure.16 The oxetane-nucleoside
34 was protected with the dimethylformamide group (Dmf) to
give compound 35 (90%) and subjected to reductive removal of
the benzyl group to give the 6′-hydroxy derivative of guanine
nucleoside 36 (75%). N2-Dmf protection of the free amino
function was rather stable under the reaction conditions used
for the reductive removal of the 6′-O-benzyl group (<5% of
N2-Dmf deprotection). Compound 36 was subjected to 6′-
O-DMTr protection to afford a suitably protected oxetane-G
block 37 (91%) with improved overall yield when used without
isolation of intermediate 36 (yield 85% in two steps from 35).
In the case of the adenosine derivative, first the 6′-O-benzyl
group was removed from 39 to give 40 (75%), followed by
4,4′-O-dimethoxytritylation to give compound 41 (79%). For
large scale synthesis we used crude compound 40 because
of its high polarity which makes its purification difficult and
inefficient and this gave an improved overall yield of compound
41 (85% in two steps from 39). Finally, the free amino function
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of 1′,3′-O-anhydro adenosine building block 41 was protected
by a phenoxyacetyl group (PAC), using a standard transient
protection procedure to give 42 (75%).


Finally, the present 6′-O-DMTr protected oxetane-G 37 and
oxetane-A 42 blocks were identical to the ones prepared earlier
in our lab for conversion to the corresponding phosphoramidites
for the solid-phase oligonucleotide synthesis,16 whereas the
oxetane-U block 20 was identical to the one reported earlier
from Mikhailopulo′s lab.45


Conclusions
Antisense oligonucleotides containing oxetane-modified nucle-
osides which have a unique fixed North-East sugar conformation
have been found to be excellent substrates for RNase H
promoted cleavage, and efficient both in diminishing the c-myb
mRNA and the c-myb protein of the targeted gene. Because
of the effective down-regulation of genes by oxetane-modified
AONs, and their limited toxicity due to the fact that the natural
phosphate backbone is retained in the AON, it is important to
fully explore their biological applications.


We have therefore developed two synthetic routes for
the multigram synthesis of 1′,2′-oxetane locked nucleosides
(derivatives of U, G and A). The synthesis consists of op-
erationally simple steps and was optimized with respect to
the number of required chromatographic purifications. All
intermediates and final building blocks have been fully char-
acterized. Yields and simplicity of the procedure were sig-
nificantly improved by the introduction of few protection–
deprotection steps without isolation of by-products which
minimizes the number of steps required for completion of
synthesis. Complete regioselectivity and high enhancement for
the b-anomers in the critical step were achieved by the cou-
pling of 1,2-di-O-acetyl-3,4-O-isopropylidene-6-O-(4-toluoyl)-
D-psicofuranose (13) or 2-O-acetyl-6-O-benzyl-1,3,4-tri-O-(4-
toluoyl)-D-psicofuranose (30) with persilylated bases [N2-
acetyl-O6-diphenylcarbamoyl)guanine, N6-benzoyladenine, N4-
benzoylcytosine, and uracil, respectively] using the Vorbrüggen
procedure. Compounds 14a, 31a and 31b were used as starting
materials for the synthesis of suitable protected 1′,3′-O-anhydro
psicofuranose nucleosides 21, 37 and 42, as precursors for solid
phase synthesis required for further evaluation of the biological
properties of this novel class of conformationally restricted
nucleosides.


Experimental
General


Acetonitrile, pyridine and toluene were dried over calcium
hydride, distilled and stored over 4 Å molecular sieves. An-
hydrous THF (99.9%) was commercial (Aldrich). 1H NMR
spectra were recorded on JEOL GX 270 or Bruker DRX
600 spectrometers at 270.1 MHz and 600 MHz, respectively.
13C NMR spectra were recorded on the same spectrometers
at 67.9 MHz or 150.9 MHz. Chemical shifts are reported in
ppm using TMS (0.0 ppm) or DMSO (2.54 ppm for 1H and
40.45 ppm for 13C) as internal standards. Assignments are based
on 2D spectra. Mass spectra (MALDI-TOF) were measured on
an Ultraflex Tof/Tof instrument (Bruker Daltonics, Germany).
Melting points were measured on Büchi 510 capillary apparatus
and are uncorrected. Thin layer chromatography (TLC) was
performed on pre-coated silica gel 60 F-254 plates (Merck)
using UV light detection and charring with 10% aqeous H2SO4


or anisaldehyde reagent [4-anisaldehyde–EtOH–AcOH–H2SO4,
10 : 340 : 4 : 12.5 (v/v/v/v)]. Flash chromatographic separations
were performed on Kieselgel 60 G (Merck) columns.


1,2-Di-O-acetyl-3,4-O-isopropylidene-6-O-(4-toluoyl)-a-D-
psicofuranose (13). Triflic acid (40 ll, 0.45 mmol) was added
dropwise to a stirred solution of 6-O-p-toluoyl-1,2,3,4-di-O-


isopropylidene-D-psicofuranose 5a (8 g, 21.2 mmol) in AcOH
(120 ml, 2.1 mol) and acetic anhydride (20 ml, 212 mmol). The
mixture was stirred 3 h at RT and then triethylamine (60 ll)
was added and volatiles were evaporated in vacuo. The residue
was co-evaporated 3 times with toluene and dissolved in EtOAc
(120 ml). This solution was washed with saturated aqueous
NaHCO3 (120 ml); the aqueous phase was re-extracted with
EtOAc (2 × 40 ml) and the combined organic phases were dried
over MgSO4 and evaporated providing crude diacetate 13 as a
colorless oil (9.32 g, 104%, 90% 1H NMR purity). This crude
product was directly used in the next step after co-evaporation
3 times with dry toluene. A 1D differential NOE experiment
showed a 3.7% enhancement of the H-1 signal while H-3 was
irradiated. Rf = 0.54 (c-hexane–EtOAc, 6 : 4). MALDI-TOF
m/z [M + H]+ 423.12 (Calcd. 423.17 for C21H27O9). 1H NMR
(600 MHz, CDCl3): 7.95, 7.26 (2 × d, 2 × 2H, J = 8.0 Hz, Tol),
4.96 (d, 1H, J3–4 = 6.0 Hz, H-3), 4.91 (dd, 1H, J4–5 = 1.8 Hz,
H-4), 4.68 (ABq, 2H, Jgem = 12.0 Hz, H-1 and H-1′), 4.62 (ddd,
1H, J5–6 = 6.6 Hz, J5–6′ = 6.0 Hz, H-5), 4.45 (dd, 1H, Jgem =
11.4 Hz, H-6), 4.38 (dd, 1H, H-6′), 2.42 (s, 3H, CH3, Tol), 2.11,
2.00 (2 × s, 2 × 3H, 2 × CH3, Ac), 1.53, 1.36 (2 × s, 2 × 3H,
2 × CH3, i-Pr). 13C NMR (67.9 MHz, CDCl3): 170.2, 169.2,
166.3 (3 × C=O), 144.2, 129.9, 129.3, 126.9 (4 × Tol), 113.9
(C–Me2), 110.8 (C-2), 85.4 (C-5), 85.3 (C-3), 82.0 (C-4), 64.4
(C-6), 62.4 (C-1), 26.5, 25.1 (2 × CH3, i-Pr), 22.0 (CH3, Ac),
21.8 (CH3, Tol), 20.9 (CH3, Ac).


1-[1′ -O-Acetyl-3′,4′ -O-isopropylidene-6′ -O-(4-toluoyl)-b-D-
psicofuranosyl]uracil (14a). A mixture of diacetate 13
[prepared from 5a (8 g, 21.2 mmol)], uracil (3.08 g, 27.5 mmol)
and N,O-bis(trimethylsilyl)acetamide (13.7 ml, 55.2 mmol)
in dry CH3CN (80 ml) was stirred at 90 ◦C for 1 h under a
nitrogen atmosphere. After cooling to 0 ◦C, TMSOTf (4.96 ml,
27.5 mmol) was added dropwise over 5 min. The mixture was
stirred for 15 min at 0 ◦C and then 4 h at RT. Then saturated
aqueous NaHCO3 (200 ml) and CH2Cl2 (150 ml) were added and
the precipitated unreacted uracil was removed by filtration of the
mixture through a dense sintered filtration funnel. The organic
phase was separated and the aqueous phase was re-extracted
with CH2Cl2 (2 × 50 ml). The combined organic extracts
were dried over MgSO4, evaporated and chromatographed on
silica (petroleum ether–EtOAc, 1 : 1, sample was loaded on
silica as concentrated CH2Cl2 solution) providing product 14a
as a colorless solid (7.7 g, 77% in 2 steps from 5a, product
contains 9% of a-anomer). Crystallization from hot methanol
(45 ml) afforded pure b-anomer 14a as colorless needles (5.43 g,
54% in 2 steps from 5a). Mp 193–195 ◦C (MeOH). Rf = 0.67
(CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M–H]− 473.09
(Calcd. 473.16 for C23H25N2O9). 1H NMR (600 MHz, CDCl3):
9.06 (br s, 1H, NH), 7.72 (d, 2H, J = 8.1 Hz, Tol), 7.61 (d, 1H,
J5–6 = 8.3 Hz, H-6), 7.22 (d, 2H, Tol), 5.48 (d, 1H, H-5), 5.43 (d,
1H, J3′-4′ = 6.2 Hz, H-3′), 4.90 (dd, 1H, J4′–5′ = 1.4 Hz, H-4′),
4.84 (ddd, 1H, J5′–6′ = 2.7 Hz, J5′–6′′ = 3.4 Hz, H-5′), 4.83 (d,
1H, Jgem = 12.2 Hz, H-1′), 4.58 (dd, 1H, Jgem = 12.6 Hz, H-6′),
4.39 (d, 1H, H-1′′), 4.37 (dd, 1H, H-6′′), 2.38 (s, 3H, CH3, Tol),
1.99 (s, 3H, CH3, Ac), 1.63, 1.41 (2 × s, 2 × 3H, 2 × CH3, i-Pr).
13C NMR (67.9 MHz, CDCl3): 170.0, 165.9 (2 × C=O), 163.2
(C-4), 150.2 (C-2), 144.9 (Tol), 140.4 (C-6), 129.5, 129.2, 126.1
(3 × Tol), 113.9 (C–Me2), 101.1 (C-5), 99.6 (C-2′), 86.6 (C-3′),
84.0 (C-5′), 81.7 (C-4′), 64.7 (C-1′), 64.4 (C-6′), 25.9, 24.5 (2 ×
CH3, i-Pr), 21.7 (CH3, Tol), 20.7 (CH3, Ac).


1-[1′ -O-Acetyl-3′,4′ -O-isopropylidene-6′ -O-(4-toluoyl)-b-D-
psicofuranosyl]-N 4-benzoyl cytosine (14b). This was prepared
from diacetate 13 according to the procedure for the preparation
of compound 14a. The reaction of diacetate 13 [prepared from
compound 5a (500 mg, 1.32 mmol)] and N4-benzoylcytosine
(370 mg, 1.72 mmol) afforded psicocytidine 14b (562 mg,
74% in 2 steps from 5a, product contains 10% of a-anomer).
Crystallization from hot MeOH provided pure b-anomer 14b
(250 mg, 33% in 2 steps from 5a). Mp 200–201 ◦C. Rf = 0.80
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(CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M + H]+ 578.19
(Calcd. 578.21 for C30H32N3O9). 1H NMR (600 MHz, CDCl3):
8.50 (br s, 1H, NH), 8.04–7.96 (m, 1H, H-6), 7.87–7.78 (m, 2H,
Bz), 7.64–7.49 (m, 5H, Bz and Tol), 7.30–7.22 (m, 1H, H-5),
7.10 (d, 2H, J = 8.0 Hz, Tol), 5.51 (d, 1H, J3′–4′ = 6.2 Hz, H-3′),
4.93 (dd, 1H, J4′–5′ = 1.2 Hz, H-4′), 4.90–4.87 (m, 2H, H-1′ and
H-5′), 4.68 (dd, 1H, Jgem = 12.6 Hz, J5′–6′ = 2.5 Hz, H-6′), 4.57
(d, 1H, Jgem = 12.1 Hz, H-1′), 4.29 (dd, 1H, J5′–6′′ = 3.1 Hz,
H-6′′), 2.16 (s, 3H, CH3, Tol), 1.96 (s, 3H, CH3, Ac), 1.67, 1.44
(2 × s, 2 × 3H, 2 × CH3, i-Pr). 13C NMR (67.9 MHz, CDCl3):
169.9, 165.7, 162.2 (3 × C=O), 145.3 (br, C-6), 144.3 (Tol),
133.2 (Bz), 129.25, 129.21, 129.0 (1 × Bz and 2 × Tol), 127.5
(Bz), 126.1 (Tol), 113.8 (C–Me2), 100.4 (C-2′), 95.8 (br, C-5),
86.4 (C-3′), 84.0 (C-5′), 81.7 (C-4′), 64.7 (C-6′), 64.4 (C-1′), 25.9,
24.5 (2 × CH3, i-Pr), 21.5 (CH3, Tol), 20.7 (CH3, Ac).


9-[1′ -O-Acetyl-3′,4′ -O-isopropylidene-6′ -O-(4-toluoyl)-b-D-
psicofuranosyl]-N 6-benzoyladenine (14c). A mixture of di-
acetate 13 [prepared from compound 5a (378 mg,
1 mmol)], N6-benzoyladenine (287 mg, 1.2 mmol) and
N,O-bis(trimethylsilyl)acetamide (0.59 ml, 2.4 mmol) in dry
CH3CN (10 ml) was stirred at 90 ◦C for 1 h under a nitrogen
atmosphere. After cooling, TMSOTf (0.2 ml, 1.1 mmol) was
added and the mixture was stirred 30 min at 90 ◦C. After
cooling, saturated aqueous NaHCO3 (20 ml) was added and
the mixture was extracted with CH2Cl2 (20 ml, 2 × 10 ml). The
combined organic extracts were dried over MgSO4, evaporated
and chromatographed on silica (petroleum ether–EtOAc, 1 :
1) providing pure b-anomer 14c (234 mg, 39% in 2 steps
from 5a). A 1D differential NOE experiment showed a 2.2%
enhancement of H-8 signal while H-3′ was irradiated. Rf = 0.70
(CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M + H]+ 602.2
(Calcd. 602.2 for C31H32N5O8). 1H NMR (600 MHz, CDCl3):
8.89 (s, 1H, H-2), 8.86 (br s, 1H, NH), 8.15 (s, 1H, H-8),
7.99–6.88 (m, 9H, Tol and Bz), 6.14 (d, 1H, J3′–4′ = 6.0 Hz,
H-3′), 5.05 (d, 1H, J4′–5′ = 1.2 Hz, H-4′), 4.93 (ddd, 1H, J5′–6′ =
2.7 Hz, J5′–6′′ = 3.5 Hz, H-5′), 4.67 (dd, 1H, Jgem = 12.7 Hz,
H-6′), 4.63 (ABq, 2H, Jgem = 12.1 Hz, H-1′ and H-1′′), 4.29 (dd,
1H, H-6′′), 2.26 (s, 3H, CH3, Tol), 1.86 (s, 3H, CH3, Ac), 1.70,
1.51 (2 × s, 2 × 3H, 2 × CH3, i-Pr). 13C NMR (150.9 MHz,
CDCl3): 169.7, 165.5, 164.0 (3 × C=O), 152.8 (C-2), 149.3
(C-4), 144.7 (Tol), 141.7 (C-8), 133.7 (Bz), 132.8 (Bz), 128.94,
128.91, 128.7, 127.7, 125.4, 123.2, 114.4 (C–Me2), 98.9 (C-2′),
85.2 (C-3′), 84.6 (C-5′), 82.3 (C-4′), 65.5 (C-1′), 64.6 (C-6′), 26.1,
24.7 (2 × CH3, i-Pr), 21.6 (CH3, Tol), 20.5 (CH3, Ac).


N 2 -Acetyl-9-[1′ -O -acetyl-3′,4′ -O -isopropylidene-6′ -O -(4-
toluoyl)-b-D-psicofuranosyl]-O6-diphenylcarbamoylguanine (14d).
A mixture of diacetate 13 [prepared from compound 5a (378 mg,
1 mmol)], N2-acetyl-O6-diphenylcarbamoylguanine (410 mg,
1.2 mmol) and N,O-bis(trimethylsilyl)acetamide (0.59 ml,
2.4 mmol) in dry CH3CN (10 ml) was stirred at 90 ◦C for 1 h
under a nitrogen atmosphere. After cooling, TMSOTf (0.2 ml,
1.1 mmol) was added and the mixture was stirred for 30 min
at 90 ◦C. After cooling, saturated aqueous NaHCO3 (20 ml)
was added and the mixture was extracted with CH2Cl2 (20 ml,
2 × 10 ml). Combined organic extracts were dried over MgSO4,
evaporated and chromatographed on silica (c-hexane–EtOAc,
1 : 1) providing pure b-anomer 14d (299 mg, 40% in 2 steps
from 5a). A 1D differential NOE experiment showed a 10%
enhancement of the H-8 signal while H-3′ was irradiated. Rf =
0.90 (CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M + H]+


751.24 (Calcd. 751.27 for C39H39N6O10). 1H NMR (600 MHz,
CDCl3): 8.39 (br s, 1H, NH), 8.17 (s, 1H, H-8), 7.51–7.19 (m,
12H, Tol and DPC), 6.87–6.83 (m, 2H, DPC), 5.85 (d, 1H,
J3′–4′ = 5.5 Hz, H-3′), 5.00 (dd, 1H, J4′–5′ = 1.8 Hz, H-4′), 4.86
(m, 1H, H-5′), 4.60–4.52 (m, 3H, H-1′, H-1′′ and H-6′), 4.38 (dd,
1H, Jgem = 12.2 Hz, J5′–6′′ = 3.1 Hz, H-6′′), 2.58 (s, 3H, CH3,
AcNH), 2.19 (s, 3H, CH3, Tol), 1.87 (s, 3H, CH3, Ac), 1.64, 1.41
(2 × s, 2 × 3H, 2 × CH3, i-Pr). 13C NMR (67.9 MHz, CDCl3):
171.4, 169.8, 165.6, 156.1 (3 × CO), 153.5, 151.9, 150.2, 144.4,


142.7 (C-8), 141.8, 129.2, 129.1, 129.0, 127.0 (br), 125.6, 121.7,
114.4 (C–Me2), 98.4 (C-2′), 85.1 (C-3′), 84.5 (C-5′), 82.0 (C-4′),
64.9 (C-1′), 64.2 (C-6′), 26.0 (CH3, i-Pr), 25.2 (CH3, AcNH),
24.5 (CH3, i-Pr), 21.5 (CH3, Tol), 20.5 (CH3, Ac).


1-[3′,4′-O-Isopropylidene-6′-O-(4-toluoyl)-b-D-psicofuranosyl]-
uracil (15). (Method A) Nucleoside 14a (1.5 g, 3.16 mmol)
in 16% methanolic ammonia (50 ml) was stirred at ambient
temperature for 6 h (after that time TLC indicated nearly
complete conversion of the starting material). The mixture
was evaporated with silica and chromatographed on silica
(CH2Cl2 with gradient of MeOH: 0–5%) providing the partially
deprotected nucleoside 15 (656 mg, 48%) and diol 16 (437 mg,
44%). Compound 15 is a colorless amorphous solid. Rf = 0.5
(CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M–H]− 431.1
(Calcd. 431.1 for C21H23N2O8). 1H NMR (600 MHz, CDCl3):
7.90 (br s, 1H, NH), 7.72 (d, 2H, J = 8.0 Hz, Tol), 7.63 (d, 1H,
J5–6 = 8.3 Hz, H-6), 7.22 (d, 2H, Tol), 5.48 (d, 1H, H-5), 5.44 (d,
1H, J3′–4′ = 6.2 Hz, H-3′), 4.90 (dd, 1H, J4′–5′ = 1.2 Hz, H-4′),
4.82 (ddd, 1H, J5′-6′ = 2.7 Hz, J5′–6′′ = 3.4 Hz, H-5′), 4.59 (dd,
1H, Jgem = 12.6 Hz, H-6′), 4.38 (dd, 1H, H-6′′), 4.16 (m, d after
1′-OH decoupling, 1H, Jgem = 12.4 Hz, H-1′), 3.89 (m, d after
1′-OH decoupling, 1H, H-1′′), 2.41 (s, 3H, CH3, Tol), 2.01 (br s,
1H, OH), 1.61, 1.41 (2 × s, 2 × 3H, 2 × CH3, i-Pr). 13C NMR
(67.9 MHz, CDCl3): 165.9 (C=O), 164.4 (C-4), 150.4 (C-2),
144.8 (Tol), 141.8 (C-6), 129.5, 129.3, 126.1 (3 × Tol), 113.6
(C–Me2), 101.6 (C-2′), 100.7 (C-5), 86.0 (C-3′), 83.6 (C-5′), 81.9
(C-4′), 64.5 (C-6′), 64.2 (C-1′), 25.8, 24.5 (2 × CH3, i-Pr), 21.8
(CH3, Tol).


1-[3′,4′-O-Isopropylidene-1′-O-methanesulfonyl-6′-O-(4-toluoyl)-
b-D-psicofuranosyl]uracil (17). Compound 15 (2.16 g, 5 mmol)
was twice co-evaporated with dry pyridine and dissolved in dry
pyridine (30 ml). Methanesulfonyl chloride (0.584 ml, 7.5 mmol)
was added dropwise at 0 ◦C and the mixture was stirred at 0 ◦C
for 2 h. Then saturated aqueous NaHCO3 (20 ml) was added
and the mixture was extracted with CH2Cl2 (40 ml, 2 × 20 ml).
The organic extracts were dried over MgSO4, evaporated and
co-evaporated three times with toluene. Crystallization from
MeOH–diethyl ether provided 16 as a white crystalline solid
(2.31 g, 90%). Purification of the mother liquors by passing
through a short column of silica (CH2Cl2 with gradient of
MeOH: 0–1%) provided additional 130 mg (5%) of product 17.
Total yield is 2.44 g (95%). Mp 156–158 ◦C (dec.). Rf = 0.61
(CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M–H]− 509.1
(Calcd. 509.1 for C22H25N2O10S). 1H NMR (600 MHz, CDCl3):
8.82 (br s, 1H, NH), 7.70 (d, 2H, J = 8.0 Hz, Tol), 7.62 (d,
1H, J5–6 = 8.3 Hz, H-6), 7.22 (d, 2H, Tol), 5.51 (d, 1H, H-5),
5.39 (d, 1H, J3′–4′ = 5.9 Hz, H-3′), 4.98 (d, 1H, Jgem = 11.5 Hz,
H-1′), 4.91 (dd, 1H, J4′–5′ = 1.2 Hz, H-4′), 4.90 (ddd, 1H, J5′–6′ =
2.6 Hz, J5′–6′′ = 3.9 Hz, H-5′), 4.58 (dd, 1H, Jgem = 12.7 Hz,
H-6′), 4.42–4.38 (m, 2H, H-1′′ and H-6′′), 2.97 (s, 3H, CH3, Ms),
2.39 (s, 3H, CH3, Tol), 1.62, 1.40 (2 × s, 2 × 3H, 2 × CH3, i-Pr).
13C NMR (67.9 MHz, CDCl3): 165.8 (C=O), 162.8 (C-4), 150.3
(C-2), 145.0 (Tol), 140.1 (C-6), 129.5, 129.2, 126.0 (3 × Tol),
114.0 (C–Me2), 101.7 (C-5), 98.8 (C-2′), 86.8 (C-3′), 84.3 (C-5′),
81.7 (C-4′), 69.6 (C-1′), 64.3 (C-6′), 37.7 (CH3, Ms), 25.9, 24.3
(2 × CH3, i-Pr), 21.7 (CH3, Tol).


1-[1′-O-Methanesulfonyl-6′-O-(4-toluoyl)-b-D-psicofuranosyl]-
uracil (18). The mesylate 17 (2.60 g, 5.09 mmol) was treated
with 90% (v/v) aqueous trifluoroacetic acid (15 ml) for 40 min
at RT. The volatiles were removed in vacuo and the residue
was dissolved in CH2Cl2 (70 ml) and washed with saturated
aqueous NaHCO3 (20 ml). The aqueous phase was re-extracted
with CH2Cl2 (2 × 15 ml). Combined organic phases were
dried over MgSO4 and evaporated. This material was dried
by co-evaporation with dry toluene (3 times) and used in the
next step without further purification. Colorless foam. Rf = 0.4
(CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M + H]+ 471.1
(Calcd. 471.1 for C19H23N2O10S). 1H NMR (600 MHz, CDCl3):
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10.2 (br s, 1H, NH), 7.79–7.75 (m, 3H, Tol and H-6), 7.19 (d,
2H, J = 8.1 Hz, Tol), 5.61 (d, 1H, J5–6 = 8.3 Hz, H-5), 5.50–5.00
(br m, 1H, OH), 4.88 (d, 1H, Jgem = 11.7 Hz, H-1′), 4.84 (d,
1H, J3′–4′ = 4.4 Hz, H-3′), 4.65–4.55 (m, 3H, H-6′, H-1′′ and
H4′), 4.32–4.35 (m, 2H, H-6′′ and H-5′), 4.10–3.10 (br m, 1H,
OH), 2.96 (s, 3H, CH3, Ms), 2.35 (s, 3H, CH3, Tol). 13C NMR
(67.9 MHz, CDCl3 + CD3OD): 166.3 (C=O), 164.0 (C-4), 151.6
(C-2), 144.9 (Tol), 140.9 (C-6), 129.5 (2C, 2 × Tol), 126.3 (Tol),
102.0 (C-5), 97.3 (C-2′), 83.9 (C-4′), 77.0 (C-3′), 71.8 (C-5′), 69.5
(C-1′), 63.2 (C-6′), 37.6 (CH3, Ms), 21.7 (CH3, Tol).


1-[1′,3′-O-Anhydro-6′-O-(4-toluoyl)-b-D-psicofuranosyl]uracil
(19). Sodium bis(trimethylsilyl)amide (10.2 ml, 10.2 mmol,
1 M THF sol.) was added dropwise to a stirred solution of dry
diol 18 [prepared from compound 17 (2.60 g, 5.09 mmol)] in
dry THF (50 ml) at −15 ◦C. The mixture was stirred for 2 h
at 0 ◦C and then CH2Cl2 (100 ml) and a solution of AcOH
(1 ml) in water (50 ml) were added. The organic phase was
separated and the aqueous phase was re-extracted with CH2Cl2


(2 × 25 ml). Collected organic phases were dried over MgSO4,
evaporated and purified by chromatography on a short column
of silica (CH2Cl2 with gradient of MeOH: 0–2%) affording
oxetane 19 as a white solid (1.44 g, 76% in 2 steps from 17). Mp
184–185 ◦C. Rf = 0.4 (CH2Cl2–MeOH, 10 : 1). MALDI-TOF
m/z [M–H]− 373.1 (Calcd. 373.1 for C18H17N2O7). 1H NMR
(600 MHz, d6-DMSO): 7.91 (d, 2H, J = 7.9 Hz, Tol), 7.56 (d,
1H, J5–6 = 7.9 Hz, H-6), 7.37 (d, 2H, Tol), 5.66 (d, 1H, H-5),
5.53 (d, 1H, J4′–OH = 6.6 Hz, 4′-OH), 5.37 (d, 1H, J3′–4′ = 3.7 Hz,
H-3′), 5.08 (d, 1H, Jgem = 8.2 Hz, H-1′), 4.70–4.64 (m, 2H,
H-1′′ and H-6′), 4.47–4.43 (m, 1H, H-5′), 4.39 (dd, 1H, Jgem =
12.3 Hz, J5′–6′′ = 5.0 Hz, H-6′′), 4.44–4.34 (m, 1H, H-4′), 2.42 (s,
3H, CH3, Tol). 13C NMR (67.9 MHz, d6-DMSO): 166.5 (C=O),
164.2 (C-4), 150.2 (C-2), 144.7 (Tol), 142.5 (C-6), 130.3, 130.2,
127.6 (3 × Tol), 103.1 (C-5), 92.2 (C-2′), 87.6 (C-3′), 81.1 (C-5′),
78.7 (C-1′), 70.8 (C-4′), 64.1 (C-6′), 22.1 (CH3, Tol).


1-[1′,3′-O-Anhydro-b-D-psicofuranosyl]uracil (20). The mix-
ture of 6′-O-toluoyl oxetane 19 (1.37 g, 3.66 mmol) was stirred
with 25% methanolic ammonia (60 ml) at RT for 48 h. The
volatiles were removed under reduced pressure and the rest was
evaporated with silica and final chromatography on a column of
silica (CH2Cl2 with gradient of MeOH: 0–8%) afforded oxetane
20 (769 mg, 82%) as an amorphous glassy solid. Rf = 0.1
(CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M–H]− 255.1
(Calcd. for 255.1 C10H11N2O6). 1H NMR (600 MHz, d6-DMSO):
7.46 (d, 1H, J5–6 = 7.9 Hz, H-6), 5.64 (d, 1H, H-5), 5.28 (d, 1H,
J3′–4′ = 3.9 Hz, H-3′), 5.03 (d, 1H, Jgem = 8.1 Hz, H-1′), 4.60
(d, 1H, H-1′′), 4.12–4.08 (m, 1H, H-5′), 4.06 (dd, 1H, J4′–5′ =
8.6 Hz, H-4′), 3.77 (dd, 1H, Jgem = 12.2 Hz, J5′–6′ = 1.5 Hz, H-
6′), 3.52 (dd, 1H, J5′–6′′ = 5.6 Hz, H-6′′). 13C NMR (67.9 MHz,
d6-DMSO): 164.9 (C-4), 150.7 (C-2), 142.4 (C-6), 103.0 (C-5),
91.9 (C-2′), 87.9 (C-3′), 84.3 (C-5′), 78.9 (C-1′), 70.7 (C-4′), 61.6
(C-6′).


1-[1′,3′-O-Anhydro-6′-O-(4,4′-dimethoxytrityl)-b-D-psicofur-
anosyl]uracil (21). The oxetane 20 (700 mg, 2.73 mmol) was
co-evaporated with dry pyridine (3 times) and dissolved in dry
pyridine (10 ml) and DMTr-Cl (972 mg, 2.87) was added. The
mixture was stirred at RT for 24 h. Saturated aqueous NaHCO3


(40 ml) was added and the product was extracted with CH2Cl2


(40 ml, then 3 × 10 ml). Combined organic extracts were dried
under MgSO4, evaporated and co-evaporated with toluene
(3 times). Column chromatography on silica (0.5% triethylamine
in CH2Cl2 with gradient of MeOH: 0–0.75%) provided product
21 (1.39 g, 91%) as a white solid. Rf = 0.46 (CH2Cl2–MeOH,
10 : 1). MALDI-TOF m/z [M–H]− 557.2 (Calcd. 557.2 for
C31H29N2O8). 1H NMR (600 MHz, CDCl3): 7.45–7.14 (m, 10H,
DMTr and NH), 6.90 (d, 1H, J5–6 = 7.8 Hz, H-6), 6.81–6.76
(m, 4H, DMTr), 5.90 (br s, 1H, 4′-OH), 5.72 (d, 1H, H-5), 5.40
(d, 1H, J3′–4′ = 4.0 Hz, H-3′), 5.10 (d, 1H, Jgem = 7.9 Hz, H-1′),
4.73 (d, 1H, H-1′′), 4.37 (dd, 1H, J4′–5′ = 8.0 Hz, H-4′), 4.31


(ddd, 1H, J5′–6′ = 2.7 Hz, J5′–6′′ = 5.5 Hz H-5′), 3.74 (s, 6H,
OCH3, DMTr), 3.49 (dd, 1H, Jgem = 10.6 Hz, H-6′), 3.40 (dd,
1H, H-6′′). 13C NMR (67.9 MHz, CDCl3): 163.7 (C-4), 158.5
(DMTr), 149.3 (C-2), 144.8 (DMTr), 139.8 (C-6), 135.9, 130.2,
128.3, 127.8, 126.8, 113.1 (6 × DMTr), 103.3 (C-5), 91.2 (C-2′),
87.7 (C-3′), 86.3 (Ar3–C, DMTr), 83.6 (C-5′), 78.5 (C-1′), 71.4
(C-4′), 63.2 (C-6′), 55.2 (OCH3, DMTr).


1-[3′,4′-O-Isopropylidene-b-D-psicofuranosyl]uracil (16). To
the suspension of compound 14a (5.43 g, 11.44 mmol) in MeOH
(60 ml) was added 1 M methanolic MeONa (11.5 ml, 11.5 mmol).
The solution was stirred for 6 h at RT and then neutralized
by addition of Dowex 50 (pyridinium form). The resin was
filtered off, washed with MeOH and the filtrate was evaporated in
vacuo. Crude product was dissolved in acetone and precipitated
with hexane. The separated gel-like precipitate was collected by
filtration and washed carefully with hexane providing diol 16
(3.56 g, 99%) as a white amorphous powder after drying. The
compound is well soluble in MeOH or acetone but with other
common solvents (e.g. CH2Cl2, EtOAc, diethyl ether) forms gels.
Rf = 0.20 (CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M–H]−


313.1 (Calcd. 313.1 for C13H17N2O7). 1H NMR (600 MHz, d6-
DMSO): 11.15 (br s, 1H, NH), 7.78 (d, 1H, J5–6 = 8.2 Hz, H-6),
5.49 (d, 1H, H-5), 5.24 (d, 1H, J3′–4′ = 6.1 Hz, H-3′), 5.04 (t,
1H, J = 4.7 Hz, 6′-OH), 4.94 (t, 1H, J = 6.4 Hz, 1′-OH), 4.72
(dd, 1H, J4′–5′ = 1.1 Hz, H-4′), 4.35 (m, 1H, H-5′), 4.04 (dd, 1H,
Jgem = 12.0 Hz, H-1′), 3.51 (dd, 1H, H-1′′), 3.46–3.42 (m, 2H,
H-6′ and H-6′′), 1.47, 1.30 (2 × s, 2 × 3H, 2 × CH3, i-Pr). 13C
NMR (67.9 MHz, d6-DMSO): 164.9 (C-4), 151.5 (C-2), 143.6
(C-6), 112.3 (C–Me2), 101.6 (C-2′), 99.8 (C-5), 86.7 (C-5′), 86.1
(C-3′), 82.2 (C-4′), 63.1 (C-1′), 61.9 (C-6′), 26.6, 25.2 (2 × CH3,
i-Pr).


1-[3′,4′ -O -Isopropylidene-1′,6′ -di-O -methanesulfonyl-b-D-
psicofuranosyl]uracil (22). Diol 16 (4.95 g, 15.75 mmol) was
twice co-evaporated with dry pyridine, dissolved in dry pyridine
(50 ml) and methanesulfonyl chloride (3.7 ml, 47.50 mmol)
was added dropwise at 0 ◦C and the mixture was stirred for
2 h at 0 ◦C. Then saturated aqueous NaHCO3 (100 ml) was
added and the mixture was extracted with CH2Cl2 (100 ml,
2 × 25 ml). The combined organic extracts were dried over
MgSO4, evaporated and co-evaporated 3 times with toluene.
The product was purified by passing through a short column of
silica (CH2Cl2 with gradient of MeOH: 0–2%). Product 22 was
obtained as an amorphous yellowish solid (6.9 g, 93%). Rf =
0.54 (CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M–H]− 469.0
(Calcd. 469.1 for C15H21N2O11S2). 1H NMR (600 MHz, CDCl3):
8.18 (br s, 1H, NH), 7.70 (d, 1H, J5–6 = 8.4 Hz, H-6), 5.75 (d,
1H, H-5), 5.26 (d, 1H, J3′–4′ = 6.4 Hz, H-3′), 4.97 (d, 1H, Jgem =
11.6 Hz, H-1′), 4.82 (dd, 1H, J4′–5′ = 1.7 Hz, H-4′), 4.80–4.73
(m, 1H, H-5′), 4.50–4.30 (m, 3H, H-1′′, H-6′ and H-6′′), 3.01,
3.00 (2 × s, 2 × 3H, 2 × CH3, Ms), 1.60, 1.38 (2 × s, 2 × 3H, 2 ×
CH3, i-Pr). 13C NMR (67.9 MHz, CDCl3): 163.9 (C-4), 150.5
(C-2), 140.9 (C-6), 114.3 (C–Me2), 101.5 (C-5), 98.5 (C-2′), 86.3
(C-3′), 83.8 (C-5′), 81.0 (C-4′), 69.3 (C-1′), 67.7 (C-6′), 37.7, 37.6
(2 × CH3, Ms), 25.9, 24.3 (2 × CH3, i-Pr).


1-[2,1′-Anhydro-3′,4′-O-isopropylidene-6′-O-methanesulfonyl-
b-D-psicofuranosyl]uracil (25). To a solution of dimesylate
22 (3.76 g, 8 mmol) in dry CH3CN (15 ml) was added DBU
(1.31 ml, 8.8 mmol) and the mixture was left to stand at
RT for 2 h, during that time the majority of the product
separated off on the walls of the flask in the form of big
plate-like colorless crystals. The mixture was stored overnight
in refrigerator at −15 ◦C and then the separated crystals were
filtered off and washed with CH2Cl2 (3 × 5 ml) affording
pure 2,1′-anhydronucleoside 25 (2.49 g, 83%). Mp 194–195 ◦C
(dec.). Rf = 0.42 (CH2Cl2–MeOH, 10 : 1). MALDI-TOF
m/z [M–H]− 373.1 (Calcd. 373.1 for C14H17N2O8S). 1H NMR
(600 MHz, d6-DMSO): 7.88 (d, 1H, J5–6 = 7.6 Hz, H-6), 5.99
(d, 1H, H-5), 5.31 (d, 1H, J3′–4′ = 6.3 Hz, H-3′), 5.08 (dd,
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1H, J4′–5′ = 3.9 Hz, H-4′), 4.91 (d, 1H, Jgem = 10.6 Hz, H-1′),
4.77 (d, 1H, H-1′′), 4.47–4.37 (m, 3H, H-6′, H-6′′ and H-5′), 3.27
(s, 3H, CH3, Ms), 1.55, 1.39 (2 × s, 2 × 3H, 2 × CH3, i-Pr). 13C
NMR (150.9 MHz, d6-DMSO): 171.5 (C-4), 160.7 (C-2), 135.7
(C-6), 115.2 (C–Me2), 110.3 (C-5), 99.6 (C-2′), 83.0 (C-5′), 82.6
(C-3′), 80.6 (C-4′), 73.7 (C-1′), 69.7 (C-6′), 37.7 (CH3, Ms), 27.1,
25.9 (2 × CH3, i-Pr).


1-[2,1′-Anhydro-3′,4′-O-isopropylidene-6′-O-(4-toluoyl)-b-D-
psicofuranosyl]uracil (26). A mixture of 2,1′-anhydro-6′-O-
mesylate 25 (0.25 g, 0.67 mmol) and sodium 4-toluate (211 mg,
1.34 mmol) in DMF (3.5 ml) was stirred at 90 ◦C for 6 h.
After cooling, DMF was removed in vacuo and to the residue
CH2Cl2 (10 ml) and saturated aqueous NaHCO3 (10 ml) were
added. The organic phase was separated and the aqueous
phase was re-extracted with CH2Cl2 (2 × 5 ml). The combined
organic extracts were dried over MgSO4and evaporated and
final chromatography on a short column of silica (CH2Cl2 with
gradient of MeOH: 0–2%) afforded nucleoside 26 (260 mg,
94%) as a colorless amorphous glassy solid. Rf = 0.49 (CH2Cl2–
MeOH, 10 : 1). MALDI-TOF m/z [M + H]+ 415.14 (Calcd.
415.15 for C21H23N2O7). 1H NMR (600 MHz, CDCl3): 7.90 (d,
2H, J = 8.3 Hz, Tol), 7.31 (d, 1H, J5–6 = 7.6 Hz, H-6), 7.28 (d,
2H, Tol), 5.83 (d, 1H, H-5), 5.12–5.07 (m, 2H, H-3′ and H-4′),
5.03 (d, 1H, Jgem = 10.6 Hz, H-1′), 4.63 (dd, 1H, Jgem = 12.1 Hz,
J5′–6′ = 3.6 Hz, H-6′), 4.54 (d, 1H, H-1′′), 4.49 (dd, 1H, J5′–6′′ =
4.4 Hz, H-6′′), 4.43 (ddd, 1H, H-5′), 2.43 (s, 3H, CH3, Tol),
1.59, 1.42 (2 × s, 2 × 3H, 2 × CH3, i-Pr). 13C NMR (67.9 MHz,
CDCl3): 171.6 (C-4), 166.1 (C=O), 160.0 (C-2), 144.7 (Tol),
132.8 (C-6), 129.7, 129.5, 126.5 (3 × Tol), 115.7 (C–Me2), 110.9
(C-5), 98.9 (C-2′), 83.2 (C-5′), 82.9 (C-3′), 80.4 (C-4′), 72.9
(C-1′), 63.3 (C-6′), 26.6, 25.1 (2 × CH3, i-Pr), 21.8 (CH3, Tol).


1-[3′,4′-O-Isopropylidene-6′-O-methanesulfonyl-b-D-psicofur-
anosyl]uracil (27). To a stirred mixture of 2,1′-anhydro-
nucleoside 25 (4.24 g, 11.32 mmol) in dioxane, (60 ml) 1 M aq.
NaOH (11.4 ml, 11.4 mmol) was added and the mixture was
stirred for 1 h at ambient temperature. The resulting solution
was neutralized by the addition of Dowex 50 (pyridinium form),
the resin was filtered off, washed by methanol and the filtrate
was evaporated in vacuo to dryness and co-evaporated twice
with toluene. The residual white foam crystallized after addition
of MeOH (ca. 15 ml) and the separated white crystalline solid
was collected by suction filtration, washed with methanol
(2 × 3 ml) and dried in a vacuum oven at 60 ◦C. Yield 4.09 g
(92%). Mp 150–151 ◦C (dec.). Rf = 0.35 (CH2Cl2–MeOH,
10:1). MALDI-TOF m/z [M–H]− 391.07 (Calcd. 391.08 for
C14H19N2O9S). 1H NMR (600 MHz, d6-DMSO): 7.67 (d, 1H,
J5–6 = 8.3 Hz, H-6), 5.53 (dd, 1H, J5-NH = 2.4 Hz, H-5), 5.33 (d,
1H, J3′–4′ = 6.1 Hz, H-3′), 5.03 (br s, 1H, OH or NH), 4.78 (d,
1H, J4′–5′ = 1.1 Hz, H-4′), 4.65 (ddd, 1H, J5′–6′ = 4.0 Hz, J5′–6′′ =
6.1 Hz, H-5′), 4.34 (dd, 1H, Jgem = 10.9 Hz, H-6′), 4.28 (dd, 1H,
H-6′′), 4.13 (br s, 1H, OH or NH), 4.02 (d, 1H, Jgem = 11.9 Hz,
H-1′), 3.53 (d, 1H, H-1′′), 3.24 (s, 3H, CH3, Ms), 1.49, 1.32 (2
× s, 2 × 3H, 2 × CH3, i-Pr). 13C NMR (67.9 MHz, d6-DMSO):
164.8 (C-4), 151.5 (C-2), 142.9 (C-6), 112.8 (C–Me2), 101.9
(C-2′), 100.5 (C-5), 85.9 (C-3′), 83.2 (C-5′), 81.8 (C-4′), 69.5
(C-6′), 63.1 (C-1′), 37.5 (CH3, Ms) 26.6, 25.3 (2 × CH3, i-Pr).


1-[3′,4′-O-Isopropylidene-6′-O-(4-toluoyl)-b-D-psicofuranosyl]-
uracil (15). (Method B) A mixture of 6′-O-mesylate 27 (4.09 g,
10.42 mmol) and sodium 4-toluate (3.29 g, 20.84 mmol) in
DMF (60 ml) was stirred at 90 ◦C for 15 h. After cooling to
RT the DMF was removed in vacuo and the residue dissolved
in CH2Cl2 (100 ml) and saturated aqueous NaHCO3 (100 ml).
The organic phase was separated and the aqueous phase
was re-extracted with CH2Cl2 (2 × 25 ml). The combined
organic extracts were dried over MgSO4, evaporated and final
chromatography on a short column of silica (CH2Cl2 with
gradient of MeOH: 0–2%) afforded nucleoside 15 (3.97 g, 88%).


The analytical data of this product are in agreement with those
reported for compound 15 prepared by method A (see above).


6-O-Benzyl-1,3,4-tri-O-(4-toluoyl)-D-psicofuranose (29).
The sugar 5b (7 g, 20 mmol) in 70% aqueous AcOH (100 ml)
was stirred at 70 ◦C for 5 h. After cooling, the reaction mixture
was evaporated in vacuo and the residue was co-evaporated
with water (5 times) to give compound 28 which after drying
(co-evaporation twice with dry pyridine) was dissolved in
CH2Cl2–pyridine (7 : 1, v/v, 100 ml), at 0 ◦C, under a nitrogen
atmosphere. 4-Toluoylchloride (8.2 ml, 62 mmol) was added
dropwise and the reaction was stirred for 4 h at this temperature,
and overnight at 4 ◦C. The reaction mixture was poured into
saturated NaHCO3 solution and extracted with CH2Cl2. The
organic phase was dried over MgSO4, filtered, evaporated and
co-evaporated with toluene. Column chromatography (c-hexane
with gradient of EtOAc: 0–30%) afforded 29 (9.4 g, 15 mmol,
75% after two steps). MALDI-TOF m/z [M + Na]+ 647.1
(Calcd. 647.2 for C37H36O9Na). 13C NMR (anomeric mixture,
150.9 MHz, CDCl3): 171.20, 166.44, 166.13, 165.53, 165.46,
164.97, 164.89, 148.75, 144.31, 144.24, 144.17, 144.11, 144.02,
143.69, 143.67, 137.69, 136.90, 136.84, 130.14, 129.84, 129.82,
129.78, 129.69, 129.66, 129.18, 129.13, 129.10, 129.05, 128.99,
128.94, 128.92, 128.57, 128.41, 128.04, 127.89, 127.61, 127.47,
126.76, 126.73, 126.41, 126.24, 126.09, 124.03, 104.28, 102.00,
81.84, 81.59, 76.55, 73.88, 73.50, 72.68, 72.45, 71.96, 69.85,
69.49, 65.57, 64.89, 21.68, 21.62, 21.57.


2-O-Acetyl-6-O-benzyl-1,3,4-tri-O-(4-toluoyl)-D-psicofuranose
(30). The sugar 29 (9.4 g, 15 mmol) was dried by co-
evaporation with pyridine and dissolved in dry pyridine (75 ml)
after which acetic anhydride (28 ml, 300 mmol) was added.
The reaction mixture was stirred at RT for 48 h and was
then poured into saturated NaHCO3 solution and extracted
with CH2Cl2. The organic phase was dried over MgSO4,
filtered, evaporated and co-evaporated with toluene. Column
chromatography (c-hexane with gradient of EtOAc: 0–30%)
afforded 30 (9 g, 13.5 mmol, 90%). MALDI-TOF m/z [M +
Na]+ 689.1 (Calcd. 689.2 for C39H38O10Na). 13C NMR (anomeric
mixture, 150.9 MHz, CDCl3): 171.40, 168.80, 168.70, 165.63,
165.61, 165.50, 165,40, 164.70, 164.60, 149.00, 144.40, 144.30,
144.10, 144.00, 143.80, 143.60, 137.80, 137.60, 136.90, 130.20,
129.80, 129.74, 129.72, 129.66, 129.64, 129.30, 129.24, 129.23,
129.20, 129.12, 129.11, 129.04, 129.03, 128.94, 128,93, 128.46,
128.43, 127.90, 127.70, 127.60, 127.50, 126.75, 126.72, 126.60,
126.30, 126.20, 108.60, 106.50, 83.80, 82.40, 74.90, 73.70, 73.50,
72.90, 71.40, 70.90, 68.95, 68.93, 63.40, 61.40, 21.80, 21.70,
21.60, 21.50.


N 2-Acetyl-9-[6′-O-benzyl-1′,3′,4′-tri-O-(4-toluoyl)-D-psicofur-
anosyl]-O6-diphenylcarbamoylguanine (31a). Sugar 30 (6.6 g,
10 mmol) was dried by co-evaporation with dry
CH3CN, dissolved in CH3CN (100 ml) and N2-acetyl-O6-
diphenylcarbamoylguanine (4.1 g, 12 mmol) and N,O-
bis(trimethylsilyl)acetamide (4.95 ml, 20 mmol) were added
and the reaction was heated at 90 ◦C for 1.5 h under a nitrogen
atmosphere. The reaction mixture was cooled and TMSOTf
(2 ml, 11 mmol) was added at RT and again heated at 80 ◦C
for 1.5 h under a nitrogen atmosphere. After cooling, the
reaction mixture was poured into saturated NaHCO3 solution
and extracted with CH2Cl2. The organic phase was dried over
MgSO4, filtered, and evaporated. Column chromatography
(c-hexane with gradient of EtOAc: 0–40%) afforded 31a (b : a,
7 : 3; 6.2 g, 6.2 mmol, 62%). A 1D differential NOE experiment
showed a 1.67% enhancement of the H-3′ signal, while H-8 was
irradiated. Rf = 0.45 (c-hexane–EtOAc, 6 : 4). MALDI-TOF
m/z [M + Na]+ 1017.3 (Calcd. 1017.3 for C57H50N6O11Na).
Anomeric mixture 3 : 7, NMR data is given only for b-anomer.
1H NMR (600 MHz, CDCl3): 8.35 (s, 1H, H-8), 7.93–7.02 (m,
27H, Tol, DPC and Bn), 6.68 (d, 1H, J3′–4′ = 5.4 Hz, H-3′), 5.86
(dd, 1H, J4′–5′ = 3.8 Hz, H-4′), 5.27 (d, 1H, Jgem = 12.0 Hz,
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H-1′), 5.00 (d, 1H, H-1′′), 4.77 (m, 1H, H-5′), 4.48 (d, 1H, Jgem =
11.6 Hz, CH2Ph), 4.40 (d, 1H, CH2Ph), 3.82 (dd, 1H, Jgem =
10.8 Hz, J6′–5′ = 2.1 Hz, H-6′), 3.70 (dd, 1H, J6′–5′ = 2.8 Hz,
H-6′′), 2.44–2.19 (4 × s, 4 × 3H, 3 × CH3, Tol and 1 × CH3,
Ac). 13C NMR (150.9 MHz, CDCl3): 165.3, 164.5, 165.3, 164.5,
156.0 (C-2), 153.5, 151.7, 144.9, 150.2, 144.9, 144.4, 144.1,
136.6, 142.7 (C-2), 129.8, 129.8, 129.2, 129.2, 129.1, 128.3,
127.8, 96.2 (C-2′), 83.9 (C-5′), 76.0 (C-3′), 73.7 (CH2Ph), 72.6
(C-4′), 68.8 (C-6′), 64.3 (C-1′), 24.9, 21.7, 21.6 (3 × CH3, Tol
and 1 × CH3, Ac).


N 6-Benzoyl-9-[6′-O-benzyl-1′,3′,4′-tri-O-(4-toluoyl)-D-psicofur-
anosyl]adenine (31b). Sugar 30 (13.2 g, 20 mmol) was dried by
co-evaporation with dry CH3CN and N6-benzoyladenine (5.7 g,
24 mmol), N,O-bis(trimethylsilyl)acetamide (10 ml, 40 mmol)
and CH3CN (200 ml) were added and the reaction mixture
was heated at 90 ◦C for 1.5 h under a nitrogen atmosphere.
The reaction mixture was cooled to RT and TMSOTf (2 ml,
11 mmol) was added at RT, and again heated at 80 ◦C for
1.5 h under a nitrogen atmosphere. After cooling, the reaction
mixture was poured into saturated NaHCO3 solution and
extracted with CH2Cl2. The organic phase was dried over
MgSO4, filtered, and evaporated. Column chromatography
(c-hexane with gradient of EtOAc: 0–40%) afforded 31b (b : a,
7 : 3; 10.1 g, 12 mmol, 60%). A 1D differential NOE experiment
showed a 1.6% enhancement of the H-3′ signal, while H-8 was
irradiated. Rf = 0.25 (c-hexane–EtOAc, 6 : 4). MALDI-TOF
[M + H]+ m/z 846.3 (Calcd. 846.3 for C49H44N5O9). Anomeric
mixture 3 : 7, NMR data is given only for the b-anomer. 1H
NMR (600 MHz, CDCl3): 8.59 (s, 1H, H-2), 8.44 (s, 1H, H-8),
7.96–7.11 (m, 22H, Tol, Bn and Bz), 6.82 (d, 1H, J3′–4′ = 5.4 Hz,
H-3′), 5.91 (dd, 1H, J4′–5′ = 3.6, H-4′), 4.80 (m, 1H, H-5′), 5.33
(d, 1H, Jgem = 12.0 Hz, H-1′), 5.16 (d, 1H, H-1′′), 4.54 (d, 1H,
Jgem = 12.0 Hz, CH2Ph), 4.43 (d, 1H, CH2Ph), 3.86 (dd, 1H,
Jgem = 11.0 Hz, J5′–6′ = 2.5 Hz, H-6′), 3.75 (dd, 1H, H-6′′),
2.43, 2.39, 2.34 (3 × s, 3 × CH3, Tol). 13C NMR (150.9 MHz,
CDCl3): 165.7, 165.4, 164.6, 164.3, 152.5 (C-2), 150.7, 149.1
(C-4), 144.4, 144.1, 141.9 (C-8), 136.8, 133.9, 132.7, 132.6,
129.9, 129.8, 129.7, 129.3, 129.2, 129.1, 128.9, 128.6, 128.3,
127.9, 127.8, 127.6, 96.3 (C-2′), 84.0 (C-5′), 76.2 (C-3′), 73.7,
72.7 (C-4′), 68.9 (CH2Ph), 64.6 (C-1′), 21.75, 21.74, 21.62 (3 ×
CH3, Tol).


N 4-Benzoyl-9-[6′-O-benzyl-1′,3′,4′-tri-O-(4-toluoyl)-D-psicofur-
anosyl]cytosine (31c). Sugar 30 (1.9 g, 2.9 mmol) was dried
by co-evaporation with dry CH3CN, dissolved in CH3CN
(28 ml), after which N4-benzoylcytosine (0.75 g, 3.5 mmol) and
N,O-bis(trimethylsilyl)acetamide (0.6 ml, 2.4 mmol) were added
and the mixture was stirred at 90 ◦C for 1.5 h under a nitrogen
atmosphere. After cooling, TMSOTf (0.28 ml, 1.4 mmol) was
added at RT and the mixture was stirred at 40 ◦C for 2.5 h under
a nitrogen atmosphere. After cooling, the reaction mixture was
poured into saturated NaHCO3 solution and extracted with
CH2Cl2. The organic phase was dried over MgSO4, filtered and
evaporated. Column chromatography (c-hexane with gradient
of EtOAc: 0–40%) afforded 31c (b : a, 9 : 1; 1.5 g, 1.82 mmol,
64%). A 1D differential NOE experiment showed a 1.9%
enhancement of the H-6 signal, while H-3′ was irradiated. Rf =
0.55 (CH2Cl2–MeOH, 95 : 5). MALDI-TOF m/z [M + H]+


822.4 (Calcd. 822.3 for C48H44N3O10). 1H NMR (600 MHz,
CDCl3): 8.59–6.79 (m, 24H, C-5, C-6, Bn, Bz and 3 × Tol),
6.53 (d, 1H, J3′–4′ = 5.6 Hz, H-3′), 5.88 (dd, 1H J4′–5′ = 4.6 Hz,
H-4′), 5.34 (d, 1H, Jgem = 11.7 Hz, H-1′), 5.23 (d, 1H, H-1′′),
4.78 (m, 1H, H-5′), 4.55 (ABq, 2H, Jgem = 11.4 Hz, CH2Ph),
3.82 (m, 2H, H-6′ and H-6′′), 2.47, 2.44, 2.43 (3 × s, 3 × 3H,
3 × CH3, Tol). 13C NMR (150.9 MHz, CDCl3): 165.7, 165.4,
164.6 (3 × C=O, Tol), 144.4, 144.1, 141.9, 136.8, 132.7, 129.9,
129.8, 129.7, 129.3, 129.1, 128.3, 127.6, 96.3 (C-2′), 84.0 (C-5′),
76.6 (C-3′), 73.7 (CH2Ph), 72.7 (C-4′), 68.9 (C-6′), 64.6 (C-1′),
21.7 (CH3, Tol).


9-[6′ -O-Benzyl-1′,3′,4′ -tri-O-(4-toluoyl)-D-psicofuranosyl]-
uracil (31d). Sugar 30 (1.9 g, 2.9 mmol) was dried by
co-evaporation with dry CH3CN, dissolved in 28 ml of this
same solvent and uracil (0.38 g, 3.5 mmol) was added. N,O-
Bis(trimethylsilyl)acetamide (0.6 ml, 2.4 mmol) was added and
the mixture was stirred at 90 ◦C for 1.5 h under a nitrogen
atmosphere. After cooling, TMSOTf (0.28 ml, 1.4 mmol) was
added at RT and the reaction mixture was again heated at
40 ◦C for 2.5 h under a nitrogen atmosphere. After cooling, the
reaction mixture was poured into saturated NaHCO3 solution
and extracted with CH2Cl2. The organic phase was dried over
MgSO4, filtered and evaporated. Column chromatography
(c-hexane with gradient of EtOAc: 0–40%) afforded 31d (b :
a, 95 : 5; 1.62 g, 2.25 mmol, 78%). A 1D differential NOE
experiment showed a 1.5% enhancement of the H-6 signal,
while H-3′ was irradiated. Rf = 0.57 (c-hexane–EtOAc 65 :
35). MALDI-TOF m/z [M + Na]+ 741.2. (Calcd. 741.2 for
C41H38N2O10Na). 1H NMR (600 MHz, CDCl3): 8.67 (br s, 1H,
NH), 7.91 (d, 1H, J5–6 = 8.16 Hz, H-6), 7.87–7.76 (m, 6H, Tol),
7.37–7.25 (m, 5H, Bn), 7.19–7.12 (m, 6H, Tol), 6.42 (d, 1H,
J3′–4′ = 5.4 Hz, H-3′), 5.83 (dd, 1H, J4′–5′ = 2.9 Hz, H-4′), 5.49
(d, H-5), 5.14 (d, 1H, Jgem = 11.8 Hz, H-1′), 4.99 (d, 1H, H-1′′),
4.71 (m, 1H, H-5′), 4.55 (d, 1H, Jgem = 11.3 Hz, CH2Ph), 4.40
(d, 1H, CH2Ph), 3.80–3.70 (m, 2H, H-6′ and H-6′′), 2.37 (s, 6H,
2 × CH3, Tol), 2.36 (s, 3H, CH3, Tol). 13C NMR (150.9 MHz,
CDCl3): 165.8, 165.5, 164.4 (3 × C=O), 163.6 (C-4), 149.8
(C-2), 144.4, 144.2, 141.2 (C-6), 136.8, 129.8, 129.3, 128.7,
127.9, 100.4 (C-5), 97.6 (C-2′), 84.4 (C-5′), 76.7 (C-3′), 74.0
(CH2Ph), 73.7 (C-4′), 69.1 (C-6′), 64.5 (C-1′), 21.8 (CH3, Tol).


9-[6′-O-Benzyl-1′-O-(4-toluenosulfonyl)-b-D-psicofuranosyl]-
guanine (33). Compound 31a (12.4 g, 12.5 mmol) was
dissolved in methanolic ammonia and kept at RT for 2 days
to give compound 32a (13C NMR in ESI†). The solvent was
evaporated and the residue dried by co-evaporation with dry
pyridine, after which it was dissolved in this same solvent
and 2,6-lutidine was added (5.8 ml, 50 mmol). The mixture
was cooled to 0 ◦C (ice-bath), and 4-toluensulfonyl chloride
was added (5.2 g, 27.4 mmol in two portions). The reaction
was stirred at 0 ◦C for 5 h, poured into saturated NaHCO3


solution and extracted with CH2Cl2 (three times). The organic
phase was dried over MgSO4, filtered, and evaporated. Column
chromatography (CH2Cl2 with gradient of MeOH: 0–7%)
afforded 33 (only b-anomer; 3.1 g, 5.5 mmol, 44%). Rf = 0.61
(CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M + H]+ 558.1
(Calcd. 558.1 for C25H28N5O8S). 1H NMR (600 MHz, CH3OD),
7.69 (s, 1H, H-8), 7.47 (d, 2H, J = 8.4 Hz, Tol), 7.25–7.21 (m,
3H, Bn), 7.19 (d, 2H, J = 8.4 Hz, Tol), 7.05–7.04 (m, 2H, Bn),
4.69 (d, 1H, J3′–4′ = 5.1 Hz, H-3′), 4.63 (d, 1H, Jgem = 11.2 Hz,
CH2Ph), 4.48 (d, 1H, CH2Ph), 4.38 (d, 1H, Jgem = 11.7 Hz,
H-1′), 4.36 (d, 1H, H-1′′), 4.27 (dd, 1H, J4′–5′ = 2.6 Hz, H-4′),
3.59 (dd, 1H, Jgem = 10.7 Hz, J5′–6′ = 3.1 Hz, H-6′), 3.54 (dd,
1H, J5′–6′′ = 3.1 Hz, H-6′′), 2.39 (s, 3H, CH3, Ts). 13C NMR
(150.9 MHz, CH3OD): 157.5 (C-6), 152.7 (C-2), 148.9 (C-4),
144.7, 137.0, 135.9 (C-8), 131.2, 129.2, 127.9, 127.6, 127.5,
127.4, 95.0 (C-2′), 85.5 (C-5′), 77.1 (C-3′), 73.1 (CH2Ph), 71.6
(C-4′), 69.8 (C-1′), 69.4 (C-6′), 20.9 (CH3, Ts).


9-[6′-O-Benzyl-1′,3′-O-anhydro-b-D-psicofuranosyl]-N 2-(N,N-
dimethylaminomethylene) guanine (35). Compound 33 (2.7 g,
4.9 mmol) was dried by co-evaporation with dry THF,
and dissolved in this same solvent (50 ml). Sodium
bis(trimethylsilylamide) (14.7 ml, 14.7 mmol; 1 M solution
in THF) was added and stirring was continued for 8 h. The
solution was neutralized with 10% (v/v) AcOH in MeOH
and evaporated. Crude product 34 (NMR data in ESI†) was
dissolved in dry MeOH (50 ml), N,N-dimethylformamide
dimethylacetal (4 ml, 30 mmol) was added and stirring was
continued overnight. The solution was evaporated and co-
evaporated with toluene. Column chromatography (CH2Cl2


with gradient of MeOH: 0–5%) afforded 35 (1.6 g, 3.7 mmol,
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75% after two steps). Rf = 0.60 (CH2Cl2–MeOH, 10 : 1).
MALDI-TOF m/z [M + Na]+ 463.2 (Calcd. 463.2 for
C21H24N6O5Na). 1H NMR (600 MHz, CDCl3): 8.47 (s, 1H,
CHNMe2), 7.67 (s, 1H, H-8), 7.25–7.23 (m, 5H, Bn), 5.73 (d,
1H, J3′–4′ = 3.6 Hz, H-3′), 5.44 (d, 1H, Jgem = 7.8 Hz, H-1′), 4.97
(d, 1H, H-1′′), 4.67–4.48 (m, 4H, H-4′, H-5′ and CH2Ph), 3.93
(br d, 1H, Jgem = 10.6 Hz, H-6′), 3.82 (dd, 1H, J5′–6′′ = 5.1 Hz,
H-6′′), 3.02, 2.98 (2 × s, 2 × 3H, 2 × CH3, Dmf). 13C NMR
(150.9 MHz, CDCl3): 158.4 (CHNMe2), 158.2 (C-2), 157.0
(C-6), 150.1 (C-4), 137.8 (Bn), 135.6 (C-8), 128.1, 127.4 (2 ×
Bn), 119.9 (C-5), 88.9 (C-3′), 88.4, 82.9 (C-5′), 79.4 (C-1′), 73.5
(CH2Ph), 70.9 (C-4′), 69.3 (C-6′), 41.6, 35.0 (2 × CH3, Dmf).


9-[1′,3′-O-Anhydro-6′-O-(4,4′-dimethoxytrityl)-b-D-psicofur-
anosyl]-N 2-(N,N-dimethylaminomethylene)guanine (37). A
mixture of compound 35 (1.6 g, 3.7 mmol), Pd(OH)2/C (0.88 g,
20% wt%) and ammonium formate (3.8 g, 60 mmol) in MeOH
(100 ml) was refluxed for 5 h, cooled to RT and filtered through
a 1 cm thick Celite pad which was washed with hot methanol–
water (1 : 1, v/v). The filtrate was evaporated, co-evaporated
with dry pyridine, and crude 36 (NMR data in ESI†) was
dissolved in dry pyridine (40 ml). 4,4′-Dimethoxytrityl chloride
(2 g, 6 mmol) was added and stirring was continued for 2 h,
after which the mixture was poured into saturated NaHCO3


solution and extracted with CH2Cl2 (three times). The organic
phase was dried over MgSO4, filtered, and evaporated. Column
chromatography (CH2Cl2 with gradient of MeOH: 0–5%)
afforded nucleoside 37 (2 g, 3.2 mmol, 85% after two steps).
Rf = 0.70 (CH2Cl2–MeOH, 10 : 1). MALDI-TOF m/z [M + H]+


653.17 (Calcd. 653.27 for C35H37N6O7). 1H NMR (600 MHz,
CDCl3): 8.41 (s, 1H, CHNMe2), 7.63 (s, 1H, H-8), 7.40–7.17
(m, 9H, DMTr), 6.78–6.75 (m, 4H, DMTr), 5.71 (d, 1H, J3′–4′ =
3.6 Hz, H-3′), 5.55 (d, 1H, Jgem = 7.8 Hz, H1′), 4.94 (d, 1H, H1′′),
4.42–4.38 (m, 2H, H-4′ and H-5′), 4.07 (dd, 1H, Jgem = 12.7 Hz,
J5′–6′ = 1.8 Hz, H-6′), 3.87 (dd, 1H, J5′–6′′ = 3.1 Hz, H-6′′), 3.77
(s, 6H, OCH3, DMTr), 3.05, 3.02 (2 × CH3, Dmf). 13C-NMR
(150.9 MHz, CDCl3): 158.5 (DMTr), 158.0 (CHNMe2), 157.5,
156.8 (C-6), 149.9 (C-4), 144.5, 135.7, 135.6 (DMTr), 135.2
(C-8), 130.0, 128.1, 127.9, 126.9 (DMTr), 120.9 (C-5), 113.1
(DMTr), 88.7 (C-3′), 86.4 (C-2′), 83.2 (C-5′), 80.1 (C-1′), 71.7
(C-4′), 62.5 (C-6′), 55.2 (OCH3, DMTr), 41.5, 35.2 (2 × CH3,
Dmf).


9-[6′-O-Benzyl-1′-O-(4-toluenesulfonyl)-b-D-psicofuranosyl]-
adenine (38). Compound 31b (10.14 g, 12 mmol) was dissolved
in 25% methanolic ammonia (100 ml) and kept at RT for 2 days.
The solution was evaporated and dried by co-evaporation with
dry pyridine (twice). Crude compound 32b (NMR data in ESI†)
was dissolved in pyridine (120 ml) and 2,6-lutidine (2.8 ml,
24 mmol) was added. The mixture was cooled to 0 ◦C and
4-toluensulfonyl chloride (4.6 g, 24 mmol) was added in two
portions. The reaction was stirred at 0 ◦C for 5 h, poured into
saturated NaHCO3 solution and extracted with CH2Cl2 (three
times). The organic phase was dried over MgSO4, filtered, and
evaporated. Column chromatography (CH2Cl2 with gradient of
MeOH: 0–7%) afforded 38 (only b-anomer; 2.9 g, 5.4 mmol,
45%). A 1D differential NOE experiment showed a 4.1%
enhancement of the H-3′ signal, while H-8 was irradiated. Rf =
0.30 (CH2Cl2–MeOH, 95 : 5). MALDI-TOF m/z [M + H]+


542.12 (Calcd. 542.17 for C25H28N5O7S). 1H NMR (600 MHz,
CD3OD): 8.01 (s, 1H, H-2), 8.01 (s, 1H, H-8), 7.39 (d, 2H, J =
8.4 Hz, Ts), 7.30–7.17 (m, 3H, Bn), 7.08 (d, 2H, Ts), 6.96–6.95
(m, 2H, Bn), 4.77 (d, 1H, J3′–4′ = 5.0 Hz, H-3′), 4.73 (d, 1H,
Jgem = 10.8 Hz, H-1′), 4.48 (d, 1H, H-1′′), 4.38 (Abq, 2H, Jgem =
12.0 Hz, CH2Ph), 4.39 (m, 1H, H-5′), 4.31 (dd, 1H, J4′–5′ =
2.8 Hz, H-4′), 3.67 (dd, 1H, Jgem = 10.8 Hz, J5′–6′ = 2.8 Hz,
H-6′), 3.59 (dd, 1H, J5′–6′′ = 2.8 Hz, H-6′′), 2.36 (CH3,Ts). 13C
NMR (150.9 MHz, CD3OD): 155.2 (C-6), 151.7 (C2), 147.5
(C-4), 144.9 (Ts), 139.2 (C-8), 137.0 (Ts), 131.3 (Bn), 129.3 (Ts),
128.0 (Bn), 127.6 (Bn), 127.2 (Ts), 127.1 (Bn), 119.0 (C-5), 95.5


(C-2′), 85.9 (C-4′), 77.3 (C-3′), 73.3 (CH2Ph), 71.8 (C-5′), 70.1
(C-1′), 69.4 (C-6′), 21.2 (CH3, Ts).


9-[6′ -O-Benzyl-1′,3′ -O-anhydro-b-D-psicofuranosyl]adenine
(39). Compound 38 (2.9 g, 5.4 mmol) was dried by co-
evaporation with dry THF, and dissolved in dry THF (90 ml).
Sodium bis(trimethylsilylamide) (16.2 ml, 16.2 mmol; 1 M
solution in THF) was added dropwise and stirring was
continued for 4 h. The solution was neutralized with 10% (v/v)
AcOH in MeOH and evaporated. Column chromatography
(CH2Cl2 with gradient of MeOH: 0–20%) afforded 39 (1.79 g,
4.86 mmol, 90%). Rf = 0.63 (CH2Cl2–MeOH, 10 : 1). MALDI-
TOF m/z [M + H]+ 370.0 (Calcd. 370.1 for C18H20N5O4). 1H
NMR (600 MHz, CDCl3/CD3OD): 8.31 (s, 1H, H-2), 7.86 (s,
1H, H-8), 7.33–7.26 (m, 5H, Bn), 5.74 (d, 1H, J3′–4′ = 4.7 Hz,
H-3′), 5.61 (d, 1H, Jgem = 7.2 Hz, H-1′), 4.97 (d, 1H, H-1′′), 4.55
(ABq, 2H, Jgem = 12.0 Hz, CH2Ph), 4.52–4.49 (m, 1H, H-5′),
4.43 (dd, 1H, J4′–5′ = 7.3 Hz, H-4′), 3.91–3.85 (m, 2H, H-6′ and
H-6′′). 13C NMR (150.9 MHz, CDCl3): 155.4 (C-6), 153.2 (C-2),
149.6 (C-4), 137.6 (C-8), 129.0 (Bn), 128.3 (Bn), 127.7 (Bn),
127.6 (Bn), 119.0 (C-5), 89.3 (C-2′), 88.7 (C-3′), 83.6 (C-5′), 79.7
(C-1′), 73.6 (CH2Ph), 71.2 (C-4′), 69.3 (C-6′).


9-[1′,3′-O-Anhydro-6′-O-(4,4′-dimethoxytrityl)-b-D-psicofuranosyl]-
adenine (41). A mixture of oxetane 39 (1.79 g, 4.86 mmol),
Pd(OH)2/C (0.87 g, 20% wt%) and ammonium formate (3.65 g,
58 mmol) in MeOH (110 ml) was refluxed for 5 h, cooled to
RT and filtered through a 1 cm thick Celite pad, which was
washed with hot methanol–water (1 : 1, v/v). The filtrate was
evaporated and co-evaporated with dry pyridine, the crude
compound 40 (NMR data was identical with published earlier)16


was dissolved in dry pyridine (50 ml). 4,4′-Dimethoxytrityl
chloride (2 g, 5.83 mmol) was added and stirring was continued
for 2 h, poured into saturated NaHCO3 solution and extracted
with CH2Cl2 (three times). The organic phase was dried over
MgSO4, filtered and evaporated. Column chromatography
(CH2Cl2 with gradient of MeOH: 0–5%) afforded 41 (1.83 g,
3.16 mmol, 65% after two steps). Rf = 0.70 (CH2Cl2–MeOH,
10 : 1). MALDI-TOF m/z [M + H]+ 582.13 (Calcd. 582.23 for
C32H32N5O6). 1H NMR (600 MHz, CDCl3): 8.36 (s, 1H, H-2),
7.87 (s, 1H, H-8), 7.41–7.17 (m, 9H, DMTr), 6.80–6.75 (m, 4H,
DMTr), 5.78 (d, 1H, J3′–4′ = 4.8 Hz, H-3′), 5.65 (d, 1H, Jgem =
9.6 Hz, H-1′), 4.96 (d, 1H, H-1′′), 4.48 (dd, 1H, J4′–5′ = 7.4 Hz,
H-4′), 4.44 (m, 1H, H-5′), 3.77 (s, 6H, OCH3, DMTr), 3.57–3.46
(m, 2H, H-6′ and H-6′). 13C NMR (150.9 MHz, CDCl3): 158.5
(DMTr), 155.4 (C-6), 153.5 (C-2), 149.5 (C-4), 144.6 (DMTr),
137.6 (C-8), 135.7, 130.0, 128.1, 127.8, 126.8 (5 × DMTr), 119.8
(C-5), 113.1 (DMTr), 89.2 (C-2′), 88.8 (C-3′), 86.3 (Ar3–C,
DMTr), 83.8 (C-5′), 80.0, 71.7 (C-4′), 62.7 (C-6′), 55.2 (OCH3,
DMTr).


9-[1′,3′ -O-Anhydro-6′-O-(4,4′-dimethoxytrityl)-b-D-psicofur-
anosyl]-N 6-phenoxyacetyladenine (42). Compound 41 (1.83 g,
3.16 mmol) was dried by co-evaporation with pyridine, dissolved
in pyridine (30 ml) and trimethylsilyl chloride (1.2 ml, 9.5 mmol)
was added dropwise at 0 ◦C and the reaction mixture was
stirred at RT for 2 h. Then phenoxyacetyl chloride (0.87 ml,
6.3 mmol) was added dropwise at 0 ◦C. The reaction mixture
was stirred for 2 h at RT, poured into saturated NaHCO3


solution and extracted with CH2Cl2 (three times). The organic
phase was dried over MgSO4, filtered and evaporated. The
crude mixture was dissolved in pyridine–water (2 : 1 v/v) and
stirred overnight. After evaporation of the solvent, column
chromatography (CH2Cl2 with gradient of MeOH: 0–3%)
afforded 42 (1.7 g, 2.4 mmol, 75%). Rf = 0.43 (CH2Cl2–MeOH,
95 : 5). MALDI-TOF m/z [M + H]+ 716.22 (Calcd. 716.27
for C40H38N5O8). 1H NMR (600 MHz, CDCl3): 8.80 (s, 1H,
H-2), 8.08 (s, 1H, H-8), 7.40–7.10 (m, 14H, DMTr and PAC),
6.78–6.75 (m, 4H, DMTr), 5.78 (d, 1H, J3′–4′ = 4.33 Hz, H-3′),
5.65 (d, 1H, Jgem = 7.9 Hz, H-1′), 4.96 (d, 1H, H-1′′), 4.87 (s,
2H, CH2, PAC), 4.52 (dd, 1H, J4′–5′ = 8.3 Hz, H-4′), 4.47–4.43
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(m, 1H, H-5′), 3.76 (s, 6H, OCH3, DMTr), 3.55 (dd, 1H, Jgem =
10.7 Hz, J5′–6′ = 2.6 Hz, H-6′), 3.47 (dd, 1H, J5′–6′′ = 4.8 Hz,
H-6′′). 13C NMR (150.9 MHz, CDCl3): 166.6 (C=O), 158.5,
153.0 (C-2), 151.3 (C-4), 148.5 (C-6), 144.5 (DMTr), 140.4
(C-8), 135.6, 130.0, 129.9, 129.8, 128.0, 127.8, 126.8, 122.8,
122.5 (DMTr and PAC), 114.9 (C-5), 113.1 (DMTr), 89.3, 88.7
(C-3′), 86.3 (C-2′), 84.0 (C-5′), 79.8 (C-1′), 71.5 (C-4′), 68.1
(CH2, PAC), 62.5 (C-6′), 55.2 (OCH3, DMTr).
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37 H. Vorbrüggen and K. Krolikiewicz, Angew. Chem., Int. Ed. Engl.,


1975, 14, 421.
38 T. Neilson and E. S. Werstiuk, Can. J. Chem., 1971, 49, 493.
39 M. D. Sørensen, L. Kværnø, T. Bryld, A. E. Håkansson, B. Verbeure,
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A consecutive four-component synthesis of highly-substituted tetrahydro-b-carbolines 6 can be achieved by a
coupling-aminatio-aza-annulation-Pictet–Spengler (CAAPS) sequence creating five new r-bonds and four new
stereocenters in a one-pot fashion. The structures were unambiguously supported by X-ray structure analyses.


Introduction
Tetrahydro-b-carbolines not only constitute subunits in numer-
ous alkaloids1 but they are also templates for drug discovery
and have been used as scaffolds for combinatorial libraries.
They display a pronounced antitumor and antiviral activity2 and
some of them have been shown to efficiently inhibit monoamine
oxidase A3 and bind with nanomolar affinity to serotonin
receptors in the central nervous system.4 Hence, the development
of concise and modular syntheses of this class of heterocycles
is a highly rewarding methodological challenge for the rapidly
evolving field of diversity oriented synthesis.


In particular, multi-component reactions and sequential one-
pot processes address very fundamental principles of synthetic
efficiency and reaction design5 and are steadily gaining a
considerable and increasing academic, economic and ecological
interest. Additionally, the modular aspect of one-pot reactions
can be readily expanded into combinatorial and solid phase
syntheses5,6 promising manifold opportunities for developing
novel lead structures of pharmaceuticals, catalysts and even
novel molecule based materials. Thus, the concept of integrat-
ing modern cross-coupling methodology, such as Sonogashira
coupling,7,8 and well-established Michael addition chemistry
into a one-pot consecutive process has been an ongoing focus in
our group.9


Recently, we have demonstrated that Sonogashira coupling of
acid chlorides 1 and terminal alkynes 2 under extremely mild
conditions, i.e. using only one equivalent of triethylamine as
the base,10 furnishes ynones 3 that represent extremely versatile
building blocks in heterocyclic chemistry11–14 due to their highly
activated triple bond which lends itself to Michael addition.
Therefore, they can directly and without isolation be trans-
formed into b-enaminones 4,15 pyrimidines 5,10,15 tetrahydro-b-
carbolins 616 and halofurans 717 in a one-pot fashion (Scheme 1).


In particular, the synthesis of tetrahydro-b-carbolines 6 most
clearly demonstrates the potential of this methodology for the
rapid construction of highly-substituted, complex heterocycles
where 5 new r-bonds and 4 new stereocenters can be installed in
a sequence of consecutive one-pot transformations. Here we
report details and mechanistic studies on the facile synthe-
sis of tetrahydro-b-carbolines 6 by a coupling-amination-aza-
annulation-Pictet–Spengler (CAAPS) sequence.


Results and discussion
According to the basic principles of multi-component reactions
the products of consecutive transformations should preferen-
tially contain substantial fragments of all starting materials, thus
providing a high degree of atom-efficiency. As a consequence, the
use of b-enaminones 4 in the heterocyclic synthesis as synthetic


Scheme 1 One-pot syntheses of enaminones and heterocycles initiated
by Sonogashira coupling of acid chlorides.


equivalents of 1,3-dicarbonyl compounds would only result in
an additional step in a reaction sequence, since ynones react with
binucleophiles as well giving rise to the same products. On the
other hand, it could be even more useful to take advantage of
the unique electronically amphoteric reactivity of b-enaminones
4 trying to conserve all atoms in the final product, including
the enamino nitrogen atom. As a major consequence of our
modified Sonogashira conditions,10 the reaction medium after
the first cross-coupling and the stoichiometric amine addition
steps is essentially neutral. Therefore, we decided to apply a,b-
unsaturated chlorides 9 as a fourth component, thus probing the
compatibility of a subsequent aza-annulation reaction18 with the
conditions of the coupling–amination (CA) sequence (Scheme 2,
Table 1).


Scheme 2 One-pot four-component coupling-amination-aza-
annulation (CAA) sequence.


Hence, after performing the CA reaction with acid chlorides
1, 1-hexyne (2a), and benzyl amine (8a) or homoveratryl amine
(8b), acryloyl chloride (9a) was added and after gentle heating
the intermediate enaminones were smoothly converted into 5-
acyl dihydropyrid-2-ones 10 that were isolated in moderate to
good yield as yellow or colorless oils. Interestingly, the use ofD
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Table 1 One-pot four component coupling-amination-aza-annulation (CAA) sequence


Entry Acid chloride 1 Amine 8 5-Acyl dihydropyrid-2-one 10


1 R1 = 2-thienyl (1a) R3 = Bn (8a) 10a (R1 = 2-thienyl, R3 = Bn, 31%)a


2 R1 = p-MeOC6H4 (1b) 8a 10b (R1 = p-MeOC6H4, R3 = Bn, 63%)b


3 1a R3 = (MeO)2C6H3CH2CH2 (8b) 10c (R1 = 2-thienyl, R3 = (MeO)2C6H3CH2CH2, 69%)c


a 1.2 Equiv of benzyl amine (8a) and 1.2 equiv of acryloyl chloride (9a) were used. b 1.2 Equiv of benzyl amine (8a) and 1.5 equiv of acryloyl chloride
(9a) were used. c 1.2 Equiv of homoveratryl amine (8b) and 2.1 equiv of acryloyl chloride (9a) were used.


a slight excess of acryloyl chloride (9a) leads to the significant
increase of the yield (compare entries 1 and 2).


The structure of the lactams 10 is unambiguously supported
by the spectroscopic data. Characteristically, in the 1H NMR
spectra the resonances of two CH2 groups are found at d 2.39–
2.69 either as distinct singlets (10a, 10c) or as two multiplets
(10b). Accordingly, in the 13C NMR spectra the carbon reso-
nances of dihydropyrid-2-one systems can be unambiguously
assigned at d 30.3–32.0 for the two CH2 groups, at d 118.2–119.5
and d 144.5–145.0 for two quaternary olefinic carbons, and at d
170.6–171.1 for the quaternary amide carbon. In addition, the
mass spectrometric and IR spectroscopic data corroborate the
suggested molecular structure of these aza-annulation products.


However, upon applying tryptamine (8c) or L-tryptophane
methylester (8d) as primary amines in the CAA sequence the
lactams 10 were not the final reaction products, but as a result of
a subsequent Pictet–Spengler reaction,19 only the indolo[2,3-a]
quinolizin-4-ones 6 were isolated in moderate to good yields as
colorless crystals (Scheme 3, Table 2).


Scheme 3 One-pot four-component coupling-amination-aza-
annulation-Pictet–Spengler (CAAPS) sequence.


Thus, a Pictet–Spengler cyclization,20 i.e. an N-acyliminium
cyclization,21 terminates the CAA reaction in the sense of a four-
component coupling-aza-annulation-Pictet–Spengler (CAAPS)
sequence and generates a maximum of structural complexity
and diversity in a one-pot fashion.


The results show that the CAAPS sequence proceeds with
good yields for electron deficient (entry 2) and electron rich
(entry 3) aromatic acid chlorides. Heteroaromatic (entries 1, 4–
10) and even aliphatic (entry 11) acid chlorides can be introduced
into the sequence. The substitution pattern on the alkyne 2
component is also highly flexible. In the case of phenylacetylene
(2b) the prolongation of heating is required to complete the
reaction. For example, after 3 h of reflux the desired product
6d was obtained in only 27%, and 32% of an uncyclized aza-
annulation product was isolated. After 24 h of reflux, 41% of
6d was obtained, while no traces of the aza-annulation product
were detected. This sluggish reaction is presumably caused by
the steric hindrance of the phenyl substituent.


It is worth mentioning that for the complete conversion of the
ynone to the b-enaminone, 2 equiv of the amine 8c were required,
due to a partial conversion to the hydrochloride (entries 1–9).
However, this amount can be reduced to 1.1 equiv simply by


adding 1.0 equiv of DBU as a strong, non-nucleophilic base to
the reaction mixture in the second step (entries 10–11).


Interesting, however, is the excellent diastereoselectivity of the
CAAPS sequence where the R2, acyl-R1, and R6 substituents are
exclusively placed in a syn–syn arrangement (Table 2, entries 1–
5, 7–11), whereas with a substituent R7 other than hydrogen,
epimers are formed with moderate selectivity (entry 6, dr = 4.5 :
1). Most surprisingly, with (S)-(-)-tryptophan methyl ester (8d)
as a tryptamine derivative the only cyclization product isolated
in 45% yield is the tetrahydro-b-carboline 6h (entry 8, Fig. 1)
that is formed as a single diastereomer.


Fig. 1 ORTEP plot of 6a (R1 = 2-thienyl, R2 = nBu, R = R6 = R7 =
H, hydrogen atoms were omitted for clarity).


The successful formation of the indolo[2,3-a] quinolizin-4-
one core and the relative stereochemistry is unambiguously
supported by numerous X-ray structure analyses (for 6a, 6b,
6c, 6e, 6f and 6h see Figs 1–6).†


† Crystal data for 6a–c,e–f,h,l. Data were collected on a Bruker Smart
CCD diffractometer for 6a, 6b, 6c, 6e, 6f, 6l, and on a Bruker APEX
diffractometer at for 6h. Mo Ka radiation was used in all cases and
the intensities were corrected for absorption effects using SADABS25


based on the laue symmetry of the reciprocal space. The structures
were solved by direct methods and refined against F 2 with a full matrix
least square algorithm by using the SHELXTL25 software package.
Hydrogen atoms were refined isotropically for 6h and in several cases
where they were attached to heteroatoms, in all other cases they were
considered at calculated positions and refined using appropriate riding
models. In the case of 6c slight disorder had to be considered for the
last atom of the butyl chain, in 6f the thiophen rings occur in two
alternative orientations, additionally some electron density of severe
disordered solvent was found. 6a: C24H26N2O2S × CH2Cl2, M = 491.45,
orthorhombic, space group Pna21, a = 24.218(1), b = 14.582(1), c =
14.204(1) Å, V = 5016.0(3) Å3, T = 200(2) K, Z = 8, qcalc = 1.302 g cm−3,
crystal dimensions 0.34 × 0.34 × 0.18 mm3, Hmax = 21.96 deg, 31357
reflections measured, 6126 unique (Rint = 0.0396), 5352 observed (I > 2
r(I)), l = 0.37 mm−1, Tmin = 0.89, Tmax = 0.94, 578 parameters refined,
R1 = 0.059 and wR2 = 0.153 for observed reflections, residual electron
density −0.49 to 0.59 e Å−3. 6b: C26H27N3O4, M = 445.5, monoclinic,
space group P21/c, a = 11.762(1), b = 13.007(1), c = 14.732(1) Å, b =
97.724(1)◦, V = 2233.3(1) Å3, T = 200(2) K, Z = 4, q = 1.325 g cm−3,
crystal dimensions 0.40 × 0.34 × 0.11 mm3, Hmax= 27.46 deg, 22678
reflections measured, 5107 unique (Rint = 0.0294), 3941 observed (I >
2r(I)), l = 0.09 mm−1, Tmin = 0.96, Tmax = 0.99, 298 parameters refined,
R1 = 0.041 and wR2 = 0.100 for observed reflections, residual electron
density −0.27 to 0.33 e Å−3. 6c: C27H30N2O3, M = 430.5, monoclinic,
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Fig. 2 ORTEP plot of 6b (R1 = p-O2NC6H4, R2 = nBu, R = R6 = R7


= H, hydrogen atoms were omitted for clarity).


In addition, in the 1H NMR spectra a single set of signals
corresponding to 1,2,3,6,7-H protons of quinolizin-4-one is
found in a range of d 1.96–5.52 (Fig. 7).


First, the equatorial proton 6-Ha appearing at d 4.76–5.25 can
be unambiguously assigned due to its characteristic downfield
shift by the deshielding of the adjacent amide carbonyl group.
Usually, it appears as a doublet of doublets of doublets with
coupling constants of 2J = 12.7–12.8 Hz, 3J = 4.6–4.8 Hz
(equatorial–axial, cf. dihedral angle from X-ray of 43–54◦) and
3J = 1.3–1.8 Hz (equatorial–equatorial, cf. dihedral angle from
X-ray of 65–75◦). For compound 6h where the ester group adopts
an equatorial position the resonance at d 5.52 can be assigned
to 6-Ha and gives rise to a doublet of doublets with coupling
constants of 3J = 6.8 Hz (axial–axial) and 3J = 2.7 Hz (axial–
equatorial). The other signals were readily assigned though
NOESY and COSY experiments. The resonances of 6-Hb are
detected at d 2.91–3.41 as doublets of triplets with coupling
constants of 2J = 12.0–12.7 Hz and 3J = 3.4–4.7 Hz.


space group C2/c, a = 15.691(1), b = 16.534(1), c = 18.142(1) Å, b =
99.574(1)◦, V = 4641.2(1) Å3, T = 298(2) K, Z = 8, q = 1.232 g cm−3,
crystal dimensions 0.46 × 0.32 × 0.30 mm3, Hmax = 27.47 deg, 23712
reflections measured, 5323 unique (Rint = 0.0371), 2835 observed (I >
2r(I)), l = 0.08 mm−1, Tmin = 0.96, Tmax = 0.98, 300 parameters
refined, R1 = 0.049 and wR2 = 0.120 for observed reflections, residual
electron density −0.18 to 0.22 e Å−3. 6e: C25H28N2O2S × CH3OH, M =
452.61, monoclinic, space group P21/n, a = 9.892(1), b = 10.392(1),
c = 23.113(1) Å, b = 95.472(1)◦, V = 2365.2(1) Å3, T = 200(2) K,
Z = 4, q = 1.271 g cm−3, crystal dimensions 0.46 × 0.28 × 0.08 mm3,
Hmax = 27.45 deg, 23864 reflections measured, 5407 unique (Rint =
0.0363), 3937 observed (I > 2r(I)), l = 0.167 mm−1, Tmin = 0.94,
Tmax = 0.99, 300 parameters refined, R1 = 0.041 and wR2 = 0.103 for
observed reflections, residual electron density −0.50 to 0.25 e Å−3. 6f:
C25H28N2O2S, M = 420.6, monoclinic, space group P21/n, a = 8.624(1),
b = 22.051(1), c = 13.223(1) Å, b = 100.164(1)◦, V = 2475.1(1) Å3, T =
200(2) K, Z = 4, q = 1.129 g cm−3, crystal dimensions 0.50 × 0.26 ×
0.22 mm3, Hmax = 27.50 deg, 25612 reflections measured, 5688 unique
(Rint = 0.0437), 3739 observed (I > 2r(I)), l = 0.15 mm−1, Tmin = 0.93,
Tmax = 0.97, 324 parameters refined, R1 = 0.068 and wR2 = 0.191 for
observed reflections, residual electron density −0.58 to 0.65 e Å−3. 6h:
C26H28N2O4S × CH2Cl2, M = 549.5, monoclinic, space group P21, a =
12.022(1), b = 14.950(1), c = 14.663(1) Å, a = 90.0◦, b = 94.869(2)◦,
c = 90.0◦, V = 2625.9(4) Å3, T = 100(2) K, Z = 4, q = 1.390 g cm−3,
crystal dimensions 0.21 × 0.15 × 0.12 mm3, Hmax = 26.37 deg, 23151
reflections measured, 10561 unique (Rint = 0.0423), 9120 observed (I >
2r(I)), l = 0.36 mm−1, Tmin = 0.93, Tmax = 0.96, 877 parameters refined,
R1 = 0.050 and wR2 = 0.107 for observed reflections, residual electron
density −0.24 to 0.46 e Å−3. 6l: C18H20N2O3, M = 312.4, monoclinic,
space group P21/c, a = 11.526(1), b = 12.965(1), c = 10.742(1) Å, b =
94.770(1)◦, V = 1599.6(1) Å3, T = 200(2) K, Z = 4, q = 1.297 g cm−3,
crystal dimensions 0.42 × 0.22 × 0.16 mm3, Hmax = 27.47 deg, 16235
reflections measured, 3648 unique (Rint = 0.0298), 3011 observed (I >
2r(I)), l = 0.09 mm−1, Tmin = 0.96, Tmax = 0.99, 288 parameters refined,
R1 = 0.036 and wR2 = 0.089 for observed reflections, residual electron
density −0.24 to 0.19 e Å−3. CCDC reference numbers 281672 (6a),
281673 (6b), 281674 (6c), 281675 (6e), 281676 (6f), 235421 (6h), and
281677 (6l). For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b511861a T
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Fig. 3 ORTEP plot of 6c (R1 = p-MeOC6H4, R2 = nBu, R = R6 =
R7 = H, hydrogen atoms were omitted for clarity).


Fig. 4 ORTEP plot of 6e (R1 = 2-thienyl, R2 = nBu, R = R7 = H,
R6 = CH3).


Fig. 5 ORTEP plot of 6f (R1 = 2-thienyl, R2 = nBu, R = R6 = H,
R7 = CH3), major diastereomer.


Fig. 6 ORTEP plot of 6h (R1 = 2-thienyl, R2 = nBu, R = CO2CH3,
R6 = R7 = H).


The resonances of 7-H are identified in the region of d 2.66–
2.93 and overlap with the butyl protons, but for 6d they are
found as a doublet of triplets with coupling constants of 2J =


Fig. 7 Numeration of quinolizinone core.


15.1 Hz and 3J = 5.6 Hz and a doublet of doublets with coupling
constants of 2J = 14.9 Hz and 3J = 4.2 Hz. For 6e the resonances
of 7-H give rise to a doublet of doublets of doublets at d 2.80 with
coupling constants of 2J = 15.6 Hz, 3J = 11.5 Hz (axial–axial)
and 3J = 6.9 Hz (axial–equatorial) and a doublet of doublets
at d 2.55 with coupling constants of 2J = 15.6 Hz and 3J =
5.0 Hz (equatorial–axial). Accordingly, the resonances of 1-H,
which usually adopts an axial position, are found at d 3.16–4.90
appearing as doublets of doublets with coupling constants of 3J
= 13.1–13.5 Hz (axial–axial, cf. dihedral angle from X-ray of
170–173◦) and 5.0–6.0 Hz (axial–equatorial, cf. dihedral angle
from X-ray of 52–54◦) and can be unambiguously assigned by
the cross-peak of 1CH carbon and 1H proton in HMBC spectra,
since usually only one CH group is present in compounds.
Finally, 2-H resonances can be detected at d 1.88–2.62 and 3-H
resonances at d 2.31–2.93, which can be readily assigned from
the COSY experiments.


For compound 6g the most interesting information stems
from the coupling constant of 1-H and 12b-H resonances. The
resonance of 12b-H gives rise to a doublet at d 5.44 with
a coupling constant of 3J = 10.0 Hz (axial–axial coupling,
confirming a trans-relationship), the resonance of 1-H appears
as a doublet at d 3.60 with coupling constants of 3J = 12.0 Hz
(axial–axial), 3J = 10.0 Hz (axial–axial coupling, confirming a
trans-relationship) and 3J = 3.2 Hz (axial–equatorial) coupling.


For alkynes bearing an electron withdrawing group this
sequence can be performed without the first cross-coupling step
in a three-component fashion (Scheme 4).


Scheme 4 One-pot three-component amination–aza-annulation-
Pictet–Spengler sequence (AAPS).


This time, since triethylammmonium hydrochloride is absent
from the reaction mixture, only 1.0 equiv of tryptamine 8c is
sufficient to complete the b-enaminone formation. Hence, this
one-pot three-component amination-aza-annulation-Pictet–
Spengler (AAPS) sequence provides additional flexibility in the
tetrahydro-b-carboline substitution pattern. The structure of
the major diastereomer is unambiguously supported by X-ray
structure analysis (for 6l see Fig. 8).†


Fig. 8 ORTEP plot of 6l (R2 = OEt, R1 = R = R6 = R7 = H), major
diastereomer.
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In order to rationalize the exclusive diastereoselectivity of
the CAAPS sequence two mechanistic pathways were proposed
(Scheme 5).


Scheme 5 Plausible mechanistic pathways.


First, the addition of tryptamine to ynones results in the
formation of a (Z)-configured b-enaminone, which reacts with
an a,b-unsaturated acid chloride either via a cationic aza–Cope-
type rearrangement or via an aza–ene reaction.22 In the first
pathway a chair-like transition state is preferred, while in the
latter case the transition state has an envelope conformation
with an endo-electron withdrawing group lying over the fold
of the envelope.23 Both mechanisms rationalize the mutual syn-
orientation of the R6 and the carbonyl substituents. Finally, for
the resulting acyliminium species an intramolecular nucleophilic
attack by the indole can be expected to occur predominantly
anti with respect to the more bulky carbonyl group, leading
mainly to the syn diastereomer (with respect to R2 and carbonyl
substituents). Two diastereomers observed in the reaction with
methacryloyl chloride (R7 = CH3) were formed most probably
via epimerization.


Next, we turned our attention to the case of the homover-
atryamine 8b that gave rise to the aza-annulation product 10c
(Scheme 2, Table 1). We reasoned that the aromatic ring of the
homoveratryl amine carries activating substituents providing the
electronic character for the annulation to occur. However, it
seems as if the dimethoxyphenyl substituent is less nucleophilic
in comparison to indole. Therefore, we decided to test a range of


Lewis and Brønsted acids to enhance the electrophilicity of the
acyliminium salt and to induce the Pictet–Spengler cyclization
(Scheme 6).


Scheme 6 CAAPS sequence for homoveratryl amine (8b).


By applying strong Brønsted acids such as CH3SO3H,
CF3SO3H or CF3CO2H the desired product 6m was obtained in
55, 66 or 70% yields, respectively, but with low diastereoselectiv-
ity (dr 1–1.4 : 1). After addition of weak Lewis acids such as BF3,
trifluoroacetic anhydride or TMSCl, only the aza-annulation
product 10c was detected by TLC. Upon using stronger Lewis
acids such as TiCl4, SnCl4 and POCl3 the formation of a black
tar was observed. Finally, TMSOTf was the superior Lewis acid
resulting in the formation of 6m in 65% with a dr of 1.6 : 1.


In order to compare our consecutive approach with the
stepwise splitting protocol, we synthesized the b-enaminone
4a in 81% yield via the coupling–amination sequence15 and
subjected it to the aza-annulation–PS sequence with acryloyl
9a or methacryloyl 9c chlorides (Scheme 7).


Scheme 7 CAAPS sequence as a splitting protocol.


Indolo[2,3-a] quinolizin-4-ones 6a and 6f were obtained in
85% and 75% yields, respectively. The overall yields for this
splitting protocol lie in the same range as for the CAAPS
sequence. However, avoiding the isolation and purification of
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the intermediate b-enaminone favors the application of the direct
CAAPS approach.


In conclusion, the four-component CAAPS sequence, where
five bonds and four stereocenters are formed in a one-pot
reaction, proceeds with reasonable yields and delivers, starting
from electronically diverse acid chlorides and aliphatic, aromatic
alkynes as well as (TMS)acetylene and a broad variety of
tetrahydro-b-carbolines 6. In addition, applying TMSOTf as
a Lewis acid the enaminone of homoveratrylamine (8b) can
be involved in a Pictet–Spengler cyclization again in a one-
pot fashion. This synthesis provides a rapid access to highly-
substituted subunits of numerous alkaloids. Further studies are
currently in progress.


Experimental
All reactions were carried out in screw cap pressure vessels under
a nitrogen atmosphere. The solvents were dried according to
standard procedures24 and were distilled prior to use. Column
chromatography: silica gel 60 M (mesh 230–400) Macherey–
Nagel. Thin layer chromatography (TLC): silica gel layered
aluminium foil (60 F254 Merck, Darmstadt). Melting points
(uncorrected): Reichert–Jung Thermovar and Büchi Melting
Point B-540. Pd(PPh3)2Cl2, CuI, acid chlorides 1, hexyne (2a),
phenylacetylene (2b), (trimethylsilyl)acetylene (2c), amines 8
and a,b-unsaturated chlorides 9 were purchased from ACROS
or Merck and were used without further purification. 1H and
13C NMR, DEPT-, NOESY-, COSY-, HMQC-, and HMBC
spectra were recorded on Bruker DRX 300 or Bruker DRX
500 spectrometers with CDCl3 or DMSO-d6 as solvents. The
assignments of quaternary C, CH, CH2 and CH3 were made
on the basis of DEPT spectra. IR: Bruker Vector 22 FT-IR
spectrophotometer. MS: Jeol JMS-700 and Finnigan TSQ 700.
Elemental analyses were carried out in the microanalytical lab-
oratory of the Organisch-Chemisches-Institut der Universität
Heidelberg.


General procedure for the CAA sequence


In a screw cap pressure vessel 14 mg (0.02 mmol) of
Pd(PPh3)2Cl2, and 7 mg (0.04 mmol) of CuI were dissolved
in 5 mL of degassed THF. Then 0.14 mL (1.00 mmol) of
triethylamine, as well as 1 mmol of acid chloride 1 and 0.12 mL
(1.05 mmol) of hexyne 2a were successively added to the
solution. The reaction mixture was stirred for 2 h at room
temperature until the conversion was complete (monitored by
TLC). Afterwards 1.2 mmol of amine 8 were added and the
reaction mixture was heated at 70 ◦C for 24 h. After complete
conversion of the ynone to the enaminone (TLC), acryloyl
chloride 9a (1.2–2.1 mmol) was added and the reaction mixture
was heated at 70 ◦C for 3 h. After cooling to room temperature
the reaction mixture was diluted with methanol, stirred for
10 min, evaporated and applied to column chromatography on
silica gel eluting with hexane–ethyl acetate 2 : 1 (10a,b) or ether
(10c), to give the analytically pure 5-acyl dihydropyrid-2-ones
10 as oils (for experimental details, see Table 3).


1-Benzyl-6-butyl-5-(thiophene-2-carbonyl)-3,4-dihydro-1H-
pyridin-2-one (10a). Colorless oil; (Found: 353.1470.
C21H23NO2S requires 353.1444); mmax (thin film)(cm−1) 2957,
2930, 1683, 1634, 1515, 1454, 1412, 1373, 1286, 1180, 843 and
729; dH (CDCl3, 300 MHz) 0.73 (t, J = 7.2 Hz, 3 H; CH3),


1.10–1.23 (m, 2 H), 1.28–1.40 (m, 2 H), 2.12–2.18 (m, 2 H), 2.57
(s, 4 H; dihydropyrid-2-one CH2CH2), 4.89 (s, 2 H; PhCH2),
6.94 (dd, J = 4.9 Hz, J = 3.8 Hz, 1 H), 7.09–7.28 (m, 6 H)
and 7.51 (dd, J = 4.9 Hz, J = 1.1 Hz, 1 H); dC (CDCl3, 75
MHz) 13.6 (CH3), 22.2 (CH2), 23.6 (CH2), 29.5 (CH2), 31.1
(CH2; dihydropyrid-2-one), 31.9 (CH2; dihydropyrid-2-one),
44.0 (CH2; benzyl), 119.2 (Cquat), 126.3 (CH), 127.2 (CH),
127.9 (CH), 128.7 (CH), 132.6 (CH), 133.9 (CH), 137.7 (Cquat),
144.5 (Cquat), 145.7 (Cquat), 171.1 (Cquat; amide) and 188.3 (Cquat;
ketone); m/z (EI+) 353 (M+, 37%), 320 ((M+ − HS), 100) and
111 ((2-ThCO+), 32).


1-Benzyl-6-butyl-5-(p-methoxybenzoyl)-3,4-dihydro-1H-pyridin-
2-one (10b). Yellow oil; (Found: 377.1988. C24H27NO3 requires
377.1991); mmax (thin film)(cm−1) 2957, 2931, 1679, 1599, 1372,
1257, 1143 and 1029; dH (CDCl3, 300 MHz) 0.80 (t, J = 7.4 Hz,
3 H), 1.14–1.27 (m, 2 H), 1.33–1.46 (m, 2 H), 2.15 (t, J =
7.7 Hz, 2 H), 2.49–2.57 (m, 2 H), 2.61–2.69 (m, 2 H), 3.83 (s,
3 H; CH3O), 4.98 (s, 2 H; PhCH2), 6.84 (d, J = 8.8 Hz, 2 H),
7.19–7.39 (m, 5 H) and 7.61 (d, J = 8.8 Hz, 2 H); dC (CDCl3,
75 MHz) 13.7 (CH3), 22.3 (CH2), 23.6 (CH2), 29.4 (CH2), 31.1
(CH2; dihydropyrid-2-one), 32.0 (CH2; dihydropyrid-2-one),
44.1 (CH2; benzyl), 55.5 (CH3; CH3O), 113.8 (CH), 119.5 (Cquat),
126.5 (CH), 127.3 (CH), 128.8 (CH), 130.4 (Cquat), 131.2 (CH),
137.7 (Cquat), 144.7 (Cquat), 163.2 (Cquat), 171.1 (Cquat; amide) and
195.5 (Cquat; ketone); m/z (EI+) 377 (M+, 576), 360 (M+ − OH,
36), 334 (M+ − C3H7, 56) and 135 (p-CH3OC6H4CO+, 100).


1-[3,4-Dimethoxyphenylethyl]-6-butyl-5-(thiophene-2-carbonyl)-
3,4-dihydro-1H-pyridin-2-one (10c). Colorless oil (∼90%
pure); Rf (product) 0.65 (neat diethyl ether); dH (CDCl3,
250 MHz) 0.84 (t, J = 7.1 Hz, 3 H), 1.05–1.35 (m, 4 H),
2.16–2.24 (m, 2 H), 2.39 (s, 4 H; dihydropyrid-2-one CH2CH2),
2.70–2.78 (m, 2 H), 3.72 (s, 3 H; CH3O), 3.75 (s, 3 H; CH3O),
3.79–3.87 (m, 2 H), 6.64–6.70 (m, 3 H), 7.00 (dd, J = 4.9 Hz,
J = 3.8 Hz, 1 H), 7.20 (dd, J = 3.8 Hz, J = 1.2 Hz, 1 H) and
7.54 (dd, J = 4.9 Hz, J = 1.2 Hz, 1 H); dC (CDCl3, 75 MHz) 13.3
(CH3), 21.8 (CH2), 23.2 (CH2), 28.7 (CH2), 30.3 (CH2), 31.4
(CH2; dihydropyrid-2-one), 36.8 (CH2; dihydropyrid-2-one),
42.1 (CH2), 55.4 (CH3; CH3O), 55.5 (CH3; CH3O), 110.9 (CH),
111.8 (CH), 118.2 (Cquat), 120.5 (CH), 127.6 (CH), 130.5 (Cquat),
132.3 (CH), 133.6 (CH), 144.1 (Cquat), 145.0 (Cquat), 147.4 (Cquat),
148.5 (Cquat), 170.6 (Cquat; amide) and 188.0 (Cquat; ketone).


General procedure for the CAAPS sequence


In a screw cap pressure vessel 14 mg (0.02 mmol) of
Pd(PPh3)2Cl2, and 7 mg (0.04 mmol) of CuI were dissolved in
5 mL of degassed THF or toluene. Then 0.14 mL (1.00 mmol)
of triethylamine, as well as 1 mmol of acid chloride 1 and
1.05 mmol of alkyne 2 were successively added to the solution.
The reaction mixture was stirred for 2 h at room temperature
until the conversion was complete (monitored by TLC). After-
wards 2.0 mmol of amine 8c or 8d were added (for 6j and 6k
the amount of 8c was reduced to 1.1 mmol, adding 0.15 mL
(1.00 mmol) of DBU at the same time) and the reaction mixture
was heated at 70 ◦C (THF) or 100 ◦C (toluene) for 10 h. After
complete conversion of ynone to enaminone (TLC), an a,b-
unsaturated acid chloride 9 (5.0 mmol) was added and the
reaction mixture was heated at 70 ◦C for 3 h. After cooling to
r.t. the reaction mixture was diluted with methanol, stirred for
10 min, evaporated and applied to column chromatography on


Table 3 Experimental details for the CAA sequence


Acid chloride 1 Amine 8 Acryloyl chloride (9a) Product (yield%)


147 mg (1.00 mmol) of 1a 0.13 mL (1.20 mmol) of 8a 0.10 mL (1.20 mmol) 110 mg (31%) of 10a
171 mg (1.00 mmol) of 1b 0.13 mL (1.20 mmol) of 8a 0.12 mL (1.50 mmol) 238 mg (63%) of 10b
147 mg (1.00 mmol) of 1a 0.20 mL (1.20 mmol) of 8b 0.17 mL (2.10 mmol) 295 mg (69%) of 10c
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Table 4 Experimental details for the CAAPS sequence


Acid chloride 1 Alkyne 2 Amine 8 a,b -Unsaturated chloride 9 Product (yield%)


147 mga (1.00 mmol) of 1a 0.12 mL (1.05 mmol) of 2a 320 mg (2.00 mmol) of 8c 0.41 mL (5.00 mmol) of 9a 210 mg (52%) of 6a
186 mga (1.00 mmol) of 1c 0.12 mL (1.05 mmol) of 2a 320 mg (2.00 mmol) of 8c 0.41 mL (5.00 mmol) of 9a 192 mg (43%) of 6b
171 mga (1.00 mmol) of 1b 0.12 mL (1.05 mmol) of 2a 320 mg (2.00 mmol) of 8c 0.41 mL (5.00 mmol) of 9a 254 mg (59%) of 6c
147 mga (1.00 mmol) of 1a 0.11 mL (1.05 mmol) of 2b 320 mg (2.00 mmol) of 8c 0.41 mL (5.00 mmol) of 9a 175 mg (41%) of 6d
147 mga (1.00 mmol) of 1a 0.12 mL (1.05 mmol) of 2a 320 mg (2.00 mmol) of 8c 0.48 mL (5.00 mmol) of 9b 210 mg (50%) of 6e
147 mga (1.00 mmol) of 1a 0.12 mL (1.05 mmol) of 2a 320 mg (2.00 mmol) of 8c 0.48 mL (5.00 mmol) of 9c 185 mg (44%) of 6f


and 40 mg (10%) of 6f′


147 mga (1.00 mmol) of 1a 0.14 mL (1.05 mmol) of 2c 320 mgc (2.00 mmol) of 8c 0.41 mL (5.00 mmol) of 9a 140 mg (32%) of 6g
147 mgb (1.00 mmol) of 1a 0.12 mL (1.05 mmol) of 2a 510 mgd (2.00 mmol) of 8d 0.80 mL (9.76 mmol) of 9a 210 mg (45%) of 6h
147 mga (1.00 mmol) of 1a 179 mg (1.05 mmol) of 2d 320 mg (2.00 mmol) of 8c 0.41 mL (5.00 mmol) of 9a 148 mg (30%) of 6i
318 mga (1.00 mmol)of 1d 0.12 mL (1.05 mmol) of 2a 175 mge (1.10 mmol) of 8c 0.41 mL (5.00 mmol) of 9a 206 mg (36%) of 6j
107 mga (1.00 mmol) of 1e 0.12 mL (1.05 mmol) of 2a 175 mge (1.10 mmol) of 8c 0.41 mL (5.00 mmol) of 9a 130 mg (36%) of 6k


silica gel, to give the analytically pure tetrahydro-b-carbolines 6
as solids (for experimental details, see Table 4).


rac-12b-Butyl-1-(thiophene-2-carbonyl)-2,3,6,7,12,12b-hexa-
hydro-1H-indolo[2,3-a] quinolizin-4-one (6a). Colorless
crystals; mp 250–251 ◦C; Rf (product) 0.37 (neat diethyl ether);
(Found: C, 70.64; H, 6.44; N, 6.92. C24H26N2O2S requires C,
70.91; H, 6.45; N, 6.89%); mmax (KBr)(cm−1) 2955, 2869, 1626
(C=O), 1413, 1238 and 731; dH (CDCl3, 500 MHz) 0.83 (t,
J = 7.4 Hz, 3 H; Bu), 1.02–1.11 (m, 1 H), 1.22–1.37 (m, 3 H),
2.10–2.23 (m, 2 H), 2.35–2.44 (m, 1 H; 2-H), 2.72–2.88 (m, 5 H),
2.98 (dt, J = 12.4 Hz, J = 3.8 Hz, 1 H; 6-H), 3.73 (dd, J =
13.4 Hz, J = 5.0 Hz, 1 H; 1-H), 5.22 (ddd, J = 12.8 Hz,
J = 4.8 Hz, J = 1.5 Hz, 1 H; 6-H), 6.90 (dd, J = 4.9 Hz, J =
3.7 Hz, 1 H), 7.03–7.09 (m, 2 H), 7.13–7.16 (m, 1 H), 7.38 (dd,
J = 3.7 Hz, J = 1.1 Hz, 1 H), 7.44–7.49 (m, 1 H), 7.54 (dd, J =
4.9 Hz, J = 1.1 Hz, 1 H) and 8.00 (s, 1 H; indole-NH); dC


(CDCl3, 125 MHz) 13.9 (CH3; Bu), 20.1 (CH2; 7-C), 21.8 (CH2;
2-C), 23.3 (CH2; Bu), 27.2 (CH2; Bu), 29.6 (CH2; 3-C), 35.9
(CH2; Bu), 40.0 (CH2; 6-C), 55.0 (CH; 1-C), 61.9 (Cquat; 12b-C),
110.0 (CH), 118.2 (CH), 119.5 (CH), 122.2 (CH), 126.0 (Cquat),
128.5 (CH), 132.5 (CH), 133.9 (Cquat), 135.2 (CH), 135.8 (Cquat),
143.9 (Cquat), 145.2 (Cquat), 169.6 (Cquat; amide) and 195.5 (Cquat;
ketone); m/z (FAB) 407 [(M + H)+, 100] and 349 [(M + H)+ −
C4H9, 90].


rac-12b-Butyl-1-(4-nitrophenyl-1-carbonyl)-2,3,6,7,12,12b-
hexahydro-1H-indolo[2,3-a] quinolizin-4-one (6b). Yellow
crystals; mp 195–197 ◦C; Rf (product) 0.26 (neat diethyl ether);
(Found: C, 69.79; H, 6.05; N, 9.41. C24H27N3O4 requires C,
70.10; H, 6.11; N, 9.43%); mmax (KBr)(cm−1) 2957, 2868, 1618
(C=O), 1527, 1347, 1235 and 746; dH (CDCl3, 500 MHz) 0.85
(t, J = 7.1 Hz, 3 H; Bu), 1.01–1.18 (m, 1 H), 1.22–1.41 (m, 3
H), 2.00 (ddd, J = 18.4 Hz, J = 9.0 Hz, J = 4.4 Hz, 1 H), 2.21
(dt, J = 18.4 Hz, J = 4.4 Hz, 1 H), 2.29–2.39 (m, 1 H), 2.65
(dt, J = 18.0 Hz, J = 4.0 Hz, 1 H), 2.74–2.85 (m, 3 H), 2.90
(ddd, J = 15.1 Hz, J = 3.3 Hz, J = 1.3 Hz, 1 H), 2.98 (dt, J =
12.4 Hz, J = 3.4 Hz, 1 H; 6-H), 3.92 (dd, J = 13.4 Hz, J =
5.0 Hz, 1 H; 1-H), 5.24 (ddd, J = 12.7 Hz, J = 4.7 Hz, J =
1.3 Hz, 1 H; 6-H), 7.03–7.08 (m, 3 H), 7.47–7.50 (m, 1 H), 7.68
(d, J = 9.0 Hz, 2 H), 7.83 (s, 1 H; indole-NH) and 8.05 (d, J =
9.0 Hz, 2 H); dC (CDCl3, 125 MHz) 14.0 (CH3; Bu), 21.0 (CH2;
7-C), 21.1 (CH2; 2-C), 23.3 (CH2; Bu), 27.0 (CH2; Bu), 29.3
(CH2; 3-C), 35.5 (CH2; Bu), 40.1 (CH2; 6-C), 54.1 (CH; 1-C),
61.8 (Cquat; 12b-C), 110.1 (Cquat), 111.6 (CH), 118.2 (CH), 119.8
(CH), 122.4 (CH), 123.6 (CH), 125.9 (Cquat), 128.6 (CH), 133.4
(Cquat), 135.6 (Cquat), 141.1 (Cquat), 150.1 (Cquat), 169.1 (Cquat) and
201.8 (Cquat; ketone); m/z (FAB) 446 [(M + H)+, 100] and 388
[(M + H)+ − C4H9, 75].


rac-12b-Phenyl-1-(thiophene-2-carbonyl)-2,3,6,7,12,12b-hexa-
hydro-1H-indolo[2,3-a] quinolizin-4-one (6c). Colorless
crystals; mp 201–202 ◦C; Rf (product) 0.25 (neat diethyl ether);
(Found: C, 74.93; H, 7.01; N, 6.46. C27H30N2O3 requires C,
75.32; H, 7.02; N, 6.51%); mmax (KBr)(cm−1) 2957, 2868, 1600


(C=O), 1426, 1261, 1173, 1029, 843, 745, 593 and 505; dH


(CDCl3, 500 MHz) 0.85 (t, J = 7.0 Hz, 3 H; Bu), 1.05–1.20 (m,
1 H), 1.24–1.40 (m, 3 H), 1.96–2.12 (m, 1 H), 2.20–2.40 (m,
2 H), 2.75–2.90 (m, 5 H), 2.98 (dt, J = 12.0 Hz, J = 4.0 Hz,
1 H; 6-H), 3.74 (s, 3 H; CH3O), 3.93 (dd, J = 13.2 Hz, J =
4.9 Hz, 1 H; 1-H), 5.27 (ddd, J = 12.8 Hz, J = 4.8 Hz, J =
1.5 Hz, 1 H; 6-H), 6.74 (d, J = 9.0 Hz, 2 H), 7.04–7.17 (m, 3
H), 7.46–7.52 (m, 1 H), 7.66 (d, J = 9.0 Hz; 2 H) and 8.27 (s,
1 H; indole-NH); dC (CDCl3, 125 MHz) 13.9 (CH3; Bu), 20.9
(CH2; 7-C), 21.5 (CH2; 2-C), 23.2 (CH2; Bu), 27.2 (CH2; Bu),
29.6 (CH2; 3-C), 35.7 (CH2; Bu), 39.8 (CH2; 6-C), 52.6 (CH;
1-C), 55.3 (CH3; CH3O), 62.0 (Cquat; 12b-C), 110.7 (Cquat), 111.0
(CH), 113.7 (CH), 118.0 (CH), 119.3 (CH), 121.8 (CH), 125.9
(Cquat), 129.4 (Cquat), 130.3 (CH), 134.3 (Cquat), 135.7 (Cquat),
163.7 (Cquat), 169.6 (Cquat; amide) and 201.5 (Cquat; ketone); m/z
(EI+) 430 (M+, 13), 373 (32), 135 (4-MeOPhCO+, 100).


rac-12b-Phenyl-1-(thiophene-2-carbonyl)-2,3,6,7,12,12b-hexa-
hydro-1H-indolo[2,3-a] quinolizin-4-one (6d). Colorless
crystals; mp 315–316 ◦C; (Found: C, 72.55; H, 5.26; N, 6.52.
C26H22N2O2S requires C, 73.21; H, 5.20; N, 6.57%); mmax


(KBr)(cm−1) 1651 (C=O), 1611, 1456, 1413, 1351, 1236, 1215,
745 and 702; dH (DMSO-d6, 500 MHz) 1.80–1.90 (m, 1 H; 2-H),
1.92–1.99 (m, 1 H; 2-H), 2.26 (dd, J = 17.7 Hz, J = 5.4 Hz, 1
H; 3-H), 2.41 (dd, J = 14.9 Hz, J = 4.2 Hz, 1 H; 7-H), 2.78
(ddd, J = 17.7 Hz, J = 12.9 Hz, J = 6.8 Hz, 1 H; 3-H), 2.91 (dt,
J = 15.1 Hz, J = 5.6 Hz, 1 H; 7-H), 2.99 (dt, J = 12.1 Hz, J =
4.4 Hz, 1 H; 6-H), 4.66 (dd, J = 12.7 Hz, J = 5.6 Hz, 1 H; 6-H),
4.81 (t, J = 3.6 Hz, 1 H; 1-H), 6.98–7.03 (m, 2 H), 7.10–7.18
(m, 4 H), 7.27 (d, J = 7.6 Hz, 2 H), 7.38 (d, J = 7.6 Hz, 1 H),
7.52 (d, J = 8.3 Hz, 1 H), 7.87 (dd, J = 4.9 Hz, J = 1.1 Hz,
1 H), 8.06 (dd, J = 3.9 Hz, J = 1.1 Hz, 1 H) and 11.76 (s, 1 H;
indole-NH); dC (DMSO-d6, 125 MHz) 19.8 (CH2; 7-C), 21.8
(CH2; 2-C), 28.9 (CH2; 3-C), 39.0 (CH2; 6-C), 47.2 (CH; 1-C),
66.7 (Cquat; 12b-C), 109.5 (Cquat), 111.4 (CH), 118.1 (CH), 119.0
(CH), 121.8 (CH), 126.6 (Cquat), 126.9 (CH), 127.0 (CH), 127.8
(CH), 128.3 (CH), 134.0 (CH), 135.8 (Cquat), 136.0 (CH), 136.1
(Cquat), 141.3 (Cquat), 144.7 (Cquat), 171.7 (Cquat; amide) and 192.1
(Cquat; ketone); m/z (EI+) 426 (M+, 100), 349 (M+ − Ph, 18) and
111 (2-ThCO+, 70).


rac-12b-Butyl-2-methyl-1-(thiophene-2-carbonyl)-2,3,6,7,12,12b-
hexahydro-1H-indolo[2,3-a] quinolizin-4-one (6e). Colorless
crystals; mp 301–302 ◦C; Rf (product) 0.32 (hexane–ethyl
acetate; 1 : 1); (Found: C, 70.60; H, 6.68; N, 6.66. C25H28N2O2S·
0.4 CH3OH requires C, 70.40; H, 6.88; N, 6.46%); mmax


(KBr)(cm−1) 2958, 1615 (C=O), 1415, 1233 and 742; dH


(DMSO-d6, 500 MHz) 0.50 (t, J = 7.8 Hz, 3 H; Bu), 0.77 (d, J =
6.9 Hz, 3 H; CH3), 0.85 (dd, J = 14.7 Hz, J = 7.3 Hz, 1 H),
0.94–1.04 (m, 1 H), 1.08–1.18 (m, 1 H), 1.24–1.34 (m, 1 H), 1.82
(dt, J = 12.8 Hz, J = 3.6 Hz, 1 H), 1.88–1.96 (m, 1 H; 2-H),
2.07–2.24 (m, 3 H), 2.55 (dd, J = 15.6 Hz, J = 5.0 Hz, 1 H; 7-H),
2.80 (ddd, J = 15.6 Hz, J = 11.5 Hz, J = 6.9 Hz, 1 H; 7-H), 3.41
(dt, J = 12.4 Hz, J = 5.0 Hz, 1 H; 6-H), 4.66 (d, J = 3.7 Hz,
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1 H; 1-H), 4.76 (dd, J = 13.7 Hz, J = 6.9 Hz, 1 H; 6-H), 6.97 (t,
J = 7.4 Hz, 1 H), 7.10 (t, J = 7.4 Hz, 1 H), 7.35–7.43 (m, 3 H),
8.11 (dd, J = 5.0 Hz, J = 0.9 Hz, 1 H), 8.53 (dd, J = 3.7 Hz,
J = 0.9 Hz, 1 H) and 11.16 (s, 1 H; indole-NH); dC (DMSO-d6,
75 MHz) 13.9 (CH3; Bu), 19.0 (CH3; CH3), 19.5 (CH2; 7-C),
21.9 (CH2; Bu), 26.2 (CH2; 3-C), 27.0 (CH; 2-C), 35.5 (CH2;
Bu), 36.1 (CH2; Bu), 38.4 (CH2; 6-C), 48.8 (CH; 1-C), 63.0
(Cquat; 12b-C), 107.0 (Cquat), 110.9 (CH), 117.5 (CH), 118.4 (CH),
121.0 (CH), 126.8 (Cquat), 128.7 (CH), 134.4 (CH), 135.3 (Cquat),
136.5 (Cquat), 137.4 (CH), 147.3 (Cquat), 170.2 (Cquat; amide) and
192.7 (Cquat; ketone); m/z (EI() 420 (M+, 28), 363 (M+ − C4H9,
100) and 111 (2-ThCO+, 29).


rac-12b-Butyl-3-methyl-1-(thiophene-2-carbonyl)-2,3,6,7,12,12b-
hexahydro-1H-indolo[2,3-a] quinolizin-4-one major diastereomer
6f (syn–syn : syn–anti = 4.5 : 1). Colorless crystals; mp
209–210 ◦C; Rf (product) 0.35 (hexane–ethyl acetate; 2 : 1);
(Found: C, 71.11; H, 6.68; N, 6.67. C25H28N2O2S requires C,
71.40; H, 6.71; N, 6.66%); mmax (KBr)(cm−1) 3439, 3281, 2957,
2930, 1644 (C=O), 1462, 1414, 1351, 1301, 1237, 742 and 729;
dH (CDCl3, 500 MHz) 0.82 (t, J = 7.0 Hz, 3 H; Bu), 1.04–1.16
(m, 1 H), 1.22–1.36 (m, 3 H), 1.39 (d, J = 7.0 Hz, 3 H; CH3),
1.84 (ddd, J = 14.1 Hz, J = 5.7 Hz, J = 4.4 Hz, 1 H; 2-H), 2.31
(ddd, J = 14.5 Hz, J = 12.4 Hz, J = 4.2 Hz, 1 H), 2.62 (dt, J =
13.7 Hz, J = 9.8 Hz, 1 H; 2-H), 2.68–2.78 (m, 2 H), 2.81–2.88
(m, 2 H), 2.96 (dt, J = 12.4 Hz, J = 3.7 Hz, 1 H; 6-H), 3.75 (dd,
J = 13.1 Hz, J = 6.0 Hz, 1 H; 1-H), 5.23 (ddd, J = 12.8 Hz,
J = 4.8 Hz, J = 1.6 Hz, 1 H; 6-H), 6.91 (dd, J = 4.9 Hz, J =
3.9 Hz, 1 H), 7.03–7.10 (m, 2 H), 7.14–7.16 (m, 1 H), 7.38 (dd,
J = 3.9 Hz, J = 1.0 Hz, 1 H), 7.47 (d, J = 7.0 Hz, 1 H), 7.54
(dd, J = 4.9 Hz, J = 1.0 Hz, 1 H) and 7.99 (s, 1 H; indole-NH);
dC (CDCl3, 125 MHz) 14.0 (CH3; Bu), 19.7 (CH3; CH3), 21.0
(CH2; 7-C), 23.3 (CH2; Bu), 27.2 (CH2; Bu), 30.9 (CH2; 2-C),
33.9 (CH; 3-C), 35.4 (CH2; Bu), 40.1 (CH2; 6-C), 53.9 (CH;
1-C), 62.4 (Cquat; 12b-C), 111.0 (Cquat), 111.1 (CH), 118.1 (CH),
119.5 (CH), 122.1 (CH), 126.1 (Cquat), 128.4 (CH), 132.5 (CH),
134.5 (Cquat), 135.0 (Cquat), 135.1 (CH), 143.9 (Cquat), 173.0 (Cquat;
amide) and 195.4 (Cquat; ketone); m/z (EI+) 420 (M+, 5), 363
(M+ − C4H9, 100) and 111 (2-ThCO+, 43).


Minor diastereomer 6f′


Colorless crystals; mp 213–214 ◦C; Rf (product) 0.30 (hexane–
ethyl acetate; 2 : 1); (Found: C, 71.04; H, 6.92; N, 6.53.
C25H28N2O2S requires C, 71.40; H, 6.71; N, 6.66%); mmax


(KBr)(cm−1) 2957, 2931, 1627 (C=O), 1463, 1414, 1350, 1237,
744 and 728; dH (CDCl3, 300 MHz) 0.83 (t, J = 7.2 Hz, 3 H;
Bu), 0.86–0.92 (m, 1 H), 1.00–1.37 (m, 4 H), 1.42 (d, J = 6.0 Hz,
3 H; CH3), 2.08–2.32 (m, 3 H), 2.70–2.90 (m, 3 H), 3.02 (t, J =
11.3 Hz, 1 H; 6-H), 3.77 (dd, J = 11.7 Hz, J = 3.7 Hz, 1 H;
1-H), 5.22 (d, J = 12.1 Hz, 1 H; 6-H), 6.92–6.98 (m, 1 H), 6.96–
7.12 (m, 2 H), 7.13–7.18 (m, 1 H), 7.40–7.50 (m, 2 H), 7.58 (d,
J = 4.5 Hz, 1 H) and 7.95 (s, 1 H; indole-NH); dC (CDCl3, 75
MHz) 13.9 (CH3), 19.3 (CH3; CH3), 24.8 (CH2), 24.9 (CH2), 27.6
(CH2), 30.8 (CH2), 36.1 (CH), 37.8 (CH2), 40.0 (CH2; 6-C), 54.8
(CH; 1-C), 62.0 (Cquat; 12b-C), 110.8 (Cquat), 111.0 (CH), 118.2
(CH), 119.5 (CH), 122.1 (CH), 126.0 (Cquat), 128.5 (CH), 132.5
(CH), 134.4 (Cquat), 135.0 (CH), 135.6 (Cquat), 143.6 (Cquat), 172.9
(Cquat; amide) and 195.5 (Cquat; ketone); m/z (EI+) 420 (M+, 11),
363 (M+ − C4H9, 100) and 111 (2-ThCO+, 80).


rac-1-(Thiophene-2-carbonyl)-2,3,6,7,12,12b-hexahydro-1H-
indolo[2,3-a] quinolizin-4-one (6g). Yellow crystals; mp 133–
134 ◦C; Rf (product) 0.48 (neat ethyl acetate); (Found: C,
58.04; H, 4.66; N, 6.48; S, 7.31; Cl, 16.51. C20H18N2O2S·CH2Cl2


requires C, 57.93; H, 4.63; N, 6.43; S, 7.37; Cl, 16.29%); mmax


(KBr)(cm−1) 3372, 1641 (C=O), 1413, 1251, 1235, 1061 and
753; dH (CDCl3, 500 MHz) 2.02–2.11 (m, 1 H; 2-H), 2.24–2.30
(m, 1 H; 2-H), 2.55–2.90 (m, 5 H), 3.60 (ddd, J = 12.0 Hz, J =
10.0 Hz, J = 3.2 Hz, 1 H; 1-H), 5.13–5.19 (m, 1 H; 6-H), 5.29
(s, 2 H (CH2Cl2)), 5.44 (d, J = 10.0 Hz, 1 H; 12b-H), 7.06 (dt,


J = 7.9 Hz, J = 1.2 Hz, 1 H), 7.06 (dt, J = 7.4 Hz, J = 1.2 Hz,
1 H), 7.15–7.19 (m, 2 H), 7.45 (d, J = 7.6 Hz, 1 H) and 7.74–7.77
(m, 3 H); dC (CDCl3, 125 MHz) 21.2 (CH2), 26.4 (CH2; 2-C),
31.9 (CH2), 40.7 (CH2; 6-C), 50.7 (CH; 1-C), 55.0 (CH; 12b-C),
111.3 (CH), 118.3 (CH), 119.9 (CH), 122.4 (CH), 126.5 (Cquat),
128.4 (CH), 132.0 (Cquat), 133.3 (CH), 135.8 (CH), 136.2 (Cquat),
142.2 (Cquat), 155.8 (Cquat), 168.3 (Cquat; amide) and 197.0 (Cquat;
ketone); m/z (EI+) 350 (M+, 77), 239 (M+ − 2-ThCO, 100) and
111 (2-ThCO+, 25).


(6S, 4S, 12bS)-12b-Butyl-4-oxo-1-(thiophene-2-carbonyl)-1,2,
3,4,6,7,12,12b-octahydro-indolo-[2,3-a]quinolizin-6-carboxylic
acid methyl ester (6h). Colorless crystals; mp 139–140 ◦C; Rf


(product) 0.45 (neat ether); [a]D
24 +178◦ (c 2.0, CH2Cl2); (Found:


C, 62.72; H, 5.77; N, 5.52; S, 6.32; Cl, 6.99. C26H28N2O4S·0.5
CH2Cl2 requires C, 62.72; H, 5.78; N, 5.36; S, 6.39; Cl, 7.18%);
mmax (KBr)(cm−1) 3428, 2955, 2931, 1739, 1650 (C=O), 1414,
1239, 1060 and 741; dH (CDCl3, 500 MHz) 0.60–0.70 (m, 1 H;
Bu), 0.76 (t, J = 7.1 Hz, 3 H; Bu), 1.14–1.25 (m, 3 H; Bu), 2.24
(dt, J = 14.0 Hz, J = 4.0 Hz, 1 H; Bu), 2.31–2.37 (m, 2 H;
2-H), 2.61–2.66 (m, 1 H; Bu), 2.82–2.86 (m, 2 H; 3-H), 3.10 (dd,
J = 15.8 Hz, J = 6.9 Hz, 1 H; 7-H), 3.45 (dd, J = 15.8 Hz, J =
2.7 Hz, 1 H; 7-H), 3.67 (s, 3H; CO2CH3), 4.90 (t, J = 9.9 Hz,
1 H; 1-H), 5.29 (s, 1 H (CH2Cl2)), 5.52 (dd, J = 6.8 Hz, J =
2.7 Hz, 1 H; 6-H), 7.05–7.13 (m, 3 H), 7.18–7.19 (m, 1 H), 7.45
(dd, J = 6.3 Hz, J = 1.8 Hz, 1 H), 7.68 (dd, J = 4.9 Hz, J =
1.0 Hz, 1 H), 7.79 (dd, J = 3.8 Hz, J = 1.0 Hz, 1 H) and 8.16
(s, 1 H; indole-NH); dC (CDCl3, 75 MHz) 13.9 (CH3; Bu), 22.5
(CH2; 7-C), 22.7 (CH2; 2-C), 23.0 (CH2; Bu), 25.5 (CH2; Bu),
30.0 (CH2; 3-C), 37.3 (CH2; Bu), 52.0 (CH; 1-C), 52.6 (CH3;
CO2CH3), 54.8 (CH; 6-C), 62.9 (Cquat; 12b-C), 107.6 (Cquat),
111.3 (CH), 118.2 (CH), 119.6 (CH), 122.4 (CH), 125.2 (Cquat),
128.9 (CH), 133.9 (CH), 134.1 (Cquat), 135.9 (CH), 136.1 (Cquat),
144.4 (Cquat), 172.8 (Cquat; amide or ester), 172.9 (Cquat; amide
or ester) and 197.9 (Cquat; ketone); m/z (EI+) 464 (M+, 10), 407
(M+ − C4H9, 100) and 111 (2-ThCO+, 57).


rac-12b-(tert-Butyl-dimethyl-silanyloxymethyl)-1-(thiophene-2-
carbonyl)-2,3,6,7,12,12b-hexahydro-1H-indolo[2,3-a] quinolizin-
4-one (6i). Colorless crystals; mp 288–289 ◦C; Rf (product)
0.45 (hexane–ethyl acetate; 2 : 1); (Found: C, 65.23; H, 6.87; N,
5.78. C27H34N2O3SSi requires C, 65.55; H, 6.93; N, 5.66%); mmax


(KBr)(cm−1) 2953, 2855, 1623 (C=O), 1412, 1253, 1103, 841
and 742; dH (CDCl3, 500 MHz) 0.01 (s, 3 H; TBS), 0.04 (s, 3 H;
TBS), 0.84 (s, 9 H; TBS), 2.00–2.10 (m, 1 H; 2-H), 2.65–2.87 (m,
5 H), 2.95 (dt, J = 12.0 Hz, J = 4.2 Hz, 1 H; 6-H), 3.80–3.88
(m, 1 H; 1-H), 4.08 (d, J = 10.6 Hz, 1 H; TBSOCH2), 4.97
(d, J = 10.6 Hz, 1 H; TBSOCH2), 5.17 (dd, J = 12.8 Hz, J =
3.3 Hz, 1 H; 6-H), 7.02–7.12 (m, 3 H), 7.17 (d, J = 7.8 Hz, 1 H),
7.45 (d, J = 7.5 Hz, 1 H), 7.58 (d, J = 3.5 Hz, 1 H), 7.65 (d, J
= 4.6 Hz, 1 H) and 7.95 (s, 1 H; indole-NH); dC (CDCl3, 125
MHz) −5.8 (CH3; TBS), −5.7 (CH3; TBS), 18.2 (Cquat; tert-Bu),
21.2 (CH2), 23.7 (CH2; 2-C), 25.8 (CH3; tert-Bu), 31.3 (CH2),
36.7 (CH2; 6-C), 52.6 (CH; 1-C), 62.3 (Cquat; 12b-C), 65.0 (CH2;
TBSOCH2), 110.6 (Cquat), 111.2 (CH), 118.4 (CH), 119.8 (CH),
122.4 (CH), 126.0 (Cquat), 128.6 (CH), 132.8 (CH), 133.7 (Cquat),
135.3 (CH), 135.8 (Cquat), 143.6 (Cquat), 170.2 (Cquat; amide)
and 196.4 (Cquat; ketone); m/z (EI+) 494 (M+, 4), 349 (M+ −
TBSOCH2, 100) and 111 (2-ThCO+, 25).


rac-1-(1-Benzenesulfonyl-1H -indole-3-carbonyl)-12b-butyl-
2,3,6,7,12,12b-hexahydro-1H-indolo[2,3-a] quinolizin-4-one (6j).
Colorless crystals; mp 286–288 ◦C; (Found: C, 70.06; H, 5.65;
N, 7.28; S, 5.58. C34H33N3O4S requires C, 70.44; H, 5.74; N,
7.25; S, 5.53%); mmax (KBr)(cm−1) 2960, 2932, 1844, 1619 (C=O),
1535, 1448, 1381, 1235, 1188, 1172, 748 and 732; dH (CDCl3,
500 MHz) 0.83 (t, J = 7.4 Hz, 3 H; Bu), 1.03–1.12 (m, 1 H;
Bu), 1.24–1.40 (m, 3 H; Bu), 2.06–2.14 (m, 1 H; 2-H), 2.20–2.27
(m, 1 H; Bu), 2.37–2.47 (m, 1 H; 2-H), 2.71–2.93 (m, 5 H), 2.99
(dt, J = 12.0 Hz, J = 4.0 Hz, 1 H; 6-H), 3.67 (dd, J = 13.4 Hz,
J = 5.4 Hz, 1 H; 1-H), 5.25 (dd, J = 12.7 Hz, J = 4.4 Hz,
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1 H; 6-H), 6.97 (d, J = 8.0 Hz, 1 H), 7.02 (dt, J = 8.4 Hz, J =
1.3 Hz, 1 H), 7.08 (dt, J = 7.0 Hz, J = 1.0 Hz, 1 H), 7.30–7.37
(m, 4 H), 7.48–7.53 (m, 2 H), 7.57 (dd, J = 8.7 Hz, J = 1.0 Hz,
2 H), 7.73 (dd, J = 7.0 Hz, J = 1.3 Hz, 1 H), 7.81 (s, 1 H;
PhSO2-indole-2-H), 7.92 (s, 1 H; indole-NH) and 8.31 (dd, J =
6.4 Hz, J = 1.3 Hz, 1 H); dC (CDCl3, 75 MHz) 14.0 (CH3; Bu),
21.0 (CH2; 7-C), 21.7 (CH2; 2-C), 23.3 (CH2; Bu), 27.2 (CH2;
Bu), 29.6 (CH2; 3-C), 36.0 (CH2; Bu), 40.0 (CH2; 6-C), 55.7
(CH; 1-C), 61.9 (Cquat; 12b-C), 111.0 (CH), 111.2 (Cquat), 113.0
(CH), 118.4 (CH), 119.6 (CH), 120.8 (Cquat), 122.2 (CH), 122.7
(CH), 125.0 (CH), 125.9 (CH), 126.1 (Cquat), 127.0 (CH), 127.3
(Cquat), 129.7 (CH), 131.8 (CH), 134.3 (Cquat), 134.5 (CH), 134.6
(Cquat), 135.7 (Cquat), 136.9 (Cquat), 169.7 (Cquat; amide) and 198.6
(Cquat; ketone); m/z (EI+) 579 (M+, 22), 522 (M+ − C4H9, 64),
284 (PhSO2Ind-3-CO+, 100).


rac -12b -Butyl -1- isobutyryl -2,3,6,7,12,12b -hexahydro-1H-
indolo[2,3-a] quinolizin-4-one (6k). Colorless crystals; mp
194–196 ◦C; (Found: C, 71.61; H, 7.89; N, 7.27; Cl, 1.61.
C23H30N2O2·0.2 CH2Cl2 requires C, 72.66; H, 7.99; N, 7.30; Cl,
3.70%); mmax (KBr)(cm−1) 3267, 2960, 2932, 2871, 1708, 1624
(C=O), 1466, 1433, 1405 and 744; dH (CDCl3, 500 MHz) 0.69
(d, J = 6.7 Hz, 3 H; iso-Pr-CH3), 0.80 (t, J = 7.2 Hz, 3 H; Bu),
0.94 (d, J = 7.0 Hz, 3 H; iso-Pr-CH3), 0.97–1.07 (m, 1 H; Bu),
1.20–1.32 (m, 3 H; Bu), 1.96 (ddd, J = 18.1 Hz, J = 9.0 Hz, J =
4.7 Hz, 1 H; 2-H), 2.08 (dt, J = 14.2 Hz, J = 4.0 Hz, 1 H; Bu),
2.13–2.21 (m, 1 H; 2-H), 2.28 (spt, J = 7.0 Hz, 1 H; iso-Pr-CH),
2.60 (dt, J = 12.4 Hz, J = 3.4 Hz, 1 H; Bu), 2.66–2.76 (m,
3 H), 2.83 (ddd, J = 15.4 Hz, J = 3.4 Hz, J = 1.6 Hz, 1 H;
7-H), 2.91 (dt, J = 12.4 Hz, J = 3.7 Hz, 1 H; 6-H), 3.16 (dd,
J = 13.7 Hz, J = 5.0 Hz, 1 H; 1-H), 5.16 (ddd, J = 12.7 Hz,
J = 4.8 Hz, J = 1.5 Hz, 1 H; 6-H), 7.11 (dt, J = 8.0 Hz, J =
1.0 Hz, 1 H), 7.16 (dt, J = 7.7 Hz, J = 1.0 Hz, 1 H), 7.26 (d,
J = 8.0 Hz, 1 H), 7.49 (d, J = 7.7 Hz, 1 H) and 7.70 (s, 1 H;
indole-NH); dC (CDCl3, 125 MHz) 13.9 (CH3; Bu), 17.5 (CH3;
iso-Pr-CH3), 20.4 (CH2; 2-C), 20.9 (CH2; 7-C), 23.2 (CH2; Bu),
27.0 (CH2; Bu), 29.4 (CH2; 3-C), 35.4 (CH2; Bu), 39.9 (CH2;
6-C), 42.4 (CH; iso-Pr-CH), 56.8 (CH; 1-C), 61.4 (Cquat; 12b-C),
110.9 (CH), 111.1 (Cquat), 118.3 (CH), 119.7 (CH), 122.4 (CH),
126.2 (Cquat), 134.0 (Cquat), 135.8 (Cquat), 169.4 (Cquat; amide) and
218.3 (Cquat; ketone); m/z (EI+) 366 (M+, 16), 309 (M+ − C4H9,
72) and 239 (M+ − C4H9 − iPrCO, 100).


rac-4-Oxo-1,2,3,4,6,7,12,12b-octahydro-indolo[2,3-a] quinolizine-
1-carboxylic acid ethyl ester (6l). In a screw cap pressure
vessel 0.2 mL (2.00 mmol) of ethyl propiolate 2e, and 320 mg
(2.00 mmol) of tryptamine 8c were dissolved in 10 mL of
THF. The reaction mixture was heated at 65 ◦C for 3 h. After
complete conversion 0.18 mL (2.20 mmol) of acryloyl chloride
9a was added and the reaction mixture was heated at 70 ◦C for
6 h. After cooling to room temperature the reaction mixture
was diluted with methanol, stirred for 10 min, evaporated and
applied to column chromatography on silica gel eluting with
neat diethyl ether → neat ethyl acetate to give the analytically
pure quinolizinone 6l as colorless crystals (135 mg, 43%).
Crystallization was achieved from pentane–CH2Cl2.


Syn : anti = 9 : 1 (1H NMR, minor diastereomer not listed).
Colorless crystals; mp 186–187 ◦C; Rf (product) 0.50 (neat ethyl
acetate); (Found: C, 68.19; H, 6.41; N, 8.81. C18H20N2O3 requires
C, 69.21; H, 6.45; N, 8.97%); mmax (KBr)(cm−1) 2930, 1723, 1619
(C=O), 1467, 1444, 1327, 1299, 1160 and 739; dH (CDCl3, 500
MHz) 1.40 (t, J = 7.1 Hz, 3 H; CO2CH2CH3), 2.02–2.12 (m, 1 H),
2.22–2.28 (m, 1 H), 2.42–2.49 (m, 1 H), 2.65 (ddd, J = 17.6 Hz,
J = 4.9 Hz, J = 2.9 Hz, 1 H), 2.74 (d, J = 11.2 Hz, 1 H), 2.80–
2.90 (m, 3 H), 4.39 (q, J = 7.1 Hz, 2 H; CO2CH2CH3), 5.10–5.15
(m, 2 H), 7.11 (dt, J = 7.8 Hz, J = 1.0 Hz, 1 H), 7.18 (dt, J =
8.3 Hz, J = 1.0 Hz, 1 H), 7.31 (d, J = 8.3 Hz, 1 H), 7.49 (d, J =
7.8 Hz, 1 H) and 8.50 (s, 1 H; indole-NH); dC (CDCl3, 125 MHz)
14.2 (CH3; CO2CH2CH3), 21.0 (CH2), 23.8 (CH2), 31.5 (CH2),
41.0 (CH2), 46.1 (CH), 55.3 (CH), 62.0 (CH2; CO2CH2CH3),
111.9 (Cquat), 111.2 (CH), 118.4 (CH), 119.8 (CH), 122.3 (CH),


126.5 (Cquat), 132.5 (Cquat), 136.1 (Cquat), 168.5 (Cquat; amide) and
174.8 (Cquat; ester); m/z (EI+) 312 (M+, 100), 256 (M+ − C4H9,
100), 256 (M+ − CH2CH2CO, 80) and 239 (M+ − CO2Et, 36).


11b-Butyl-9,10-dimethoxy-1-(thiophene-2-carbonyl)-1,2,3,6,7,
11b-hexahydro-pyrido[2,1-a] isoquinolin-4-one (6m). In a screw
cap pressure vessel 14 mg (0.02 mmol) of Pd(PPh3)2Cl2, and 7 mg
(0.04 mmol) of CuI were dissolved in 5 mL of degassed toluene.
Then 0.14 mL (1.00 mmol) of triethylamine, 147 mg (1.00
mmol) of thiophene acid chloride 1a and 0.12 mL (1.05 mmol)
of hexyne 2a were added. The reaction mixture was stirred
for 3 h at room temperature until consumption of alkyne
(that was verified by TLC HE–EA 9 : 1). Afterwards 0.2 mL
(1.20 mmol) of homoveratryl amine 8b were added and the
reaction mixture was heated at 100 ◦C for 10 h. After complete
conversion of alkynone to enaminone (TLC hexane–ethyl
acetate 4 : 1; for alkynone Rf 0.7, for enaminone Rf 0.2)
acryloyl chloride 9a 0.17 mL (2.00 mmol) was added and the
reaction mixture was heated at 70 ◦C for 3 h (TLC neat diethyl
ether; for the aza-annulation product 10c Rf 0.65). Afterwards
0.30 mL (4.00 mmol) of CF3CO2H was added and the reaction
mixture was heated until the aza-annulation product was
consumed 10c (TLC in neat ethyl acetate; for 6m Rf 0.5, for
both diastereomers). The reaction mixture was quenched with
K2CO3 solution, extracted with CH2Cl2, dried, evaporated and
applied to column chromatography eluting with neat ethyl
acetate to give the analytically pure quinolizinone 6m as yellow
solid (300 mg, 70%).


dr = 1.4 : 1 (1H NMR). Yellow solid; mp 67–68 ◦C; Rf (prod-
uct) 0.50 (neat ethyl acetate). (Found: 427.1788. C24H29NO4S
requires 427.1817); mmax (KBr)(cm−1) 3440, 2955, 2934, 2870,
1737, 1562, 1414, 1260, 1221 and 726; major diastereomer: dH


(CDCl3, 300 MHz) 0.84 (t, J = 7.3 Hz, 3 H; Bu), 1.04–1.14 (m, 1
H), 1.20–1.34 (m, 4 H), 1.80–2.15 (m, 3 H), 2.44–2.92 (m, 6 H),
3.50 (s, 3 H; OCH3), 3.76 (s, 3 H; OCH3), 5.04–5.14 (m, 1 H),
6.42 (s, 1 H), 6.55 (s, 1 H), 6.80–6.85 (m, 1 H), 6.95–7.02 (m, 1
H) and 7.46–7.51 (m, 1 H). minor diastereomer: dH (CDCl3, 300
MHz) 3.63 (s, 3 H; OCH3), 3.75 (s, 3 H; OCH3), 6.46 (s, 1 H)
and 6.59 (s, 1 H); major diastereomer: dC (CDCl3, 75 MHz) 13.9
(CH3; Bu), 20.2 (CH2), 23.2 (CH2), 26.6 (CH2), 28.9 (CH2), 30.0
(CH2), 35.4 (CH2), 39.6 (CH2), 54.8 (CH), 55.6 (CH3; OCH3),
55.8 (CH3; OCH3), 64.5 (Cquat; 12b-C), 109.8 (CH), 111.7 (CH),
128.5 (Cquat), 128.6 (CH), 129.5 (Cquat), 132.0 (CH), 134.9 (CH),
145.6 (Cquat), 147.3 (Cquat), 169.6 (Cquat; amide) and 194.4 (Cquat;
carbonyl); minor diastereomer: dC (CDCl3, 75 MHz) 13.8 (CH3;
Bu), 19.9 (CH2), 23.3 (CH2), 27.3 (CH2), 27.4 (CH2), 28.6 (CH2),
37.2 (CH2), 43.6 (CH2), 51.0 (CH), 55.7 (CH3; OCH3), 56.1
(CH3; OCH3), 62.7 (Cquat; 12b-C), 108.9 (CH), 111.5 (CH), 128.4
(Cquat), 129.0 (CH), 129.4 (Cquat), 132.1 (CH), 133.5 (CH), 144.0
(Cquat), 147.6 (Cquat), 169.4 (Cquat; amide) and 192.1 (Cquat; ketone);
m/z (EI+) 427 (M+, 6), 370 (M+ − C4H9, 100), 111 (2-ThCO+,
66).


Splitting protocol


(Z)-3-[2-(1H-Indol-3-yl)-ethylamino]-1-thiophen-2-yl-hepten-
one (4a). In a Schlenk flask a stirred mixture of 140 mg
(0.20 mmol) of Pd(PPh3)2Cl2, and 70 mg (0.40 mmol) of CuI
in 30.0 mL of THF was degassed for 5 min. Then 1.40 mL
(10.0 mmol) of triethylamine, 1.07 mL (10.0 mmol) of thiophene
acid chloride 1a and 1.2 mL (10.5 mmol) of hexyne 2a were
added. The reaction mixture was stirred for 2 h under nitrogen
at room temperature until the hexyne was completely consumed
(monitored by TLC). Then 1.92 g (12.0 mmol) of tryptamine 8c
and 30.0 mL of methanol were added. The reaction mixture was
heated to reflux temperature for 3 h until the conversion was
complete (monitored by TLC). The solvents were evaporated
and the residue was chromatographed on silica gel (hexane–
ethyl acetate, 2 : 1) to afford 2.86 g (81%) of the enaminone 4a
as a yellow oil.
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Yellow oil; Rf (product) 0.50 (hexane–ethyl acetate; 2 : 1); dH


(CDCl3, 300 MHz) 0.99 (t, J = 7.2 Hz, 3 H; Bu), 1.36–1.48 (m,
2 H; Bu), 1.51–1.62 (m, 2 H; Bu), 2.26 (t, J = 7.6 Hz, 2 H;
Bu), 3.12 (t, J = 6.8 Hz, 2 H; tryptamine-CH2), 3.65 (q, J =
6.6 Hz, 2 H; tryptamine-CH2), 5.68 (s, 1 H; olefinic), 7.06–7.11
(m, 2 H), 7.18–7.26 (m, 2 H), 7.31–7.36 (m, 1 H), 7.43 (d, J =
5.1 Hz, 1 H), 7.63–7.67 (m, 2 H), 9.12 (s, 1 H; indole-2-H) and
11.40 (t, J = 5.5 Hz, 1 H; indole-NH); dC (CDCl3, 75 MHz):
13.5 (CH3; Bu), 22.4 (CH2), 25.9 (CH2), 29.7 (CH2), 31.8 (CH2),
43.3 (CH2), 90.5 (CH; olefinic), 111.0 (Cquat), 111.4 (CH), 117.8
(CH), 118.8 (CH), 121.4 (CH), 122.9 (CH), 126.6 (Cquat), 126.8
(CH), 127.4 (CH), 129.1 (CH), 136.2 (Cquat), 147.0 (Cquat), 168.8
(Cquat; olefinic) and 180.3 (Cquat; ketone).


Synthesis of indolo[2,3-a]quinolizin-4-ones 6a or 6f via
aza-annulation-PS sequence


In a screw cap pressure vessel 353 mg (1.00 mmol) of enaminone
4a was dissolved in 5 mL of degassed THF. Then a,b-unsaturated
chloride 9a or 9c (1.2 mmol) was added and the reaction
mixture was heated at 70 ◦C for 3 h. After cooling to room
temperature the reaction mixture was diluted with 5 mL of
methanol, stirred for 10 min, evaporated and applied to column
chromatography on silica gel eluting with neat diethyl ether
(compound 6a) or hexane–ethyl acetate 2 : 1 (compounds 6f)
to give 345 mg (85%) of compound 20a as colorless crystals or
312 mg (75%) of compound 6f (the ratio of diastereomers 4.5 : 1,
the diastereomers were separated by column chromatography)
(crystallization was achieved from pentane–CH2Cl2). For the
characterization, see the CAAPS sequence.
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A novel synthesis of 1,2-disubstituted 1,2-dihydroquinazoline 3-oxides 8 and the first ever examples of 1,3-dipolar
trapping of these nitrones to homonuclear dipolarophiles is described. The new dipoles 8 reacted with N-methyl
maleimide, generating diastereomeric adducts 14–16. In the reaction between 8 and dimethyl acetylenedicarboxylate,
primary cycloadducts 17 and/or stable rearrangement products, azomethine ylides 18, are formed depending on the
substitution pattern of the dipole. The structure of 18c is unambiguously assigned by X-ray crystallographic analysis.
An X-ray crystal structure determination is also presented for the cyclopropylisoxazoloquinazoline 22 formed by a
[3 + 2] addition of 8a to 21, the dimethyl acetylenedicarboxylate tetramer.


Introduction
In connection with our studies on the formation of nitrones from
oximes,1–3 we now report the preparation of 1,2-disubstituted
1,2-dihydroquinazoline 3-oxides from o-aminoarylaldoximes.


Prior to the current work there have been no reported exam-
ples of the formation of aldonitrones of the 1,2-dihydroquinazo-
line skeleton; however, several examples of related ketonitrones
and aminonitrones are known. Cyclocondensations between 2-
aminobenzo(aceto)phenone oximes and dichloroethyl ethers,4


chloroethylacetoacetate,5 ketones6 or aldehydes7,8 have furnished
variously substituted 1,2-dihydroquinazoline ketonitrones. The
1,2,5,6-tetrahydropyrimidine 3-oxides 1, monocyclic analogues
of quinazoline 3-oxides, have been prepared by cyclocondensa-
tion of b-benzylaminoketoximes with aldehydes.9


Corresponding aminonitrones have been formed from o-
aminobenzamidoximes by cyclocondensation either to imines
formed in situ upon reaction with an aldehyde10 or to transient
iminium ions generated by dehydrogenation [Hg(II), EDTA] of
a tertiary amine.11,12 The same laboratory have also reported
formation of the tricyclic N-oxides 3 with a perhydro-pyrido or
-pyrrolo ring fused to the 1,2-a edge of the quinazoline nucleus.
The cyclic nitrones were generated, in the presence of Hg(II)-
EDTA complex, from appropriately substituted benzaldoximes


in a type of intramolecular Mannich reaction,13–15 for some
substrates, e.g. 2, lactams 4 accompany the cyclic nitrones 3
as minor reaction products.


Results and discussion
Substrate preparation


The targeted o-aminobenzaldehydes 6a, b and c were prepared
by a nickel catalysed addition of the appropriate organozinc
reagent to 2,1-benzisoxazole 5 as described in the literature.16


The p-CNC6H4 analogue 6d was prepared in 77% yield in a
parallel manner. During the synthesis of 6c and 6d, by-products
isolated in 12 and 6% yield respectively are identified as the
4,4′-disubstituted biphenyl derivatives 9a and 9b.17


Reaction between the o-aminobenzaldehydes 6 and
NH2OH·HCl (C5H5N, EtOH, 80 ◦C, 12 h) proceeded smoothly
to afford the oximes 7 as single geometrical isomers in
solution in CDCl3. Oximes 7a, b and d were isolated in
good yields as crystalline solids. The yield of 7c was some-
what lower with the desired oxime (60%) being accompa-
nied by 2-methoxyacridine (11%). The formation of both
2- and 4-methoxyacridine following TFA treatment of 2-
methoxydiphenylamine 2-carboxaldehyde 6c has previously
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been reported.16 It is likely that the pyridinium hydrochloride
generated during the oximation of 6c is responsible for inducing
cyclisation of unreacted aldehyde, so leading to the acridine by-
product.


Cyclocondensation of the o-aminobenzaldoximes 7a and b
with benzaldehyde was initially attempted under conditions
previously found to be successful for analogous amino oximes,
viz. fridge temperature in solution in Et2O/EtOH.10 However,
no reaction occurred between 7a and b and benzaldehyde at
4 ◦C. Upon heating the reactants in boiling EtOH, evidence
for the formation of 8a and b could be seen in the 1H
NMR spectrum of the crude reaction mixture; however, the
desired reaction was overshadowed by the formation of a
number of ethoxy addition products. Successful generation of
the quinazoline 3-oxides 8a–d resulted when the components
were heated at 80 ◦C using benzaldehyde (5 equiv.) as reactant
and solvent. Reaction duration and product yield varied with
the nature of the amino substituent. The N-methyl- and N-(p-
methoxyphenyl)-substituted substrates 7a and 7c reacted fastest
reaching completion after 16 h; the N-phenyl substrate 7b
required 72 h for full reaction whilst the p-cyanophenyl group on
7d significantly retarded progress and reaction had only reached
77% oxime conversion after 72 h. The quinazoline 3-oxides 8
were isolated by flash column chromatography.


In an effort to probe the probe the sensitivity of the reaction
to the nature of the aldehyde component, condensation be-
tween 2-(4-methoxyanilino)benzaldehyde oxime 7c and either p-
nitrobenzaldehyde or p-methoxybenzaldehyde was investigated.
Both nitrobenzaldehyde and the oxime remained solids at 80 ◦C
and 1H NMR spectral analysis confirmed that no reaction
occurred between the components at this temperature. At 120 ◦C
the reactants formed a molten solid, and following 4 h of heating
complete conversion to 8e was observed. The same oxime 7c
reacts with p-methoxybenzaldehyde rather sluggishly at 80 ◦C
and after 236 h 8f isolated in 49% yield, starting oxime was
recovered in 32% yield. Reaction progressed faster at 120 ◦C
having reached the same level of oxime conversion after 84 h,
when 1H NMR spectral data indicated a 1 : 2 mixture of oxime :
nitrone 7c : 8f.


In order to permit direct comparison between the nature of the
o-amino substituent on the oxime substrate 7 and the condensing


aldehyde, the reaction of 7c with benzaldehyde was repeated at
120 ◦C. After 6.5 h of heating almost quantative conversion to 8c
was found. Thus, as expected, the more electron-rich the o-amino
oxime substituent and the more electron-poor the condensing
aldehyde the faster the cyclocondensation reactions leading to 8.


Cycloaddition to quinazoline 3-oxides


The reactivity of 1,2-dihydroquinazoline 3-oxides has not been
extensively investigated. Aromatisation,18,19 ring expansion5,20


and hydrolysis6 of ketonitrones has been demonstrated, whilst
Dimroth rearrangements to isomeric 1,2-dihydro-4-quinaxolone
oximes are facile with aminonitrones.10 The trapping of 10a
with phenyl isocyanate represents the only reported example of
1,3-dipolar cycloaddition to 1,2-dihydroquinazoline-3-oxides.13


The same heterodipolarophile trapped the amidonitrone 10b 11


furnishing 11b. Aside from these two reactions there has
been no exemplification of the 1,3-dipolar character of the
1,2-dihydroquinazoline 3-oxide skeleton. However, a related
reaction is the trapping of the tetrahydropyrimidine N-oxide
12 with dimethyl acetylenecarboxylate (4 h, CHCl3), furnishing
13 (75%) as a single diastereomeric cycloadduct.9
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Reaction between the quinazoline 3-oxides 8 and N-methyl
maleimide proceeded under mild conditions (CH2Cl2, rt, 18 h)
to afford, with varying selectivity, diastereomeric cycloadducts
14–16. The relative stereochemistry of the adducts arising from
reaction of 8b was established by nuclear Overhauser effect
difference spectra (nOeds) studies and that of the others by
analogy.


The major diastereomer 14b (55%) displays a 3.6% enhance-
ment on the signal for H-11b following irradiation of H-11a, no
cross-ring enhancements between H-6 and any of H-8a, H-11a
or H-11b are found. The intermediate isomer 15b (35%) displays
a 2.8% enhancement on the signal representing H-11b following
irradiation of H-11a, and mutual cross-ring enhancements are
observed between H-6 and H-11b. The minor isomer 16b (10%)
shows no cross-ring enhancements between H-6 and any of H-
8a, H-11a or H-11b; however, there is an 8.5% enhancement
on the signal for H-11a following irradiation of H-11b. These
observations imply that the major product 14b is the product
of an exo-addition of the dipolarophile to the top face of
the dipole.† The intermediate adduct 15b arises from an exo-
addition of the dipolarophile to the lower face of the dipole. The
minor adduct 16b is a product of an endo-addition to the top
face of the dipole.


Within each family of diastereomeric cycloadducts 14–16a–e
a distinct pattern can be identified in the 1H NMR resonance
positions for the non-aromatic protons viz. H-6, H-8a, H-11a
and H-11b. Thus, for all the major adducts 14, H-11a resonates
between 3.77 and 3.84 ppm; H-11b resonates between 4.47 and
4.58 ppm; and H-8a resonates between 4.77 and 4.87 ppm.
For the adducts 15 the H-11b signal experiences a downfield
shift of ca. 0.7 ppm with respect to the corresponding signal
in the diastereomers 14. The proton with the most significant
difference in resonance position between adducts 14 and 16 is
H-11a which appears ca. 0.4 ppm downfield in the adducts 16
with respect to 14.


The similarity between the 1H NMR spectral data of the
adducts 14a,c–e, 15a,c–e and 16a,c–e with 14b, 15b and 16b
suggests that each diastereomer has a favoured conformation
in solution and permits extrapolation of the nOeds data
acquired for the latter to complete the assignment of the relative
stereochemistry of the former.


Reaction between the dipoles 8 and dimethyl acetylenedi-
carboxylate also proceeded to completion upon stirring an
equimolar ratio of the reactants in CH2Cl2 at rt for 18 h. The
reaction products varied with the nature of the N-1 substituent
on the dipole. All the N-1 aryl substrates 8b–e reacted to afford
primary cycloaddition products 17b–e, accompanied, in the
cases of 8b and 8c, by secondary products 18b,c. The N-1 methyl
derivative 8a reacted rather differently.


† The 3-Si,4-Re face of the quinazoline 3-oxides is designated as the top
face.


Analysis of the 1H NMR spectral data of the crude mixture
following reaction between 8c and dimethyl acetylenedicar-
boxylate indicated the presence of two new reaction products.
Purification by flash column chromatography afforded pure
samples of each. The major product (32%), a red powder, was
characterised as the primary cycloaddition product 17c. No
enhancements were observed on either H-5 or H-10b upon
irradiation of the other, thus it is tentatively proposed that the
relative stereochemistry of 17c is as shown in the diagram.


The minor product (24%), a red crystalline solid, was
unambiguously identified by single crystal X-ray analysis as
the stable bicyclic azomethine ylide 18c (Fig. 1). There is


Fig. 1 X-Ray crystallographic presentation of 18c: (a) showing
monomer unit, and (b) showing water of crystallization and H-bonded
dimers.
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water of crystallization in the ylide structure. The crystal
structure contains H-bonded dimers with the water molecules
H-bonded to the keto-carbonyl oxygen atom O(2) [Fig. 1(b)].
The determination of the structure of 18c is significant since, in
as far as we can gather to-date, only a handful of azomethine
ylides have been characterised in this way.21–27 The C–N bonds
of the dipolar system differ significantly in length with the N(2)–
C(22) bond [1.443(2) Å] being close to a typical sp3 N–Csp3 bond
(1.48Å) whilst the N(2)–C(8) bond [1.298(3) Å] is slightly shorter
than a typical C=N double bond. These measurements suggest
strong bond localisation, a feature characteristic of those isolable
azomethine ylides for which X-ray structural analysis has been
performed.21–27 A twist angle of 64.5◦ between the planes defined
by C(8)–N(2)–C(1) and C(22)–C(23)–C(26) further testifies to
the low degree of conjugative interaction between the iminium
and the anionic functionalities of the dipolar system. The lack of
p-conjugation coupled with the non-planarity of the dipole unit
suggest a role for steric features and/or electronic interactions
at the ionic centres as the driving force(s) for stabilisation of
18c. These structural parameters also call into question the
classification of 18c as a 1,3-dipole and experiments are currently
on-going to probe this hypothesis.


Azomethine ylides are widely recognised as key intermediates
in a variety of thermal rearrangements of 4-isoxazolines;28


however, aside from when the C=N bond is part of an aromatic
system, the ylides have seldom been observed to be isolable.
Exceptions include an example where the C=N moiety is part of
a 3,4-dihydroisoquinoline structure29 or where the C atom of the
C=N unit bears a phenyl or styryl group.30,31 Eberbach and co-
workers have recently reported the first examples of isoxazolines
which transform to stable, isolable, azomethine ylides having
stabilising groups only at one end of the dipole.21,32 To the
best of our knowledge, compounds 18 represent a new type
of stable azomethine ylide where the C=N moiety is part of a
dihydroquinazoline ring system.


The N-1 phenyl dipole 8b reacted in a parallel fashion to
that observed for 8c and the primary cycloaddition product 17b
was isolated with the stable dipole 18b in 63 and 14% yield
respectively. It was subsequently found that smooth conversion
between 17b,c and 18b,c could be achieved upon stirring the
primary adducts in solution in MeOH.


Reaction between dipoles 8d and 8e and dimethyl acetylenedi-
carboxylate furnished only the primary cycloaddition products


17d (quantative yield) and 17e (79%). The N-1 methyl derivative
8a reacted rather differently from its aryl counterparts with
dimethyl acetylenedicarboxylate. No primary cycloaddition
products were found in the reaction mixture. 1H NMR spectral
analysis indicated the presence of one main product together
with a number of minor products. Purification by flash column
chromatography gave a pure sample of the main product, a red
crystalline solid, characterised as the stable azomethine ylide
18a (60%). A number of minor products with varying stability
were also isolated but we are not in a position to confirm their
structure.


Significantly, during the isolation of 18a a colourless crys-
talline solid fell from the early column fractions following
standing at rt, and this material was subsequently found by X-ray
crystal structure analysis to be the cyclopropaisoxazoloquina-
zoline 22 (5%) shown in Fig. 2. Dimethyl acetylenedicarboxylate
is known to undergo spontaneous tetramerisation33 and it may
be the case that a small amount of the tetramer was indeed
present in the starting ester – a situation previously alluded to in
the literature.34 Whilst [4 + 2]-cycloaddition of cyclopentadienes
to the dimethyl acetylenedicarboxylate tetramer have previously
been noted35 to the best of our knowledge the formation of 22
represents the first example of a [3 + 2]-cycloaddition to the
DMAD tetramer 21. Indeed, the formation of 22 represents
only the second publication of a cycloaddition reaction between
a nitrone and a cyclopropene moiety36 and only the third report
on the formation of cyclopropyl fused isoxazolidines.37


Rearrangement of 4-isoxazolines to azomethine ylides is well
known and it is accepted that mechanistically the transformation
proceeds in a concerted fashion by way of an acyl aziridine
intermediate. If 17 rearranges to 18 directly by way of the
aziridine 19 (Fig. 3, Path A) it is difficult to explain the relative
stability of the N-6 aryl derivatives 17b–e with respect to the N-6


Fig. 2 X-Ray crystallographic presentation of 22.
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Fig. 3 Proposed mechanistic origin of ylides 18 from the cycloadducts 17.


methyl analogue 17a. We suggest that an alternative rearrange-
ment pathway may also operate. A two-step process, shown in
Fig. 3 (Path B), invoking 20 as a precursor to the aziridine 19
accounts for the increase in lability of the isoxazoline ring with
increasing electron releasing power on the N-6 substituent. The
proposal of the intermediary cyclopropyl fused ring skeleton 20
is in parallel with Freeman’s ring contraction mechanism for
isoxazolobenzodiazepines38


Conclusions
It has been shown that 1,2-dihydroquinazoline 3-oxides 8 are
readily prepared from o-aminoarylaldoximes and aryl aldehy-
des in a cyclocondensation reaction. For the first time this
family of heterocyclic N-oxides have been demonstrated to
have 1,3-dipolar character being trapped, under mild reaction
conditions, by N-methyl maleimide affording the diastereomeric
primary cycloaddition products 14–16. In reaction with dimethyl
acetylenedicarboxylate the products comprise primary 17 and or
secondary 18 products of cycloaddition depending on the nature
of the N-1 substituent. The dipole 8a has also been trapped by
the cyclopropene moiety of the dimethyl acetylenedicarboxylate
tetramer 21.


Experimental
Melting points were determined on a Stuart Scientific (Bibby)
melting point apparatus and are uncorrected. Elemental anal-
yses were performed on a CE-440 analytical instrument. 1H
and 13C NMR spectra were recorded using a Bruker NMR
spectrometer operating at 300 MHz for 1H and 75 MHz for
13C nuclei. Data were recorded at probe temperatures with,
unless otherwise stated, tetramethylsilane as internal reference
and deuteriochloroform as solvent; J values are given in Hertz.
Flash column chromatography was carried out on silica gel 60


(0.040–0.063 nm) purchased from Merck, analytical TLC plates
were purchased from Merck, aluminium-backed and coated
with silica gel 60 F254 indicator. Samples were located by UV
illumination using a portable UVtec lamp (k = 254 nm) or by the
use of iodine staining. Mass spectra were recorded on a Profile
Kratos Analytical instrument. Infrared spectra were recorded
on a Perkin Elmer 2000 FT-IR instrument, and samples were
prepared as KBr discs.


Preparation of the 2-aminobenzaldehydes 6


The substrates 6a (1.30 g, 90%), 6b (1.70 g, 86%) and 6c
(1.40 g, 65%) were prepared by addition of the appropriate
organozinc reagent to 2,1-benzisoxazole by the method of
Baum et al. In each case the 1H NMR spectral data agree
with those published.16 4′-Methoxy-[1,1′-biphenyl]-4-yl methyl
ether 9a (0.26 g, 12%) was formed as by-product during the
preparation of 6c; the 1H NMR spectral data of isolated 9a
agree with the literature.17


4-(2-Formylanilino)benzonitrile 6d


To a solution of 4-bromobenzonitrile (3.66 g, 20 mmol) in
anhydrous THF (25 cm3) under nitrogen at −78 ◦C was added
dropwise a solution of 1.6 M n-butyllithium in hexane (12.5 cm3,
20 mmol). The resulting suspension was added rapidly, via a
cannula (18 gauge double tipped needle), to a stirred slurry of
anhydrous ZnCl2 (3.41 g, 25 mmol) in THF (75 cm3) under
nitrogen at 0 ◦C. When the solution had warmed to rt, 2,1-
benzisoxazole (10 mmol) in THF (10 cm3) was added followed
by anhydrous Ni(acac)2 (1.00 g, 4 mmol) in THF (20 cm3).
Reaction progress was monitored by periodically working up
1 cm3 aliquots and observing the loss of the starting 2,1-
benzisoxazole by TLC analysis. Upon completion the reaction
was quenched with 6 M HCl (5 cm3). The reaction mixture was
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poured into water (100 cm3) and extracted with diethyl ether (2 ×
100 cm3). The ether extracts were combined, washed with water
(50 cm3) and concentrated under reduced pressure to give the
crude product. Purification by flash column chromatography
(hexane–diethyl ether; 9 : 1) afforded the pure aldehyde as a
yellow crystalline solid (1.70 g, 77%) along with [1,1′-biphenyl]-
4,4′-dicarbonitrile 9b (0.10 g, 6%). The 1H NMR spectral data
of the biphenyl agree with those reported.17


6d. Mp 102–104 ◦C (from EtOH). (Found: C, 75.13; H, 4.45;
N, 12.46. C14H10N2O requires: C, 75.68; H, 4.50; N, 12.60%). dH:
10.21 (s, 1H, NH), 9.93 (s, 1H, HC=O), 7.63 (m, 3H, Ar-H,
including 7.62, d, 2H, J 8.8, H-2′ and H-6′), 7.47 (m, 2H, Ar-H),
7.34 (d, 2H, J 8.8, H-3′ and H-5′), 7.02 (m, 1H, Ar-H). dC: 195.0
(C=O), 145.2, 144.9 (ArC–N), 137.2, 136.0, 134.0 121.3, 120.6
(Ar–CH), 120.0 (C≡N), (Ar–CH), 119.4 (ArC-CHO), 114.5
(Ar–CH), 105.9 (ArC–C≡N). IR/cm−1: m = 3424, 3108, 2844,
2764, 2219, 1659, 1595, 1529.


General procedure for the formation of 2-aminobenzaldoximes 7


A solution of the aldehyde (8 mmol), pyridine (8.1 mmol) and
NH2OH·HCl (8.1 mmol) were heated in boiling EtOH (50 cm3)
for 18 h. Following evaporation of the solvent the residue was
taken up in chloroform (50 cm3) and extracted with water
(3 × 40 cm3). The combined organic extracts were dried over
MgSO4 and concentrated to yield the crude product which was
purified by flash column chromatography or crystallization. 2-
Methoxyacridine was isolated (11%) during preparation of 7c.


2-Methylaminobenzaldehyde oxime 7a 40 and 2-anilinobenzal-
dehyde oxime 7b 41 are known compounds; 1H NMR spectral
data of the prepared samples agree with published data.


2-(4-Methoxyanilono)benzaldehyde oxime 7c. White crys-
talline solid (1.62 g, 60%), mp 90–92 ◦C (from diethyl ether
and hexane). (Found: C, 68.90; H, 5.83; N, 11.35. C14H14N2O2


requires: C, 69.42; H, 5.42; N, 11.62%). dH: 8.63 (br, s, 1H,
NH/OH), 8.29 (s, 1H, HC=N), 7.16 (m, 4H, Ar-H including
d at 7.16, 2H, J 8.8, H-3′ and H-5′), 7.00 (m, 1H, Ar–H), 6.90
(d, 2H, J 8.8, H-2′ and H-6′), 6.73 (m, 1H, Ar–H), 3.82 (s, 3H,
OCH3). dC: 156.8 (ArC–O), 154.1 (HC=N), 145.9, 134.2 (ArC–
N) 133.2, 130.9, 125.9 (Ar–CH), 117.3 (ArC-2′ and 6′) 115.1
(ArC–C=NOH), 115.0, 112.9 (Ar–CH), 56.0 (OCH3).
42,43


2-Methoxyacridine. Colourless crystalline solid (0.13 g,
11%) mp 89–91 ◦C (from diethyl ether and hexane). dH: 8.56
(s, 1H, C=CH), 8.19 (d, 1H, J 8.6, Ar–H), 8.12 (d, 1H, J 8.6,
Ar–H), 7.92 (d, 1H, J 8.4, Ar–H), 7.70 (m, 1H, Ar–H), 7.48 (m,
2H, Ar–H), 7.11 (d, 1H, J 2.6, Ar–H), 3.95 (s, 3H, OMe).


4-{2-[(Hydroxyimino)methyl]anilino}benzonitrile 7d. Yellow
crystalline solid (1.00 g, 72%), mp 166–170 ◦C (from toluene).
(Found: C, 71.08; H, 4.74; N, 17.18. C14H11N3O requires: C,
70.88; H, 4.64; N, 17.72%). dH: 9.06 (br, s, 1H, NH/OH), 8.26
(s, 1H, HC=N), 7.53 (m, 2H, Ar–H), 7.44 (m, 2H, Ar–H), 7.30
(m, 2H, Ar–H), 7.21 (m, 2H, Ar–H), 6.98 (m, 1H, Ar–H). dC:
153.5 (CH=N), 146.5, 141.1 (ArC–N), 134.1, 133.3, 130.7, 121.2
(Ar–CH), 119.9, 118.9 (C≡N and ArC–C=N), 118.2, 116.6 (Ar–
CH), 103.9 (ArC–C≡N). IR/cm−1: m = 3335, 2222, 1625, 1610,
1591, 1528.


1-Methyl-2-phenyl-1,2-dihydroquinazolin-3-ium-3-olate 8a


2-Methylaminobenzaldehyde oxime 7a (6.8 mmol, 1.00 g) was
stirred with benzaldehyde (34 mmol, 3.60 g) at 80 ◦C for 16 h.
Purification by flash column chromatography (diethyl ether)
afforded 8a as a green solid (1.30 g, 80%), mp 132–136 ◦C (from
diethyl ether and hexane). (Found: C, 75.61; H, 5.83; N, 11.90.
C15H14N2O requires: C, 75.63; H, 5.88; N, 11.76%). dH: 7.68 (s,
1H, HC=N), 7.35 (m, 6H, Ar–H), 7.04 (dd, 1H, J 7.6 and 1.5,
Ar–H), 6.81 (ddd, 1H, J 8.5, 8.5 and 0.9, Ar–H), 6.68 (d, 1H, J
8.2, Ar–H), 5.95 (s, 1H, H–2), 2.93 (s, 3H, Me). dC: 141.0 (C-8a),


135.5 (C-1′), 132.0 (CH=N), 131.8, 130.1, 129.2, 129.0, 128.8,
127.0, 126.4, 119.6 (Ar–CH), 116.6 (C-4a), 111.7 (Ar–CH), 86.9
(C-2), 36.1 (NMe).


1,2-Diphenyl-1,2-dihydroquinazolin-3-ium-3-olate 8b


2-Phenylaminobenzaldehyde oxime 7b (1.90 g, 9 mmol) was
stirred with benzaldehyde (4.80 g, 45 mmol) at 80 ◦C for 72 h.
Purification by flash column chromatography (diethyl ether)
afforded 8b as a yellow solid (2.10 g, 76%), mp 68–70 ◦C (from
diethyl ether and hexane). (Found: C, 75.25; H, 5.43; N, 8.44.
C20H16N2O[H2O] requires: C, 75.47; H, 5.66; N, 8.81%). dH: 7.73
(s, 1H, CH=N), 7.68 (m, 2H, Ar–H), 7.32 (m, 5H, Ar–H), 7.23
(m, 2H, Ar–H), 7.14 (m, 4H, Ar–H), 6.98 (m, 1H, Ar–H), 6.51
(s, 1H, H-2). dC: 145.1 (C-8a), 137.5 (C-1′), 135.7 (C-7′), 132.5
(CH=N), 132.5, 130.3, 130.1, 129.9, 129.6, 129.3, 128.7, 128.2,
126.6, 126.0, 124.8, 122.4, 121.9 (Ar–CH), 119.9 (C-4a), 118.8
(Ar–CH), 86.2 (C-2). IR/cm−1: m = 3436 3034, 2833, 1605, 1596,
1560, 1523, 1509, 1488, 1461.


1-(4-Methoxyphenyl)-2-phenyl-1,2-dihydroquinazolin-3-ium-3-
olate 8c


The oxime 7c (408 mg, 1.7 mmol) was stirred with benzaldehyde
(8.4 mmol, 893 mg) for 16 h at 80 ◦C. Purification by flash
column chromatography (diethyl ether) gave 8c as a yellow solid
(526 mg, 94%), mp 40 ◦C (from diethyl ether). (Found: C, 74.16;
H, 5.42; N, 7.80. C21H18N2O2[0.5H2O] requires: C, 74.33; H, 5.60;
N, 8.26%). dH: 7.71 (s, 1H, HC=N), 7.61 (m, 2H, Ar–H), 7.32 (m,
3H, Ar–H), 7.21 (m, 1H, Ar–H), 7.05 (m, 4H, Ar–H), 6.87 (m,
3H, Ar–H), 6.37 (s, 1H, CH), 3.79 (s, 3H, OCH3). dC: 157.3 (ArC–
O), 138.6, 137.9, 136.3 (Ar–C), 130.4 (Ar–CH), 130.1 (CH=N),
129.3, 128.7, 126.7, 125.9, 124.9, 121.4 (Ar–CH), 118.9 (C-4a),
117.5, 114.9 (Ar–CH), 86.6 (C-2), 55.5 (OCH3). IR/cm−1: m =
3409, 3059, 2834, 1584, 1557, 1509, 1487, 1459.


1-(4-Cyanophenyl)-2-phenyl-1,2-dihydroquinazolin-3-ium-3-
olate 8d


The oxime 7d (152 mg, 0.64 mmol) was stirred with benzaldehyde
(340 mg, 3.2 mmol) at 80 ◦C for 72 h. Purification by flash column
chromatography afforded 8d as a white solid (93.6 mg, 45%), mp
220–225 ◦C (from diethyl ether). (Found: C, 77.09; H, 4.62; N,
12.48. C21H17N3O requires: C, 77.54; H, 4.62; N, 12.92%). dH:
7.74 (s, 1H, CH=N), 7.60 (m, 4H, Ar–H), 7.32 (m, 4H, Ar–H),
7.18 (m, 5H, Ar–H), 6.51 (s, 1H, H-2). dC: 149.3 (C-8a), 135.6
(C-1′), 134.6 (C-7′), 134.2, 130.6 (Ar–CH), 130.0 (CH=N),
129.4, 126.8, 126.6, 124.7, 121.7, 120.8, 120.4 (Ar–CH), 119.0
(C-4a and C≡N), 107.3 (C-4′), 86.1 (C-2). IR/cm−1: m = 3396,
3057, 2216, 1598, 1586, 1556, 1506, 1486.


1-(4-Methoxyphenyl)-2-(4-nitrophenyl)-1,2-dihydroquinazolin-
3-ium-3-olate 8e


The oxime 7c (1.3 mmol, 315 mg) was stirred in with 4-
nitrobenzaldehyde (980 mg, 6.6 mmol) at 120 ◦C for 4 h.
Purification by flash column chromatography (diethyl ether–
MeOH; 9.5 : 0.5) afforded 8e as a yellow solid (0.50 g, 100%),
mp 143–145 ◦C (diethyl ether and hexane). (Found: C, 66.83;
H, 4.67; N, 11.08. C21H17N3O4 requires: C, 67.20; H, 4.40; N,
11.08%). dH: 8.17 (d, 2H, J 8.7, H-9′ and H-11′), 7.86 (d, 2H,
J 8.7, H-8′ and H-11′), 7.76 (s, 1H, CH=N), 7.24 (m, 1H,
Ar–H), 7.05 (d, 2H, J 8.0, H-2′ and H-6′) 6.99 (m, 3H, Ar–
H), 6.88 (d, 2H, J 8.0, H-3′ and H-5′) 6.45 (s, 1H, 2-H), 3.81
(s, 1H, OCH3). dC: 158.0 (ArC–O), 148.9 (ArC–NO2), 143.4
(C-8a), 138.3, 138.2 (Ar–C), 131.2 (Ar–CH), 130.8 (CH=N),
128.3, 126.5, 125.1, 124.3, 122.7 (Ar–CH), 119.4 (C-4a), 118.7,
115.5 (Ar–CH), 86.4 (C-2), 56.0 (OCH3). IR/cm−1: m = 3413,
3059, 2835, 1585, 1557, 1510, 1488, 1459.
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1,2-Bis-(4-methoxyphenyl)-1,2-dihydroquinazolin-3-ium-3-
olate 8f


The oxime 7c (266 mg, 1.1 mmol) and p-methoxybenzaldehyde
(750 mg, 5.5 mmol) were heated at 80 ◦C. Reaction progress
reached its limit after 236 h (68% oxime consumption). Purifi-
cation by flash column chromatography (diethyl ether–MeOH;
9.5 : 0.5) gave 8f (192 mg, 49%) as a clear green oil. dH: 7.68 (s,
1H, CH=N), 7.52 (d, 1H, J 8.6, Ar–H), 7.18 (m, 1H, Ar–H),
7.06 (d, 2H, J 8.6, Ar–H), 7.00 (d, 1H, J 8.3, Ar–H), 6.91 (d,
1H, J 7.4, Ar–H), 6.88 (m, 4H, Ar–H), 6.30 (s, 1H, H-2), 3.80,
3.76 (2 × OCH3).


5,10-Dimethyl-6-phenyl-5,8a,11a,11b-tetrahydropyrrolo[3′,4′:
4,5]isoxazolo[2,3-c]quinazoline-9,11(6H ,10H)-diones 14a, 15a
and 16a


A solution of the nitrone 8a (0.5 g, 2.1 mmol) and N-methyl
maleimide (0.24 g, 2.1 mmol) in DCM (20 cm3) was stirred at
rt for 18 h. The solvent was removed under reduced pressure
to give the crude reaction products, the 1H NMR spectral
analysis of which indicated the presence of three diastereomeric
cycloadducts 14a, 15a and 16a in a 5 : 6 : 1 ratio. Purification
by flash column chromatography (DCM) followed by crystalli-
sation (diethyl ether and hexane) afforded pure samples of 14a
(0.257 g, 37%) and 15a (220 mg, 32%), and only a trace amount
of the minor isomer 16a was isolated.


Microanalytical data were obtained on a mixed sample
of 14a and 15a. (Found: C, 67.55; H, 5.42; N, 11.65.
C20H19O3N3[0.5H2O] requires: C, 67.03; H, 5.59; N, 11.73%).


14a. White powder, mp 220–223 ◦C (diethyl ether and
hexane). dH: 7.25 (m, 4H, Ar–H), 7.11 (m, 3H, Ar–H), 6.76 (m,
2H, Ar–H), 5.57 (s, 1H, H-6), 4.77 (d, 1H, J 7.3, H-8a), 4.50 (s,
1H, H-11b), 3.77 (d, 1H, J 7.3, H-11a), 3.07 (s, 3H, NCH3), 3.06
(s, 3H, NCH3). dC: 175.7 (C=O), 175.6 (C=O), 143.1 (C-4a),
137.4 (C-1′), 129.3, 129.2, 128.9, 127.4, 127.3 (Ar–CH), 118.2
(C-11c), 117.4, 111.2 (Ar–CH), 77.4 (C-6), 75.6 (C-8a), 59.5 (C-
11b), 56.5 (C-11a), 37.7 (NCH3), 25.5 [C(O)NCH3]. IR/cm−1:
m = 3460, 2919, 2839, 1786, 1698, 1603, 1577, 1508, 1448.


nOeds results for 14a. Irradiation of H-8a caused a 5.4%
enhancement on the signal representing H-11a; irradiation of H-
11a caused enhancements on H-8a (7.1%) and on H-11b (3.2%);
irradiation of H-11b caused a 2.3% enhancement on H-11a.


15a. White powder, mp 220–225 ◦C (from diethyl ether and
hexane). dH: 7.53 (m, 2H, Ar–H), 7.38 (m, 3H, Ar–H), 7.24 (m,
2H, Ar–H), 6.90 (m, 2H, Ar–H), 5.22 (s, 1H, H-6), 5.12 (s, 1H,
H-11b), 4.77 (d, 1H, J 7.3, H-8a), 3.73 (d, 1H, J 7.3, H-11a),
3.02 [s, 3H, C(O)NCH3], 2.70 (s, 3H, NCH3). dC: 175.3 (C=O),
174.6 (C=O), 146.5 (C-4a), 137.0 (C-1′), 129.0 (Ar–CH), 128.6
(C-11c), 128.5, 127.3, 120.7, 119.3, 115.3 (Ar–CH), 77.9 (C-
6), 75.5 (C-8a), 65.3 (C-11b), 55.7 (C-11a), 36.9 (NCH3), 25.2
[C(O)NCH3].


nOeds results for 15a. Irradiation of H-8a caused a 7.1%
enhancement on the signal representing H-11a; irradiation of H-
11a caused enhancements on H-8a (7.3%) and on H-11b (2.1%);
irradiation of H-11b caused a 2.5% enhancement on H-11a.


10-Methyl-5,6-diphenyl-5,8a,11a,11b-tetrahydropyrrolo[3′,4′:
4,5]isoxazolo[2,3-c]quinazoline-9,11(6H ,10H)-diones 14b, 15b
and 16b


A solution of the nitrone 8b (153 mg, 0.51 mmol) and N-methyl
maleimide (57 mg, 0.51 mmol) was stirred in DCM (20 cm3) at rt
for 18 h. The solvent was removed under reduced pressure to give
the crude reaction products, the 1H NMR spectral analysis of
which indicated a mixture of three isomeric cycloadducts 14b,
15b and 16b in 2.5 : 2 : 1 ratio. Purification by flash column
chromatography (DCM) followed by crystallization (diethyl
ether and hexane) afforded 14b (119 mg, 55%), 15b (75 mg,
35%) and 16b (24 mg, 10%).


Microanalytical and mp data were obtained on a sample
of mixed diastereomers; white powder, mp 250–252 ◦C (from
diethyl ether and hexane). (Found: C, 72.38; H, 5.08; N, 10.07.
C25H21N3O3 requires: C, 72.99; H, 5.25; N, 10.50%).


14b. dH: 7.39 (m, 2H, Ar–H), 7.28 (m, 5H, Ar–H), 7.18 (m,
2H, Ar–H), 7.1 (m, 4H, Ar–H), 6.87 (m, 1H, Ar–H), 5.99 (s,
1H, H-6), 4.85 (d, 1H, J 7.2, H-9a), 4.55 (s, 1H, H-11b), 3.82
(d, 1H, J 7.2, H-11a), 3.11 (s, 3H, NCH3). dC: 175.7 (C=O),
175.6 (C=O), 148.0 (C-4a), 140.9 (C-1′), 137.9 (C-7′), 129.8,
129.2, 128.9, 128.5, 127.8, 127.6, 124.5, 123.9 (Ar–CH), 121.1
(C-11c), 120.5, 118.1 (Ar–CH), 77.9 (C-6), 75.7 (C-8a), 60.00
(C-11b), 56.4 (C-11a), 25.6 (NCH3). IR/cm−1: m = 3473, 2951,
2834, 1788, 1699, 1595, 1578, 1496.


nOeds results for 14b. Irradiation of H-8a caused a 6.1%
enhancement on the signal representing H-11a; irradiation of H-
11a caused enhancements on H-8a (8.3%) and on H-11b (3.6%);
irradiation of H-11b caused a 3.0% enhancement on H-11a.


15b. dH: 7.35 (m, 3H, Ar–H), 7.13 (m, 5H, Ar–H), 7.00 (m,
4H, Ar–H), 6.88 (t, 1H, J 7.3, Ar–H), 6.66 (d, 1H, J 8.2, Ar–H),
5.68 (s, 1H, H-6), 5.23 (1H, s, H-11b), 4.84 (1H, d, J 7.4, H-8a),
3.74 (1H, d, J 7.4, H-11a), 3.01 (3H, s, NCH3). dC: 175.7 (C=O),
174.8 (C=O), 145.6, 144.4 (C-1′ and C-4a), 136.8 (C-7′), 130.7,
130.4, 129.4, 128.6, 128.5, 128.2, 127.8, 126.5 (Ar–CH), 120.2
(C-11c), 120.0, 117.2 (Ar–CH), 78.9 (C-6), 76.2 (C-8a), 65.8
(C-11b), 56.2 (C-11a), 25.6 (NCH3). IR/cm−1: m = 3471, 3035,
2922, 1783, 1709, 1603, 1593, 1576, 1491.


nOeds results for 15b. Irradiation of H-6 caused a 5.7%
enhancement on the signal representing H-11b; irradiation of
H-8a caused a 6.3% enhancement on the signal representing
H-11a; irradiation of H-11a caused enhancements on H-8a
(7.0%) and on H-11b (2.8%); irradiation of H-11b caused a
3.9% enhancement on H-6.


16b. dH: 7.40 (m, 2H, Ar–H), 7.29 (m, 5H, Ar–H), 7.08 (m,
6H, Ar–H), 6.75 (t, 1H, J 6.3, Ar–H), 5.95 (s, 1H, H-6), 4.97 (d,
1H, J 8.0, H-8a), 4.70 (d, 1H, J 8.0, H-11b), 4.24 (dd, 1H, J 8.0
and 8.0, H-11a), 2.63 (s, 3H, NCH3).


nOeds results for 16b. Irradiation of H-6 caused a 4.1%
enhancement on the signal representing H-11a; irradiation of
H-8a caused a 9.5% enhancement on the signal representing
H-11a; irradiation of H-11a caused enhancements on H-8a
(6.6%) and on H-11b (6.2%); irradiation of H-11b caused a
8.5% enhancement on H-11a.


5-(4-Methoxyphenyl)-10-methyl-6-phenyl-5,8a,11a,11b-
tetrahydropyrrolo[3′,4′:4,5]isoxazolo[2,3-c]quinazoline-
9,11(6H ,10H)-diones 14c, 15c and 16c


A solution of the nitrone 8c (0.30 g, 0.91 mmol) and N-methyl
maleimide (101 mg, 0.91 mmol) in DCM (20 cm3) was stirred at
rt for 18 h. The solvent was removed under reduced pressure
to give the crude reaction products, the 1H NMR spectral
analysis of which indicated the presence of a mixture of three
isomeric cycloadducts 14c, 15c and 16c in a ratio of 4.5 :
2.5 : 1. Purification by flash column chromatography (DCM)
followed by crystallisation (diethyl ether and hexane) afforded
14c (0.175 g, 46%), 15c (0.102 g, 27%) and 16c (10 mg, 3%).


Microanalytical data were obtained on a mixed sample of 14c
and 15c. (Found: C, 69.60; H, 5.38; N, 9.23. C26H23N3O4[0.5H2O]
requires: C, 69.33; H, 5.33, N, 9.33%).


14c. White powder, 190–192 ◦C (from diethyl ether). dH: 7.37
(m, 2H, Ar–H), 7.27 (m, 3H, Ar–H), 7.13 (m, 4H, Ar–H), 6.84
(m, 4H, Ar–H), 5.84 (s, 1H, H-6), 4.84 (d, 1H, J 7.5, H-8a), 4.53
(s, 1H, H-11b), 3.80 (d, 1H, J 7.5, H-11a), 3.79 (s, 3H, OCH3),
3.09 (s, 3H, NCH3). dC: 175.4 (C=O), 175.2 (C=O), 157.1
(C-4′), 141.7 (C-1′), 140.1, 137.9 (Ar–C), 128.8, 128.4, 128.2,
127.2, 126.8 (Ar–CH), 119.4 (C-11c), 119.0, 116.3, 114.8 (Ar–
CH), 77.7 (C-6), 75.4 (C-8a), 59.5 (C-11b), 56.1 (C-11a), 55.5
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(OCH3), 25.2 (NCH3). IR/cm−1: m = 3473, 2951, 2834, 1788,
1701, 1597, 1576, 1508, 1493.


nOeds results for 14c. Irradiation of H-8a caused a 6.4%
enhancement on the signal representing H-11a; irradiation of
H-11b caused a 2.9% enhancement on H-11a.


15c. White powder, 190–195 ◦C (from diethyl ether). dH: 7.38
(m, 2H, Ar–H), 7.27 (m, 1H, Ar–H), 7.14 (m, 3H, Ar–H), 7.01
(m, 1H, Ar–H), 6.93 (d, 2H, J 8.8, H-3′ and H-5′), 6.92 (m, 1H,
Ar–H), 6.66 (d, 2H, J 8.8, H-2′ and H-6′), 6.35 (d, 1H, J 8.3,
Ar–H), 5.62 (s, 1H, H-6), 5.26 (s, 1H, H-11b) 4.88 (d, 1H, J 7.2,
H-8a), 3.78 (d, 1H, J 7.2, H-11a), 3.70 (s, 3H, OCH3), 3.02 (s,
3H, NCH3).


nOeds results for 15c. Irradiation of H-6 caused a 5.6%
enhancement on the signal representing H-11b; irradiation of
H-8a caused enhancements on H-6 (2.3%) and on H-11a (6.5%);
irradiation of H-11b caused a 6.7% enhancement on H-6 and a
2.5% enhancement on H-11a.


16c. Isolated as a white powder, 190–192 ◦C (from diethyl
ether). dH: 7.39 (m, 2H, Ar–H), 7.28 (m, 3H, Ar–H), 7.12 (d,
2H, J 9.0, H-3′ and H-5′), 7.05 (m, 2H, Ar–H), 6.93 (m, 1H,
Ar–H), 6.86 (d, 2H, J 9.0, H-2′ and H-6′) 6.70 (m, 1H, Ar–H),
5.81 (s, 1H, H-6), 4.97 (d, 1H, J 8.0, H-8a), 4.67 (br, d, 1H, J
6.2, H-11b), 4.25 (br, dd, 1H, J 8.0 and 8.0, H-11a), 3.79 (s, 3H,
OCH3), 2.70 (s, 3H, NCH3).


nOeds results for 16c. Irradiation of H-8a caused a 5.6% en-
hancement on the signal representing H-11a; irradiation of H-11a
caused enhancements on H-8a (7.8%) and on H-11b (1.2%);
irradiation of H-11b caused a 4.3% enhancement on H-11a.


4-[10-Methyl-9,11-dioxo-6-phenyl-8a,9,10,11,11a,11b-
hexahydropyrrolo[3′,4′:4,5]isoxazolo[2,3-c]quinazolin-5(6H)-
yl]benzonitriles 14d, 15d and 16d


A solution of the nitrone 8d (111 mg, 0.5 mmol) and N-methyl
maleimide (55 mg, 0.5 mmol) in DCM (10 cm3) was stirred at
rt for 18 h. The solvent was removed under reduced pressure.
1H NMR spectral analysis of the crude product indicated the
presence of three isomeric cycloadducts 14d, 15d and 16d in a
1 : 0.2 : 1 ratio. Purification by flash column chromatography
(DCM) followed by crystallization (diethyl ether and hexane)
afforded 14d (0.11 g, 50%), 16d (0.067 g, 30%) and only a trace
amount of 15d.


Microanalytical and mp data were obtained on a mixed
sample of 14d and 16d, white powder, decomposes at 270–
280 ◦C (from diethyl ether). (Found: C, 70.73; H, 4.60; N, 12.51.
C26H20N4O3[0.5H2O] requires: C, 70.11; H, 4.72; N, 12.58%).


14d. dH: 7.54 (d, 2H, J 8.3, H-3′ and H-5′), 7.26 (m, 10H,
Ar–H) 7.01 (t, 1H, J 7.7, Ar–H), 6.10 (s, 1H, H–6), 4.83 (d, 1H, J
7.3, H-8a), 4.58 (s, 1H, H-11b), 3.82 (d, 1H, J 7.3, H-11a), 3.12 (s,
3H, N–Me). dC: 175.0 (C=O), 174.7 (C=O), 152.2 (C-4a), 138.2
(C-1′), 136.0 (C-7′), 133.6, 129.1, 128.9, 128.5, 127.8, 127.0 (Ar–
CH), 122.9 (C-11c), 122.8, 121.3, 119.6 (Ar–CH), 119.2 (C≡N),
105.5 (C-4′), 77.6 (C-6), 75.2 (C-8a), 59.6 (C-11b), 56.0 (C-11a),
25.3 (NCH3). IR/cm−1: m = 3473, 3042, 2947, 2231, 1789, 1701,
1608, 1600, 1585, 1509, 1493.


nOeds results for 14d. Irradiation of H-8a caused a 6.8%
enhancement on the signal representing H-11a; irradiation of H-
11a caused enhancements on H-8a (7.9%) and on H-11b (3.1%);
irradiation of H-11b caused a 2.7% enhancement on H-11a.


16d. dH: 7.57 (d, 2H, J 8.5, H-3′ and H-5′), 7.37 (m, 2H,
Ar–H), 7.25 (m, 7H, Ar–H, including 7.16, d, J 8.5, H-2′ and
H-6′), 7.05 (d, 1H, J 7.2, Ar–H), 6.90 (m, 1H, J 3.9, Ar–H),
6.08 (s, 1H, H-6), 4.96 (d, 1H, J 8.2, H-8a), 4.75 (d, 1H, J 8.2,
H-11b), 4.29 (dd, 1H, J 8.2 and 8.2, H-11a), 2.66 (s, 3H, NCH3).
dC: 173.0 (C=O), 172.6 (C=O), 152.2 (C-4a) 139.4 (C-1′), 136.2
(C-7′), 134.0, 129.4, 129.2, 128.9, 127.5, 122.7, 121.3 (Ar–CH),
120.7 (C-11c), 120.4 (Ar–CH), 119.6 (C≡N), 105.8 (C-4′), 79.0
(C-6), 76.8 (C-8a), 58.4 (C-11b), 55.5 (C-11a), 24.9 (NCH3).


Preparation of 10-methyl-6-(4-nitrophenyl)-5-(4-methoxyphenyl)-
5,8a,11a,11b-tetrahydropyrrolo[3′,4′:4,5]isoxazolo[2,3-
c]quinazoline-9,11(6H ,10H)-diones 14e, 15e and 16e


A solution of the nitrone 8e (161 mg, 0.43 mmol) and N-methyl
maleimide (48 mg, 0.43 mmol) in DCM (10 cm3) was stirred at
rt for 18 h. The solvent was removed under reduced pressure to
give a crude product, the 1H NMR spectral analysis of which
indicated the presence of three isomeric cycloadducts 14e, 15e
and 16e in a ratio of 5 : 1 : 1. Purification by flash column
chromatography (DCM) followed by crystallisation (diethyl
ether and hexane) afforded 14e (0.14 g, 67%), 15e (0.02 g, 10%)
and 16e (0.027 g, 13%).


Microanalytical data were obtained on a mixture of
14e, 15e and 16e. (Found: C, 63.19; H, 4.41; N, 11.44.
C26H22N4O6[0.5H2O] requires: C, 63.03; H, 4.65; N, 11.52%).


14e. Light yellow solid, decomposes at 240 ◦C (from diethyl
ether and hexane). dH: 8.15 (d, 2H, J 8.6, H-9′ and 11′), 7.60 (d,
2H, J 8.6, H-8′ and H-12′), 7.12 (m, 4H, Ar–H), 6.86 (m, 4H,
Ar–H), 5.91 (s, 1H, H–6), 4.87 (d, 1H, J 7.2, H-8a), 4.47 (s, 1H,
H-11b), 3.84 (d, 1H, J 7.2, H-11a), 3.79 (s, 3H, OCH3), 3.09
(s, 3H, NCH3). dC: 175.4, 175.2 (C=O), 157.8 (ArC–O) 148.4,
145.3, 141.4, 140.1 (Ar–C), 128.9, 128.8, 127.7, 127.2, 124.5,
120.3 (Ar–CH), 119.7 (C-11c), 117.3, 115.3 (Ar–CH), 77.6 (C-6),
75.8 (C-8a), 59.9 (C-11b), 56.5 (C-11a), 55.9 (OCH3).


nOeds results for 14e. Irradiation of H-8a caused a 6.3%
enhancement on the signal representing H-11a; irradiation of
H-11b caused a 3.6% enhancement on H-11a.


15e. Yellow solid, decomposes at 235 ◦C (from diethyl ether
and hexane). dH: 8.01 (d, 2H, J 8.6, H-9′ and H-11′), 7.59 (d,
2H, J 8.6, H-9′ and H-12′), 7.28 (m, 1H, Ar-H), 6.96 (m, 4H,
Ar-H, including d at 6.94, 2H, J 8.7, H-2′ and H-6′), 6.69 (d,
2H, J 8.7, H-3′ and 5′), 6.34 (d, 1H, J 8.3, Ar-H), 5.72 (s, 1H,
H-6), 5.30 (s, 1H, H-11b), 4.92 (d, 1H, J 7.3, H-8a), 3.84 (d,
1H, J 7.3, H-11a), 3.70 (s, 3H, OCH3), 3.02 (s, 3H, NCH3). dC:
175.5, 174.8 (C=O), 158.5 (ArC–O), 147.9, 146.0, 143.6 (Ar–C),
136.1 (C-7′), 132.1, 131.3, 128.6, 127.6, 123.4, 120.2 (Ar–CH),
119.6 (C-11c), 116.9, 115.0 (Ar–CH), 78.0 (C-6), 75.8 (C-8a),
65.6 (C-11b), 55.9 (C-11a), 55.6 (OMe), 25.6 (NMe).


16e. Isolated as a yellow crystalline solid, decomposes at
248 ◦C (from diethyl ether and hexane). dH: 8.15 (d, 2H, J 8.6,
H-9′ and H-11′), 7.59 (d, 2H, J 8.6, H-8′ and H-12′), 7.08 (m,
4H, Ar–H), 6.88 (m, 3H, Ar–H), 6.76 (m, 1H, Ar–H), 5.81 (s,
1H, H-6), 4.98 (d, 1H, J 8.1, H-8a), 4.66 (br, 1H, H-11b), 4.25
(dd, 1H, J 8.1 and 8.1, H-11a), 3.80 (s, 3H, OCH3), 2.71 (s, 3H,
NCH3). dC: 172.9, 172.9 (C=O), 157.5 (ArC–O), 148.3, 142.1,
140.0 (Ar–C), 129.4, 129.3, 128.4, 126.1, 124.3, 120.2 (Ar–CH),
118.3, 117.7 (Ar–C), 115.3 (Ar–CH), 78.8 (C-6), 77.2 (C-8a),
59.2 (C-11b), 55.9 (OCH3), 53.8 (C-11a), 25.0 (NCH3).


nOeds results for 16e. Irradiation of H-8a caused a 6.4%
enhancement on the signal representing H-11a; irradiation of
H-11b caused a 2.9% enhancement on H-11a.


Dimethyl 5,6-diphenyl-6,10b-dihydro-5H-isoxazolo[2,3-
c]quinazoline-1,2-dicarboxylate 17b and (Z)-3-(1,2-diphenyl-
1,2-dihydroquinazolin-3-ium-3-yl)-1,4-dimethoxy-1,4-dioxo-2-
buten-2-olate 18b.


A solution of the nitrone 8b (226 mg, 0.75 mmol) and DMAD
(107 mg, 0.75 mmol) was stirred in DCM (10 cm3) at rt for 18 h.
The solvent was removed under reduced pressure to give a crude
product. 1H NMR spectral analysis indicated the formation of
two new products, 17b and 18b, in a ratio of 4 : 1. Purification
by flash column chromatography (diethyl ether–hexane; 2 : 8,
followed by diethyl ether–MeOH; 99 : 1) gave pure samples of
17b (0.21 g, 63%) and 18b (0.046 g, 14%).


17b. Red amorphous solid, mp 134–136 ◦C (from
methanol). (Found: C, 70.42; H, 4.99; N, 6.38. C26H22N2O3
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requires: C, 70.58; H, 4.77; N, 6.33%). dH: 7.48 (m, 2H, Ar–
H), 7.24 (m, 11H, Ar–H), 6.77 (m, 1H, Ar–H), 6.29 (s, 1H,
H-5), 5.59 (s, 1H, H-10b), 3.80 (s, 3H, OCH3), 3.74 (s, 3H,
OCH3). dC: 163.01 (C=O), 159.40 (C=O), 152.53 (C=C–O),
148.18, 141.15 (ArC–N), 136.95 (Ar–C), 129.79, 129.06, 128.67,
128.18, 127.22 (Ar–CH), 126.48 (C-10a), 123.39, 122.01, 121.70,
119.19 (Ar–CH), 111.63 (C=C–O), 78.70 (C-5), 61.80 (C-10b),
53.38 (OCH3), 52.09 (OCH3).


18b. Red crystalline solid, mp 128–130 ◦C (from diethyl
ether and methanol). (Found: C, 66.85; H, 5.27; N, 6.17.
C26H22N2O5[1.5H2O] requires: C, 66.52; H, 5.33; N, 6.10%). dH:
8.66 (s, 1H, H-4), 7.45 (m, 6H, Ar–H), 7.30 (m, 6H, Ar–H),
7.09 (s, 1H, H-2), 6.99 (m, 2H, Ar–H), 3.83 (s, 3H, OCH3), 3.46
(OCH3). The sample was insufficiently stable upon standing in
CDCl3 to acquire 13C NMR spectral analysis.


(Z)-3-(1,2-Diphenyl-1,2-dihydroquinazolin-3-ium-3-yl)-1,4-
dimethoxy-1,4-dioxo-2-buten-2-olate 18b from 17b


A solution of 17b (0.020 g, 0.04 mmol) in MeOH (5 cm3) was
heated at reflux for 18 h. Removal of the solvent afforded the
crude product which was purified by flash column chromatog-
raphy (diethyl ether–MeOH; 99 : 1). The ylide 18c was isolated
as a red amorphous solid in 70% yield (0.007 g), and data agree
with those reported above.


(Z)-1,4-Dimethoxy-3-(1-methyl-2-phenyl-1,2-dihydroquinazolin-
3-ium-3-yl)-1,4-dioxo-2-buten-2-olate 18a and tetramethyl
3-[8a,9,9a-tris(methoxycarbonyl)-5-methyl-5,6,8a,9,9a,9b-
hexahydrocyclopropa[4,5]isoxazolo[2,3-c]quinazolin-9-yl]-7-
oxabicyclo[2.2.1]hepta-2,5-diene-1,2,5,6-tetracarboxylate 22


A solution of the nitrone 8a (888 mg, 3.7 mmol) and DMAD
(530 mg, 3.7 mmol) in DCM (30 cm3) was stirred for 18 h
at rt. The solvent was removed under reduced pressure. A 1H
NMR spectrum of the crude products indicated the presence
of a complex mixture comprising one main product together
with a number of more minor products. Purification by flash
column chromatography (diethyl ether–hexane; 1 : 1, followed
by diethyl ether–methanol; 9 : 1) gave a pure sample of the major
product 18a (0.75 g, 60%). The cyclopropyl-fused isoxazolidine
22 (150 mg, 5%) was isolated as colourless crystals that fell out
of the first 20 column fractions.


18a. Red crystalline solid, mp 126–128 ◦C (from diethyl
ether and methanol). (Found: C, 63.55; H, 5.53; N, 7.04.
C21H20N2O5[H2O] requires: C, 63.32; H, 5.53; N, 7.04%). dH:
8.45 (s, 1H, H-4), 7.55 (m, 1H, Ar–H), 7.34 (m, 6H, Ar–H), 6.85
(t, 1H, J 7.2, Ar–H), 6.74 (s, 1H, H-2), 6.72 (d, 1H, J 8.7, Ar–H),
3.81 (s, 3H, OCH3), 3.61 (s, 3H, OCH3), 3.15 (s, 3H, NCH3). dC:
172.7 [C(O)CO2CH3], 168.4 (CO2CH3), 164.7 (CO2CH3), 161.1
(C-4), 147.0 (C-8a), 140.1 (Ar–CH), 134.5 (C-1′), 133.2, 130.6,
129.2, 126.7, 119.7 (Ar–CH), 114.8 (C-4a) 113.1 (Ar–CH) 102.2
(N+–C−), 79.2 (C-2), 52.3 (OCH3), 51.3 (OCH3), 36.9 (NCH3).
IR/cm−1: m = 3496, 3428, 3064, 2944, 1735, 1660, 1627, 1593,
1554, 1522, 1494.


22. Colourless crystalline solid characterised by X-ray crys-
tallographic analysis. (Found: C, 58.01; H, 4.94; N, 3.55.
C39H38N2O17 requires: C, 58.06; H, 4.71; N, 3.47%). dH: 7.38
(m, 2H, Ar–H), 7.28 (m, 3H, Ar–H), 7.20 (m, 2H, Ar–H), 6.76
(m, 2H, Ar–H), 5.38 (s, 1H, H-2), 5.10 (s, 1H, H-4c), 3.93, 3.91,
3.79, 3.70, 3.67, 3.53, 3.54, 3.51 (8 × OCH3).


X-Ray crystal structure determination of 22. Data were
collected at 150(2) K on a Bruker SMART 1000 diffractometer.
The structure was solved (in the centrosymmetric space group
P21/n) by direct methods and refined by full-matrix least-
squares on F 2 using the SHELXTL suite of programs.39 All
the non-hydrogen atoms were refined with anisotropic atomic
displacement parameters, and the hydrogen atoms were inserted


Table 1 Crystal data and structure refinement for 22


Identification code tomas1
Empirical formula C39H38N2O17


Formula weight 806.71
T/K 150(2)
k/Å 0.71073
Crystal system Monoclinic
Space group P21/n
a/Å 11.1011(12)
b/Å 21.952(2)
c/Å 15.9307(17)
a/◦ 90
b/◦ 103.285(2)
c /◦ 90
V/Å3 3778.2(7)
Z 4
Dc/Mg m−3 1.418
l/mm−1 0.113
F(000) 1688
Crystal size/mm 0.43 × 0.22 × 0.03
Crystal description Colourless lath
h range for data collection/◦ 1.61 to 25.00
Index ranges −13 � h � 11


−16 � k � 26
−16 � l � 18


Reflections collected 18 415
Independent reflections 6642 (Rint = 0.0488)
Completeness to h = 25.00◦ (%) 99.8
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.000000 and 0.824622
Refinement method Full-matrix least-squares on F 2


Data/restraints/parameters 6642/0/523
Goodness-of-fit on F 2 1.010
Final R indices [I > 2r(I)] R1 = 0.0475, wR2 = 0.1027
R indices (all data) R1 = 0.0958, wR2 = 0.1226
Largest diff. peak and hole/e Å−3 0.267 and −0.251


at calculated positions using a riding model. Details of the data
collection and structure refinement are given in Table 1.


CCDC reference number 282677. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b511998g.


Dimethyl 6-(4-methoxyphenyl)-5-phenyl-6,10b-dihydro-5H-
isoxazolo[2,3-c]quinazoline-1,2-dicarboxylate 17c and
(Z)-1,4-dimethoxy-3-[1-(4-methoxyphenyl)-2-phenyl-1,2-
dihydroquinazolin-3-ium-3-yl]-1,4-dioxo-2-buten-2-olate 18c


A solution of the nitrone 8c (0.846 g, 2.6 mmol) and DMAD
(0.365 g, 2.6 mmol) in DCM (20 cm3) was stirred at rt for 18 h.
The solvent was removed under reduced pressure to give the
crude reaction products, the 1H NMR spectral analysis of which
indicated the formation of two new products, 17c and 18c, in a
ratio of 4 : 1. Trace amounts of other undetermined products
were also evident. Purification by flash column chromatography
(diethyl ether–hexane; 1 : 1, followed by diethyl ether–MeOH;
9 : 1) gave pure samples of 17c (449 mg, 32%) and 18c
(278 mg, 24%). The structure of the latter is confirmed by X-ray
crystallographic analysis (see below).


17c. Red powder, mp 109–112 ◦C (from diethyl ether and
hexane). (Found: C, 68.31; H, 5.15; N, 5.90. C27H22N2O5


requires: C, 68.64; H, 5.08; N, 5.93%). dH: 7.50 (m, 2H, Ar–
H), 7.24 (m, 6H, Ar–H) 7.16 (d, 2H, J 8.9, H-2′ and H-6′),
7.04 (m, 1H, Ar–H), 6.85 (d, 2H, J 8.9, H-3′ and H-5′), 6.73
(m, 1H, Ar–H), 6.16 (s, 1H, H-5), 5.55 (s, 1H, H-10b), 3.84 (s,
3H, OCH3), 3.80 (s, 3H, OCH3), 3.75 (s, 3H, OCH3). dC: 163.1
(C=O), 159.6 (C=O), 156.5 (ArC–OCH3) 152.5, 141.9, 141.2
(2 × ArC–N and C=C–O) 137.1 (C-7′), 129.1, 128.7, 128.3,
127.0 (Ar–CH), 125.5 (C-10a), 124.7, 120.9, 118.9, 115.1 (Ar–
CH), 111.9 (C=C–O), 78.8 (C-5), 61.4 (C-10b), 55.9 (OCH3),
53.6 (OCH3), 52.3 (OCH3).


18c. Red crystalline solid. (Found: C, 66.43; H, 5.19; N, 5.62.
C27H22N2O5[H2O] requires: C, 66.12; H, 5.31; N, 5.71%). dH:
8.57 (s, 1H, CH=N), 7.45 (m, 4H, Ar–H), 7.25 (m, 4H, Ar–H),
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6.93 (m, 4H, 3 × Ar–H, H-2), 6.81 (d, 1H, J 8.1, Ar–H), 3.82
(s, 3H, OCH3), 3.81 (s, 3H, OCH3), 3.52 (s, 3H, OCH3). dC:
172.9 [C(O)CO2CH3], 168.4 (CO2CH3), 164.6 (COCH3), 159.3
(ArC–OCH3), 158.7 (C-4), 145.7 (C-8a), 138.6 (Ar–CH), 135.7,
135.6 (C-1′ and C-7′), 132.4, 130.2, 129.0, 128.2, 127.3, 121.0,
116.9 (Ar–CH), 116.6 (C-4a), 115.7 (Ar–CH), 103.3 (N+–C−),
80.0 (C-2), 55.6, 52.4, 51.1 (3 × OCH3).


X-Ray crystal structure determination of 18c. Single crystals
were analyzed using a Nonius Kappa CCD diffractometer.
Details of the data collection, solutions, and refinements are
given in Table 2. The model was solved and subsequently refined
using full-matrix least-squares in SHELXL-97.44


CCDC reference number 282676. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b511998g.


(Z)-1,4-Dimethoxy-3-[1-(4-methoxyphenyl)-2-phenyl-1,2-
dihydroquinazolin-3-ium-3-yl]-1,4-dioxo-2-buten-2-olate 18c
from 17c


A solution of 17c (0.020 g, 0.04 mmol) in MeOH (10 cm3) was
stirred at rt for 18 h. Removal of the solvent afforded the crude
product which was purified by flash column chromatography
(diethyl ether–MeOH; 99 : 1). The ylide 18c was isolated as a red
amorphous solid in 50% yield (0.010 g); data agree with those
reported above.


Dimethyl 6-(4-cyanophenyl)-5-phenyl-6,10b-dihydro-5H-
isoxazolo[2,3-c]quinazoline-1,2-dicarboxylate 17d


The nitrone 8d (0.267 g, 0.82 mmol) and DMAD (117 mg,
0.82 mmol) were stirred in DCM (10 cm3) at rt for 18 h. The
solvent was removed under reduced pressure to leave a red solid,
the 1H NMR spectrum of which revealed the presence of a single
product, 8d which was purified by crystallization.


17d. Red amorphous solid (0.384g, 100%), mp 78–83 ◦C
(from diethyl ether and hexane). (Found: C, 66.75; H, 4.72; N,
8.63. C27H21N3O5[H2O] requires: C, 66.80; H, 4.74; N, 8.66%).


Table 2 Crystal data and structure refinement for 18c


Identification code k04pma2
Empirical formula C27H26N2O7


Formula weight 490.50
T/K 150(2)
k/Å 0.71073
Crystal system Triclinic
Space group P1̄
a/Å 11.2500(2)
b/Å 11.2910(2)
c/Å 11.7080(2)
a/◦ 76.459(1)
b/◦ 64.710(1)
c /◦ 64.809(1)
V/Å3 1214.28(4)
Z 2
Dc/Mg m−3 1.342
l/mm−1 0.098
F(000) 516
Crystal size/mm 0.20 × 0.15 × 0.15
h range for data collection/◦ 3.72 to 27.53
Index ranges −14 � h � 14


−14 � k � 14
−15 � l � 15


Reflections collected 21 369
Independent reflections 5534 (Rint = 0.0399)
Reflections observed (>2r) 4325
Data completeness 0.987
Absorption correction None
Refinement method Full-matrix least-squares on F 2


Data/restraints/parameters 5534/3/335
Goodness-of-fit on F 2 1.028
Final R indices [I > 2r(I)] R1 = 0.0634, wR2 = 0.1751
R indices (all data) R1 = 0.0837, wR2 = 0.1938
Largest diff. peak and hole/e Å−3 0.672 and −0.480


dH: 7.57 (d, 2H, J 8.7, H-9′ and H-11′), 7.45 (m, 2H, Ar–H),
7.24 (m, 8H, Ar–H), 6.90 (dd, 1H, J 6.5 and 6.5, H-4′), 6.43 (s,
1H, H-5), 5.67 (s, 1H, H-10b), 3.80 (s, 3H, OCH3), 3.74 (s, 3H,
OCH3).


Preparation of dimethyl 6-(4-methoxyphenyl)-5-(4-nitrophenyl)-
6,10b-dihydro-5H-isoxazolo[2,3-c]quinazoline-1,2-
dicarboxylate 17e


A solution of the nitrone 8e (107 mg, 0.29 mmol) and DMAD
(41 mg, 0.29 mmol) in DCM (10 cm3) was stirred at rt for 18 h.
The solvent was removed under reduced pressure. A 1H NMR
spectrum of the crude product revealed the presence of only
one product, the cycloadduct 17e. Purification by flash column
chromatography (diethyl ether–hexane; 1 : 1) provided a pure
sample of 17e (118 mg, 79%).


17e. Red amorphous solid, decomposes at 220 ◦C (from
diethyl ether and hexane). (Found: C, 61.67; H, 4.47; N, 7.72.
C27H23N3O8[0.5H2O] requires: C, 61.60; H, 4.56; N, 7.98%). dH:
8.14 (d, 2H, J 8.6, H-3′ and H-5′), 7.71 (d, 2H, J 8.6, H-2′ and
H-6′), 7.23 (m, 1H, Ar–H), 7.13 (d, 2H, J 8.8, H-7′ and H-11′),
7.06 (m, 2H, Ar–H), 6.87 (d, 2H, J 8.8, H-8′ and H-10′), 6.78
(m, 1H, Ar–H), 6.19 (s, 1H, H-5), 5.55 (s, 1H, H-10b), 3.84 (s,
3H, OCH3), 3.81 (s, 3H, OCH3), 3.75 (s, 1H, OCH3). dC: 160.1,
159.3 (CO2CH3), 156.83 (ArC–OCH3), 148.29, 144.66, 141.50,
140.90 (3 × ArC–N and C=C–O), 129.44, 129.16 (C-1′ and Ar–
CH) 127.28 (Ar–CH), 125.51 (C-10a), 124.51, 124.30, 121.65,
119.67, 115.32, 117.71 (Ar–CH), 111.80 (C=C–O) 78.54 (C-5)
61.79 (C-10b), 55.94, 53.65, 52.33 (OCH3).
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The methanolyses of several organophosphate/phosphonate/phosphorothioate esters (O,O-diethyl
O-(4-nitrophenyl) phosphate, paraoxon, 3; O,O-diethyl S-(3,5-dichlorophenyl) phosphorothioate, 4; O-ethyl
O-(2-nitro-4-chlorophenyl) methylphosphonate, 5; O,O-dimethyl O-(3-methyl-4-nitrophenyl) phosphorothioate,
fenitrothion, 6; O-ethyl S-(3,5-dichlorophenyl) methylphosphonothioate 7) and a carboxylate ester (p-nitrophenyl
acetate, 2) catalyzed by methoxide and the Zn2+(−OCH3) complex of 1,5,9-triazacyclododecane (1 : Zn2+(−OCH3))
were studied in methanol and d1-methanol at 25 ◦C. In the case of the methoxide reactions inverse skie’s were
observed for the series with values ranging from 2 to 1.1, except for 7 where the kD/kH = 0.90 ± 0.02. The inverse
kD/kH values are consistent with a direct nucleophilic methoxide attack involving desolvation of the nucleophile with
varying extents of resolvation of the TS. With the 1 : Zn2+(−OCH3) complex all the skie values are kD/kH = 1.0 ± 0.1
except for 7 where the value is 0.79 ± 0.06. Arguments are presented that the fractionation factors associated with
complex 1 : Zn2+(−OCH3) are indistinguishable from unity. The skie’s for all the complex-catalyzed methanolyses are
interpreted as being consistent with an intramolecular nucleophilic attack of the Zn2+-coordinated methoxide within
a pre-equilibrium metal : substrate complex.


Introduction
Metal ion catalyses of the hydrolyses of carboxylate esters,
amides1 and phosphate mono-, di- and triesters2 have been
extensively studied to ascertain the practical applications and as
an aid to understanding the mechanism of action of hydrolytic
metalloenzymes.3 Many reports have appeared concerning the
metal catalyzed hydrolyses of neutral phosphate triesters4 and
a lesser number on neutral phosphonate diesters4q,v,w,x,y due
to their importance as acetylcholinesterase inhibitors. In the
bulk of these studies the most active catalytic species were
identified as the Mx+–−OH forms generated at high pH through
ionization of a metal-bound water. The general consensus for
the hydrolytic mechanism of all these esters is that the Mx+–
−OH acts as a nucleophile, either directly on the C=O4b or
P=O unit without coordination, or more probably through a
pre-equilibrium metal–ester binding4 or a hybrid mechanism.5


Alternative mechanisms have been proposed where an external
−OH nucleophilically attacks a Mx+-coordinated substrate6 or
where a metal-coordinated −OH or external hydroxide acts as a
general base.7


In ideal cases experimental evidence for the nucleophilic
or general base mechanisms should be provided through the
use of solvent deuterium kinetic isotope effects (skie) but to
our knowledge there is a paucity7 of these reported for the
metal catalyzed hydrolysis of neutral carboxylate and phosphate,
phosphorothioate, phosphonate or phosphonothioate esters.
There are a few skie studies reported for metal catalyzed hydrol-
yses of phosphate diesters8 and ribozyme-catalyzed cleavage of
phosphate diesters9 where the binding of the anionic phosphate
substrates to the metal centres is far stronger than is the case
with neutral substrates. For simpler cases where metal ions were
involved in the cleavage of phosphate diesters8 skie values of
1.0 ± 0.1 were interpreted as indicating a nucleophilic rather
than a general base mechanism because there was no strong
primary effect as is expected for a ‘proton in flight’ or one
being transferred between a base and nucleophilic water during
the reaction. The situation with the Mg2+-dependent ribozyme-
catalyzed phosphoryl transfer reactions is more complicated due


to the fact that there are likely two or more catalytic functional
groups that act in a base/acid role to promote the phosphate
cleavage. Roles for the Mg2+–−OH as a general base,9b or Mg2+


acting as a Lewis acid to assist the departure of the oxyanion
leaving group9a,c have been suggested. Interpretation of skie
experiments dealing with enzymatic systems is fraught with
difficulties, as Kresge10 has pointed out, since there are numerous
exchangeable-proton and solvation sites on the enzyme which
could contribute to the observed effect but are not directly
associated with the catalytic machinery.


Recently we reported examples of the methanolyses of car-
boxylate esters,11 phosphate and phosphorothioate triesters12


and some phosphonates13 promoted by La3+, 1 : Cu2+ and
1 : Zn2+, in methanol solution under buffered conditions
to control s


spH.14,15 The 1,5,9-triazacyclododecane complexes
of Zn2+ and Cu2+, as their mono-methoxy forms (1), are
monomeric throughout the s


spH regions of interest for catalysis.
The s


spKa for ionization of the 1 : Zn2+–HOCH3 complex is
9.112d while that for the 1 : Cu2+HOCH3 complex is 8.75.12e


The stoichiometric simplicity of the 1 : M2+(−OCH3) system
as well as being able to use it to set the s


spH or s
spD of


the solution at values corresponding to the s
spKa when the [1


: M2+(−OCH3)]/[1 : M2+(LOCH3)] ratio is unity (L = H, D)
makes it a good candidate for skie studies16,17 As recognized
earlier by Gold18 and Schowen,19 the choice of methanolysis
also removes the problem of an internal fractionation factor for
the HO− that is associated with hydroxide-promoted hydrolyses
and introduces additional complications when assessing skie
processes in water. In what follows we report the skie for −OCH3
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and 1 : Zn2+(−OCH3)-catalyzed methanolysis of some neutral
carboxylate and phosphorus esters 2–7.


Experimental
i) Materials


Anhydrous methanol (99.8%), methanol-d1 (99 atom%),
NaOMe (0.5 M), NBu4OH (1.0 M) were from Aldrich. Zn(OTf)2


(98%) was from Acros Organics. Paraoxon (98.4%) was from
Chem Service Ltd. p-Nitrophenyl acetate (2, Aldrich) was
recrystallized from ethyl acetate and acetic anhydride. Feni-
trothion (6, 96.7%) was from Sumitomo Chemicals and used as
received. O,O-Diethyl S-(3,5-dichlorophenyl) phosphorothioate
(4) was supplied by Mr Tony Liu from an earlier study.12b O-
Ethyl O-(2-nitro-4-chlorophenyl) methylphosphonate (5) was
prepared by and its kinetics of methanolysis determined by
Ms Roxanne Lewis13 and 1,5,9-triazacyclododecane was sup-
plied by Mr Graham Gibson. O-Ethyl S-(3,5-dichlorophenyl)
methylphosphonothioate (7) was synthesized and its kinetics of
methanolysis determined by Ms Stephanie Melnychuk.20


ii) Methods


UV/vis kinetic determinations and s
spH measurements were


done using instruments and methods described earlier.11–13


Stock solutions of the substrates (5 mmol dm−3), NaOMe
(25 mmol dm−3), NBu4OH (25 mmol dm−3), Zn(OTf)2


(50 mmol dm−3) and 1,5,9-triazacyclododecane (50 mmol dm−3)
were made in anhydrous methanol. The catalyst for kinetic
runs was formed in situ by addition of known aliquots of
Zn(OTf)2, 1,5,9-triazacyclododecane and NaOMe or NBu4OH
to anhydrous methanol or methanol-d such that the final volume
in each UV cell was 2.5 ml. s


spH was controlled in methanol
at 9.14 by maintaining a constant ratio of Zn(OTf)2 : 1,5,9-
triazacyclododecane : base = 1 : 1 : 0.5. The kinetics were
measured by monitoring the change in absorbance correspond-


ing to the destruction of starting material (paraoxon; k =
268 nm) or the formation of products (O,O-diethyl S-(3,5-
dichlorophenyl)phosphorothioate; k = 281 nm, fenitrothion; k
= 335 nm, 4-nitrophenyl acetate; k = 339 nm) with a Cary
100 Bio UV-Vis spectrophotometer thermostated at 25 ◦C. The
absorbance vs. time data were fit to a standard first order
exponential equation to obtain the pseudo-first order rate
constants, kobs. The rates of reaction were measured in duplicate
at different catalyst concentrations from 0.2–3 mmol dm−3 for 1
: Zn2+ and from 3–30 mmol dm−3 for the methoxide reactions.
The second order rate constants for catalysis of methanolysis
of 2–7 were determined as the gradients of the kobs vs. [active
catalyst]. After each kinetic run in non-deuterated solvent, s


spH
was measured with an Accumet Ag/AgCl electrode.


For consistency, kinetic runs in d1-methanol utilized the same
stock solutions that were used in protiated methanol. This
introduces some protium into the solution but it is never more
than 9.6% and has at most a 5% effect on the skie for the most
inverse case (methoxide + 2) and very little effect on the results
with 1 : Zn2+(−OCH3) since all the examples have kD/kH values
near unity.


Results
Given in Table 1 are the second order rate constants determined
for the methoxide and 1 : Zn2+(−OCH3) promoted methanolyses
of 2–7 determined in methanol and d1-methanol. The constants
were determined from the gradients of plots of the pseudo-first
order rate constant (kobs) for methanolysis of each substrate as
a function of [−OCH3] or [1 : Zn2+(−OCH3)] using at least three
concentrations of reactant in duplicate. The skie is given as
kD/kH which is generally inverse for all the methoxide reactions
except with 7 and indistinguishable from unity for all the metal
ion catalyzed reactions except with 7 where the value is kD/kH


= 0.79 ± 0.05.


Discussion
i. General considerations for fractionation factor analysis.


The solvent kie can be predicted21 as:


kD/kH = P i(1 − x + xφi
TS)/P j(1 − x + xφ j


GS) (1)


where P iφ
TS and P jφ


GS are the products of the fractionation
factors (φ) for all exchangeable i and j protons (L = H, D) in
the transition (TS) and ground states, and x is the mole fraction
of deuterium in the solvent mixture. The fractionation factors
for hydrogens refer to the tendency of H or D to accumulate
at a given site relative to bulk solvent. In less precise terms
they refer to the ‘tightness of bonding’ and the general rule
is that the heavier isotope accumulates in the stronger bond.
Fractionation factors are significantly less than unity for L’s
being transferred or “in flight” between O and N, or O and O
as part of the rate-limiting step. In these cases normal primary
dkie’s of kH/kD > 1 (generally from 2–4) are expected unless other


Table 1 Solvent deuterium kinetic isotope effects for the reactions of methoxide and 1 : Zn2+(−OCH3) with esters 2–6


k2
OMe/mol−1 dm3 s−1 k2


1 : Zn(OMe)/mol−1 dm3 s−1a


Subst. CH3OH CH3ODb kD/kH CH3OH CH3ODb kD/kH


2 216 ± 6 430 ± 9 2.0 ± 0.1 8.4 ± 0.3 9.4 ± 0.3 1.1 ± 0.1
3 0.016 ± 0.0002 0.018 ± 0.0002 1.10 ± 0.02 0.48 ± 0.007 0.47 ± 0.007 0.98 ± 0.02
4 0.155 ± 0.003 0.244 ± 0.003 1.5 ± 0.04 0.83 ± 0.07 0.83 ± 0.04 1.0 ± 0.1
5c 14.3 ± 0.1 21 ± 1 1.47 ± 0.08 517 ± 3 510 ± 20 0.98 ± 0.04
6 (5.9 ± 0.02) × 10−4 (7.5 ± 0.2) × 10−4 1.3 ± 0.03 6.3 ± 0.2 6.9 ± 0.3 1.1 ± 0.1
7d 2.17 ± 0.03 1.96 ± 0.02 0.90 ± 0.02 95.2 ± 1.4 75.7 ± 4.6 0.79 ± 0.06


a Determined at 1 : Zn2+ : (−OCH3) = 1 : 1 : 0.5. b Computed as gradient of kobs vs. [catalyst] without correction for amount of protium which can be
as high as 9.6%; see ref. 42. c From ref. 13. d From ref. 20.
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compensating factors, such as changes in solvation, are at play. In
hydrogen bonding situations where the overall bonding is loose,
the φ values are also less than unity and these can contribute
secondary effects of solvation which may significantly alter the
overall dkie.22


Gold and Grist18a and More O’Ferrall23 determined that the
methanolic methoxide ion exists as MeO−(LOMe)3 where each
of the three solvating hydrogen bonding L has a fractionation
factor value of φ = 0.74; this value will be used for the
ground state for discussing the methoxide dependent reactions
below. There are a few fractionation factors available for water
solvated metal ions such as Fe3+, Mn2+ and Cr3+ 24 as well
as the alkali metal cations, Ag2+ and Cd2+ 25 and these are
close to unity indicating that the associated solvent does not
behave very differently from bulk water. As far as we are aware
no fractionation factors have been published for Mx+(−OR)
systems, although a value of 0.72 was interpreted from NMR
T2 measurements26 for the high pH forms of CoII carbonic
anhydrase isozymes I and II in water where the active site
comprises a His3-bound CoII-(−OL). In 1 : Zn2+(−OCH3) the
Zn2+ electrostatically stabilizes the coordinated methoxide which
accounts for the fact that the s


spKa of methanol is reduced from
18.1312b to 9.14 when coordinated to the Zn2+. Due to the reduced
need for H-bonding stabilization of the complex we suggest the
working model 8, where the fractionation factors associated with
the N–L groups are unity and that for the two possible solvating
LOMe groups is 1.0 or slightly less, but nowhere as low as for
free methoxide. In support of the near unit fractionation factor
we have been able to confirm the φ of 0.74 for the solvating
methanols of methoxide using the 1H NMR methodology of
Gold18a but have not been able to detect any effect of added 1 :
Zn2+(−OCH3) up to 10 mmol dm−3 on the exchangeable proton
peak position relative to the 13C satellite of CH3OL. The inability
to observe a detectable effect with 1 : Zn2+(−OCH3) suggests that
the solvation of the Zn2+(−OCH3) in 8 is sufficiently weak that
the hydrogen bonds to the coordinated methoxide cannot be
distinguished from those in bulk water.27 This lack of solvation
might be one of the reasons that 1 : Zn2+(−OCH3) is such an
effective catalyst since it does not take much energy to remove a
H-bond to liberate a free electron pair for the catalytic step.


ii. General mechanistic possibilities for lyoxide reactions with
carboxylate and phosphate esters


To interpret the skie one needs first to ascertain the rate-
limiting step for the reactions in question. Schemes 1 and 2
illustrate the two general nucleophilic (Nuc) and general base
(GB) mechanisms where the bold L represents the exchangeable
H or D in the ground and transition states. Although most of
HO−- promoted hydrolyses of carboxylate esters are interpreted
as nucleophilic,28 Marlier has proposed a GB mechanism for
the alkaline hydrolysis of methyl formate based on heavy atom
kinetic isotope effects29 A more recent analysis of a proton
inventory study of the alkaline hydrolysis of ethyl acetate also
was interpreted30 in support of the GB mechanism, although
not uniquely so in our opinion.31 As far as we know, the main
role for lyoxide reaction with phosphate triesters is deemed to
be Nuc32 although weakly nucleophilic additives can function
in GB roles as was demonstrated by a key study of the acetate
promoted methanolysis of some phosphate triesters33


Possible variants of the Nuc and GB mechanisms for car-
boxylate and phosphate esters involve concerted or stepwise
reactions. Transfer of an acetyl group from p-nitrophenyl acetate
to phenolate and oxyanion acceptors is probably a concerted one
step reaction34a with little imbalance between bond formation
and cleavage. Shames and Byers34b suggest that oxyanions which
are more basic than the leaving group react with p-nitrophenyl
acetate through a transition state which is nearly tetrahedral and
with very little barrier to breakdown which is not necessarily at
variance with a concerted process. Finally, Hengge and Hess
conclude from heavy atom kinetic isotope effects that hydroxide


Scheme 1 Nucleophilic mechanisms for attack of methoxide. (Carboxylate esters, X = C, R′ = CH3. Phosphorus esters, R′ = ethoxy, X = P(alkyl),
P(ethoxy)).


Scheme 2 General base mechanisms for methoxide reaction. (Carboxylate esters, R′ = CH3; X=C. Phosphorus esters, R′ = ethoxy, X= P(alkyl),
P(ethoxy)).
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and hexafluoroisopropanolate react with 2 via a concerted
mechanism.34c


By contrast, the lyoxide reactions of 2-aryloxy-2-oxo-1,3-
dioxaphosphorinanes35,36 have been discussed in terms of two
step processes that proceed via rate limiting formation of a 5-
coordinate intermediate. The relatively low Brønsted blg values
of −0.4 obtained for the HO− or CH3O− nucleophiles with
these substrates are consistent with little cleavage of the P–
OAr bond in the TS. Hydroxide promoted hydrolyses of O,O-
diethyl O-aryl phosphate triesters37,38 and O,O-diethyl S-aryl
phosphorothiolates37 give relatively low blg values of −0.4 and
was discussed in terms of a common mechanism involving
nucleophilic attack of HO−, although it was not specified in
the latter study whether the reaction of these substrates is a
two step one or concerted. Williams and co-workers provided
evidence for a concerted transfer of the diphenylphosphoryl
group between phenoxide anions in water39 and considered that
HO− reacting with diethyl aryloxy phosphates was probably
concerted but with little cleavage of the ArO–P bond. This is
consistent with the18O-phenoxy kinetic isotope effect of 1.006
for HO−-promoted cleavage of paraoxon 3 that was interpreted40


as having a P–OAr bond order of 0.75 within an “SN2-like
transition state of an associative mechanism with concerted,
asynchronous departure of the leaving group.”


iii. Skie for the methoxide reactions of carboxylate and neutral
phosphate esters


a. Carboxylate esters. Inverse kD/kH values of 1.9 for
methanolysis of phenyl benzoate at 25 C and 2.6 for the
methanolysis of p-nitrophenyl acetate at −78 C41 are con-
sistent with a Nuc but not GB mechanism. The kD/kH =
1.84 for methoxide reacting with phenyl acetate at 25 C was
rationalized19b in terms of the Nuc mechanism of Scheme 1. One
of the three solvating LOMe groups on methoxide is removed to
liberate a nucleophilic lone pair with the two remaining solvating
LOMe molecules loosening their association in the transition
state to have φ = 0.88; the computed skie for this process is
kD/kH = (0.88)2/(0.74)3 = 1.91.


The skie for methanolysis of p-nitrophenyl acetate (2) found
here is kD/kH = 2.0 ± 0.1 at 25 ◦C which, when interpreted
as above, gives a fractionation factor for the two TS solvating
protons of 0.9 : kD/kH = (0.9)2/(0.74)3 = 2.0.42 That all skie
values for methanolysis of aryl esters are substantially inverse
effectively rules out the GB mechanism shown in Scheme 2.
That mechanism, with the proton in flight having a predicted
φ value between 0.4–0.25 (for a primary kH/kD contribution of
2.5–4) and with φ values of 0.9 for the two residual solvating
LOMe molecules, would have a computed normal skie of kH/kD


= 1.25–2.0.
The methoxide reaction of a series of aryloxy acetates


generates a Brønsted blg value of −0.6611b which is consistent
with either a concerted reaction34 or a two step process with rate-
limiting methoxide addition to create and unstable tetrahedral
intermediate with essentially no charge on the departing group.
The skie data do not add to the two step/concerted case
other than to imply that resolvation of either TS must lag far
behind desolvation of the nucleophile, a conclusion similar to
one we reached for the alkaline hydrolysis of formamide and
ethyl acetate on the basis of proton inventory data.31 Such
resolvation of the TS, if significant, would introduce additional
φ contributions of <1 into the numerator of eqn (1) leading to
kD/kH values which are closer to unity than observed.


b. Phosphorus esters


Given in Table 1 are respective values of kD/kH = 1.1, 1.5,
1.47, 1.3 and 0.90 for the methoxide promoted methanol-
ysis of phosphorus esters 3 (paraoxon), 4 (O,O-diethyl-S-
(3,5-dichlorophenyl) phosphorothioate), 5 (O-ethyl-O-(2-nitro-
4-chlorophenyl) methylphosphonate), 6 (fenitrothion) and 7


(O-ethyl S-(3,5-dichlorophenyl) methylphosphonothioate). The
value we obtained for paraoxon is experimentally identical to
the kD/kH = 1.2 provided by Schowen33 for the methanolysis of
O,O-dimethyl-O-(p-nitrophenyl) phosphate (methyl paraoxon)
implying a negligible steric effect on the inverse nature of the
skie. That none of the skie values for the phosphorus esters is
as inverse as found for the carboxylate ester 2 suggests there is
some additional solvation of the transition states for phosphate
methanolysis which is not present in the solvolysis of 2.
Resolvation of the TS offsets the desolvation of the nucleophile
bringing the observed skie closer to unity as observed, but
the skie experiments do not indicate where such resolvation
occurs. Schowen33 suggests, on the basis of proton inventory
data and a comparison with an observed acetate promoted
general base methanolysis reaction43,44 of methyl paraoxon, that
methoxide promoted methanolysis probably occurs through a
transition state characterized by a “one proton bridge plus
solvation model”. Although the position of the proton bridge
is not known, if it occurs between the methoxide and a second
attacking methanol this would be almost equivalent to a general
base mechanism, but one with little removal of the bridging
proton in the TS since its fractionation factor is never less than
0.67.


Recent studies12b,13 found Brønsted blg dependencies of −0.70,
−0.76 and −0.76 respectively for the methoxide promoted
methanolysis of three series of O,O-diethyl O-aryl phos-
phates, O,O-diethyl S-aryl phosphorothioates and O-ethyl O-
aryl methylphosphonates at 25 ◦C. These are consistent with
two step or concerted reactions where the charge on the aryloxy
or arylthio groups in the TS of the three series is +0.17,
−0.2, and −0.26 respectively. The skie’s for these phosphorus
esters do not provide additional information to distinguish
stepwise from concerted mechanisms, but combining the skie,
proton inventory33 and the Brønsted blg data suggest possible
TS structures 9 or 10 with the P–XAr bond being intact or
partially cleaved and with one specific stronger H-bonding
(proton bridging) interaction along with additional numbers of
non-specific hydrogen bonds. The transition state contribution
of these (TSC) in either 9 or 10 can be computed from eqn (2)
for 3–7 as 0.45, 0.61, 0.60, 0.53 and 0.36 respectively when φgs


= 0.74.


kD/kH = TSC/(1 − n + nφgs)3 (2)


iv. 1 : Zn2+(−OCH3) promoted methanolysis of 2–7


Numerous authors have considered that invoking a dual role
for the metal ion (as a Lewis acid and deliverer of metal-bound
lyoxide) requires that the metal promoted: lyoxide reaction is
faster than lyoxide alone.4b,h,m,p,5,11,12,13 Since the 1 : Zn2+(−OCH3)-
catalyzed reactions of all the phosphorus esters11,12,13,20 presented
in Table 1 are faster than the methoxide reactions, we envision
a common mechanism with a rapid pre-equilibrium binding of
the metal complex to the P=O or P=S unit with subsequent
intracomplex metal-bound methoxide attack although there are
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some kinetically equivalent alternatives that can be ruled out
later.


The situation with carboxylate esters is more difficult to
analyze and the interpretation depends on whether the leaving
group is good or bad. Since the reported reaction of hydroxide45


with the carboxylate ester 2 was 230 times faster than that of
1 : Zn2+(−OH), Kimura and Koike4b concluded that a simple
bimolecular mechanism was predominant for the latter where
the “Zn2+- bound hydroxide (less basic than free −OH ion) acts
merely as a nucleophile (or general base to generate −OH) to
the carbonyl group”. Suh, Son and Suh6 subsequently suggested
that this mechanism is incorrect and that a kinetically equivalent
process occurs where a metal–ester complex suffers rate limiting
attack of external −OH to form a M2+-bound tetrahedral
intermediate. Our own study of the 1 : Zn2+(−OCH3) promoted
methanolysis of an extensive series of carboxylate esters with
good and poor leaving groups11b revealed a downward break
in the Brønsted plot, consistent with a two step mechanism
with a change in rate-limiting step (RDS) due to partitioning
of a metal-coordinated tetrahedral intermediate, the formation
and breakdown of which is rate limiting for good and poor
leaving groups respectively. Importantly, for all the cases with
poorer aryloxy leaving groups than 4-nitrophenoxy such as 4-
Cl-, 4-OCH3-, 4-H-, 2,4-dimethyl- and 2,3,5-trimethylphenoxy,
methoxide is significantly less reactive than is 1 : Zn2+(−OCH3).
However with 4-nitrophenoxy and all leaving groups better
than that, methoxide is the better nucleophile. This reinforces
the caveat that proposing a catalytic mechanism based on
the results with a limited number of substrates, particularly
those containing examples limited to the good leaving group
p-nitrophenoxy,46 is often incorrect.


If we accept the reasonable premise that there is a common
pre-equilibrium binding of the Zn2+-complex to both the
phosphorus and carboxylate esters, there are at least eight


mechanisms for the metal-catalyzed reactions of the ensuing
complexes which are divided into two kinetically equivalent
main classes: 1) an intramolecular process where a metal-
bound methoxide acts on a transiently M2+-bound substrate
(the IM process); or 2) an external methoxide reacting with a
transient M2+-bound substrate (the EM process). Each of these
could involve Nuc or GB processes and each could be concerted
or two steps. Schemes 3 and 4 show the possibilities where the
slow step of the reactions involves the IM and EM attack on the
complex either directly or as a GB via the concerted or stepwise
processes.


Some of the possibilities can be ruled out. As described
above, the reactions of a series of acetate esters are two step
ones11b with 2 falling in a domain where the RDS is attack on
a transiently coordinated substrate. All the phosphate esters,
including 720 have large negative Brønsted blg values signifying
extensive cleavage of the P–OAr or P–SAr bonds in the transition
state which is consistent with a concerted reaction.12b,13,20 The
near unity skie values for all the species allow us to rule out the
IM mechanism where there is a GB role for the methoxide. Large
normal kie’s of kH/kD > 2 are commonly found for general base
catalyzed processes whereas direct nucleophilic addition usually
involves little or no isotopic distinction47 unless large secondary
effects associated with solvation changes are at play which is not
the case here. Since the fractionation factors associated with the
initial complex 8 are unity (vide supra), the TSC in eqn (2) for the
metal catalyzed reactions of 2–6 must be essentially unity as well,
so there cannot be any proton in flight or extensive H-bonding
resolvation of the TS having a φ < 1.0, otherwise the skie would
be normal and substantially >1. With 7 the skie is normal but
slightly so at kD/kH = 0.79 which is not large enough to strongly
support a GB process but may indicate some extra transition
state solvation relative to the starting materials. The preferred
IM process consistent with all the results is shown in Scheme 3


Scheme 3 Intramolecular nucleophilic and general base mechanisms for catalysis by 1 : Zn2+(−OCH3). (Carboxylate esters, R′ = CH3; X =
C. Phosphorus esters, R′ = ethoxy, X = P(alkyl), P(ethoxy)).


Scheme 4 External methoxide nucleophilic and general base catalyzed methanolysis of 1 : Zn2+ + substrate complex. (Carboxylate esters, R′ = CH3;
X = C. Phosphorus esters, R′ = ethoxy, X = P(alkyl), P(ethoxy)).


O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 4 3 2 9 – 4 3 3 6 4 3 3 3







and proceeds by the equilibrium formation of a metal–substrate
complex 11 followed by the rate limiting nucleophilic TS 12 in
which the C–XAr bond is intact for carboxylate esters and the
P–XAr bond is partially cleaved for phosphate esters.


In Scheme 4 is the kinetically equivalent EM process for
the nucleophilic and general base possibilities. The ground
state contributions to the fractionation factors are ∼1.0 for
the 1 : Zn2+ (HOCH3) complex24,25 and 0.74 for each of the
solvating methanols on the methoxide. The predicted kD/kH =
TSC/(1.0)(0.74)3, so the TSC would have to be 0.36–0.44 in
order to accommodate the essentially unity skie observed for
all species. Given the above skie results for −OCH3 promoted
methanolysis of 2–7 and methylparaoxon,33 a direct nucleophilic
role for external methoxide does not seem possible unless
there is considerable resolvation of TS 15. The GB process
proceeding through TS 16 with a proton in flight is possible
mathematically although we can rule this out, at least for the
phosphorus esters, with other evidence. Simple consideration of
the observed second order rate constants for the metal catalyzed
reaction of 5 and reasonable values for the equilibrium binding
constants allows us to rule out the external methoxide Nuc or
GB processes since the computed rate constants for external
attack on a 1 : Zn2+-bound substrate exceeds the diffusion limit
of 5 × 109 mol−1 dm3 s−1.48 It is customarily assumed6 that the
equilibrium binding constant for various metal ion complexes
with neutral C=O or P=O substrates is ∼1 mol−1dm3. We also
assume this number to be appropriate for methanol noting
that there is no saturation behaviour of the reaction kinetics
at concentrations of catalyst up to 10 mmol dm−3. In the case
of 1 mmol dm−3 of [1 : Zn2+] at s


spH 9.14, the [−OCH3] =
10−7.65 mol dm−3 and the computed second order rate constant
for methoxide attack on 5 would be 2.1 × 1010 mol−1 dm3 s−1, a
value that exceeds the diffusion limit by roughly 4-fold.49


Conclusion
The reaction of 1 : Zn2+(−OCH3) with the entire series of neutral
OP derivatives appears to adhere to a common mechanism that
involves pre-equilibrium binding of the substrate, followed by
intramolecular attack of the coordinated methoxide concerted
with OAr or SAr leaving group departure. The present skie and
rate data do not support an external methoxide mechanism
as at least one of the OP substrates would have to react at a
rate exceeding the diffusion limit. Since the OP derivatives all
appear to react by a common concerted mechanism there is no
justification for an EM process for some, but not other, members
of this series. Further, the combination of the skie and rate data
are not consistent with GB mechanisms for the metal catalyzed
reactions that involve protons in flight having low fractionation
factors as these would give normal skie values substantially in
excess of 1, contrasting the observed skie values which are all
essentially unity.


For the carboxylate esters the mechanism of the 1 : Zn2+


catalyzed reaction still has some ambiguities. Unfortunately the
available skie data cannot distinguish a direct nucleophilic IM
process from an external methoxide acting as a GB toward a
metal coordinated C=O. Chemical intuition and precedence
suggests that GB mechanisms are most likely for weaker
nucleophiles displacing poorer leaving groups, and not likely for
good nucleophiles displacing good leaving groups as is the case
for the EM mechanism. For carboxylate esters with good leaving
groups our preferred mechanism thus involves pre-equilibrium
binding of the substrate to the 1 : Zn2+(−OCH3) complex, fol-
lowed by rate-limiting intramolecular attack of the coordinated
methoxide to form a tetrahedral intermediate stabilized via
coordination to the Zn2+. The mechanism for carboxylate esters
with poor leaving groups is essentially the same IM process, but
this time the breakdown of the tetrahedral intermediate must
be rate-limiting. For a symmetrical reaction, involving Zn2+-
delivery of the coordinated methoxide, microscopic reversibility


requires that the loss of the leaving group also involves Zn2+


coordination but this is not required for good leaving groups.
The preferred intramolecular mechanism involving cis bind-


ing of a substrate and internal nucleophilic attack through a
four-membered TS has been suggested many times before, but
usually without detailed skie, Brønsted or other studies with
an extensive series of substrates. Its attractiveness is simplicity,
and its acceptance probably inspired by the earlier mechanisms
elucidated for the hydrolysis of several exchange inert cis-
CoIII(−18OH) : (amide), : (ester) and : (phosphate) complexes
which are convincingly shown by 18O-isotope labeling and
other techniques to involve intramolecular18O-transfer to the
substrate.50
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While the underlying chemistry of enzyme-catalyzed reactions may be almost identical, the actual turnover rates of
different substrates can vary significantly. This is seen in the turnover rates for the catalyzed hydrolysis of
organophosphates by the bacterial phosphotriesterase OpdA. We investigate the variation in turnover rates by
examining the hydrolysis of three classes of substrates: phosphotriesters, phosphothionates, and phosphorothiolates.
Theoretical calculations were used to analyze the reactivity of these substrates and the energy barriers to their
hydrolysis. This information was then compared to information derived from enzyme kinetics and crystallographic
studies, providing new insights into the mechanism of this enzyme. We demonstrate that the enzyme catalyzes the
hydrolysis of organophosphates through steric constraint of the reactants, and that the equilibrium between
productively and unproductively bound substrates makes a significant contribution to the turnover rate of highly
reactive substrates. These results highlight the importance of correct orientation of reactants within the active sites of
enzymes to enable efficient catalysis.


Introduction
The toxic effect of organophosphorus triesters, most impor-
tantly their inhibition of acetylcholinesterase (AChE), has
resulted in their widespread use in agriculture as pesticides
and their synthesis as chemical warfare agents. Occupational
or intentional exposure to organophosphates is a continuing
health hazard,1 which has led to the detailed study of enzymes
capable of catalyzing their hydrolysis and detoxification.2 The
chemical structures of three organophosphate pesticides are
shown in Table 1: the phosphorothiolate dimethoate (DMO),
and the phosphothionates methyl parathion (MPS) and methyl
chlorpyrifos (MCS), in addition to their oxono-substituted
analogues methyl paraoxon (MPO) and methyl chlorpyrifos
oxon (MCO). Phosphotriesterases capable of degrading these
compounds have been isolated from soil bacteria found in
contaminated areas. These include the closely related phos-
photriesterases from Pseudomonas diminuta MG (PTE)3 and
Agrobacterium radiobacter (OpdA).4 The potential use of these
enzymes for the detoxification of organophosphate pesticides
and related chemical warfare agents such as VX and sarin, has
increased interest in understanding the catalytic mechanism and
improving their activity.


OpdA4 is very similar to PTE3 in sequence and structure, and
it is assumed that their mechanisms are essentially identical.5


The structures of OpdA and PTE have been solved crystallo-
graphically and both adopt an (a/b)8 barrel tertiary structure.
The active site contains a carboxylated lysine coordinating a
binuclear metal centre, bridged by an hydroxide. The a-metal
(as defined by Benning et al.6) is coordinated by the residues
His55, His57, and Asp301, and the b-metal by His201 and
His230.5,6 The catalytic mechanism is relatively well understood
and is proposed to involve coordination of the P=O/S group
of the substrate by the b-metal, followed by attack from a
hydroxide nucleophile, deprotonated by the a-metal, at the
electrophilic phosphorus centre, and departure of the leaving
group in an SN2-type, or addition–elimination, reaction.7,8 This


† Electronic supplementary information (ESI) available: Potential en-
ergy surface surrounding the MCO hydrolysis transition state. Geome-
tries of reactants, intermediates, transition states and products. The
relative energy change as a function of the distance between Co2+ and
MPS or OH−. GAUSSIAN archive entries. See DOI: 10.1039/b512399b


Table 1 The structures of the organophosphates discussed in this work,
using the general structure Z=P(OCH3)2R


Z R Abbreviation Full name


S MCS Methyl Chlorpyrifos Thion


O MCO Methyl Chlorpyrifos Oxon


S MPS Methyl Parathion


O MPO Methyl Paraoxon


S DMO Dimethoate


O TMP Trimethyl Phosphate


mechanism allows these enzymes to degrade a broad range
of phosphotriester substrates at varying rates; for instance,
PTE catalyzes the hydrolysis of parathion extremely efficiently
(kcat/Km = 2 × 107 s−1 M−1),9 while the efficiency of chlorpyrifos
hydrolysis is considerably lower (kcat/Km = 2.8 × 105 s−1 M−1).10


There has been considerable theoretical work on the subject
of phosphotriester hydrolysis, largely concentrated on trimethyl
phosphate (TMP) and its close analogues,11–13 although the hy-
drolysis of ethyl paraoxon and related phosphofluoridate nerve
agents have also been investigated.14 This latter study, by Zheng
et al., demonstrated that the gas-phase hydrolysis of paraoxon
occurred in a single step, and is consistent with experimental
work demonstrating that PTE catalyzed hydrolysis occurs by an
SN2-type, or addition–elimination, reaction with net inversion ofD
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stereochemistry at the phosphorus centre.15 The work of Zheng
et al., also indicated that calculations of paraoxon hydrolysis
in the gas-phase were more consistent with the kinetic data for
the PTE-catalyzed hydrolysis than calculations incorporating
solvent effects. This is not unexpected, as the hydrophobic active
sites of PTE and OpdA exclude almost all solvent molecules
other than those involved in the reaction (the water/hydroxide
nucleophile), or in hydrogen bond networks within the protein.7


Although the calculations confirmed the nature of the reaction,
further comparison between the theoretical calculations and
the PTE-catalyzed hydrolysis was made in the belief that the
nucleophile in the reaction was the hydroxide bridging the two
metals. More recent experiments suggest that the nucleophile is
more likely to be a terminally bound and deprotonated water
molecule that is ∼1 Å closer to the phosphorus of the bound
substrate.7 Accordingly, an accurate explanation of how the
phosphotriesterases lower the activation energy of the reaction
has not yet been achieved.


In contrast to the hydrolysis of paraoxon, the nature of
the hydrolysis of the phosphothionate substrates has not been
studied theoretically. Experimentally, it has been shown that
they are hydrolyzed less rapidly by PTE with zinc ions in the
active site, and that the catalytic rate is increased if the zinc
ions are replaced by cobalt.16 It has been assumed that this is
a result of increased polarization of the P=S bond, however
this has not been established. In addition, there exist significant
differences in the turnover rates of highly similar phosphotriester
and phosphothionate substrates; for instance, ethyl chlorpyrifos
(thion) is hydrolyzed at approximately one thousandth the rate
of ethyl paraoxon.3 This is interesting because the data are
inconsistent with the current understanding of the mechanism,
and chlorpyrifos, widely used since 1965, is resistant to en-
hanced biodegradation in soil.17 Characterization of P–S bond
hydrolysis in phosphorothiolates has also been less thorough
than that of P–O bond hydrolysis. Theoretical calculations
have demonstrated that a stable pentacoordinate intermediate
is formed during P–S bond peroxidolysis of an analogue of
VX in aqueous solution.18 Whether this also occurs during the
hydrolysis of phosphorothiolate pesticides, which differ in that
they do not possess any phosphonate bonds, is still unknown.


In the present work we address three unresolved questions
relating to the mechanism of the bacterial phosphotrieserases
through a comparative experimental–theoretical approach.
(i) How does OpdA lower the activation energy, and catalyze
the hydrolysis of these substrates? (ii) Is there a mecha-
nistic explanation for the experimentally observed differences
in the turnover of phosphotriesters and phosphorothiolates?


(iii) Is the difference in turnover rate between phosphotriesters
and their phosphothionate analogues a result of differential
polarization by active site metals, or a consequence of non-
productive binding? To answer these questions we have adopted
a comparative theoretical–experimental approach. High level
ab initio calculations of the gas-phase hydrolysis reactions
are used to determine the intrinsic reactivities of the various
substrates and analyze their reaction pathways. These are then
compared with the experimentally determined kinetic constants
and structural data. It should be emphasized that the aim of
the study is not to establish that these calculations are a realistic
model for the enzyme-catalyzed hydrolysis; rather, by examining
the differences between the theoretical data and experimental
results, we can describe the role the enzyme plays in catalysis.


Results and discussion
To address the unanswered questions relating to the mechanism
of the bacterial phosphotriesterase OpdA, we have conducted
a thorough investigation into the nature of the hydrolysis of
a broad range of substrates, including the phosphotriesters
MPO, MCO and TMP, the phosphothionates MPS and MCS
and the phosphorothiolate DMO. Experimentally determined
kinetic constants are shown in Table 2. These demonstrate
that, while MPS, MPO and MCO are all hydrolyzed rapidly,
MCS and DMO are hydrolyzed at considerably lower rates and
TMP is not hydrolyzed at detectable levels. To complement
these results, we have also calculated the stationary points on
the minimum energy paths for each reaction (see Table 2 and
Fig. 1). Based on the theoretical results, all reactions, with the
exception of TMP, are highly exothermic and there are no major
differences in the magnitude of the barriers for the formation
of transition states. It is also clear that while MPS, MPO,
MCS and MCO are hydrolyzed via effectively identical one-step
reactions, DMO and TMP pass through several intermediates.
Comparison between the experimentally determined kinetic
constants and the calculated potential energy surfaces highlights
inconsistencies in our understanding of the mechanism. For
instance, the turnover of DMO is significantly slower than that
of MPS, the hydrolysis of TMP is not significantly catalyzed,
the process by which OpdA lowers the activation energy to
catalyze the reaction is unknown, and there is a several hundred
fold difference in the turnover rate of similarly highly reactive
substrates such as MCS and MPS. To address these issues we
examined the chemical basis for the rapid hydrolysis of a model
substrate, parathion, and compared this to the hydrolysis of
DMO and TMP, examining the causes of the large reductions


Fig. 1 Relative free energies (0 K, kJ mol−1) for the gas-phase reaction of OH− with MCS, MCO, MPS and MPO as calculated at the RMP2/6-311 +
G(3df,2p)//B3-LYP/6-31 + G(d) level of theory. The zero of energy corresponds to the reactants at infinite separation.
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Table 2 Change in free energy (0 K, kJ mol−1)a for the hydrolysis of MCS, MCO, MPS, MPO, DMO and TMP. Experimentally determined kinetic
constants are shown belowb


MCS MCO MPSc MPO DMO TMP


Reactants 0.0 0.0 0.0 0.0 0.0 0.0
INT1 −110.5 −111.4 −136.2 −136.1 −137.9 −97.3
TS1 −105.2 −98.8 −127.0 −122.6 −123.3 −68.3
INT2/Products −263.3 −266.6 −257.3 −258.2 −225.1 −139.3
TS2 — — — — −221.4 −128.7
INT3/Products — — — — −232.3 −128.7
TS3 — — — — — −83.9
INT4 — — — — — −109.6
Products — — — — — −6.2
kcat/s−1 1.6 1900 1200 2500 4.2 N/Dd


Km/lM 85 150 100 230 480 N/Dd


(kcat/Km)/s−1 M−1 1.8 × 104 1.3 × 107 1.2 × 107 1.1 × 107 9 × 103 N/Dd


a Calculated at the RMP2/6-311 + G(3df,2p) using B3-LYP/6-31 + G(d) geometries and scaled B3-LYP/6-31 + G(d) zero-point vibrational energy.
b Error is below 10% for the calculation of kinetic constants of dimethoate and MCO, and below 15% for MCS. c Experimentally determined kinetic
constants for the hydrolysis of MPS and MPO by OpdA have been taken from a previous study by Yang et al. (2003).5 d Not detectable (below the
limit of detection).


in the turnover number of the latter substrates. Furthermore,
we discuss the probable cause of the slow hydrolysis of MCS,
relative to the close analogues MPS, MPO and MCO.


Mechanistic differences in the hydrolysis of fast and slow
substrates


OpdA was isolated from soil contaminated with the organophos-
phate pesticide parathion4 and it is reasonable to assume that
this is the ‘natural’ substrate of the enzyme in the sense that this
is the substrate which OpdA has evolved to degrade. This is also
consistent with kinetic results demonstrating that both OpdA
and PTE hydrolyze parathion and MPS at rates approaching
the diffusion limit.5,8 Dimethoate (DMO) and other phospho-
rothiolate pesticides are known to be hydrolyzed at significantly
lower rates than parathion and to inhibit the hydrolysis of phos-
photriesters uncompetitively.5,19 Results from enzyme kinetics
demonstrate that DMO is hydrolyzed at comparable rates to
other phosphorothiolates, such as demeton5 (Table 2). Trimethyl
phosphate (TMP) is not detectably hydrolyzed by OpdA (Ta-
ble 2), and results from crystal soaking experiments demonstrate
that it binds unproductively in the active site of OpdA.7 Results


from enzyme kinetics are suggestive of significant mechanistic
differences in the hydrolysis of ‘fast’ substrates such as MPS and
‘slow’ substrates such as DMO.8,16 These studies demonstrated,
through the use of Brønsted plots, that there is no chemical
barrier for the hydrolysis of ‘fast’ substrates such as MPS, and
that their hydrolysis is diffusion limited. In contrast, the large
negative blg values observed for the hydrolysis of ‘slow’ substrates
strongly indicated that during the hydrolysis of these substrates
bond cleavage is rate limiting, and predict that the transition
state is significantly dissociative and product-like.


We calculated the geometries of the reaction coordinates, and
their respective energies, for MPS, DMO and TMP. These results
demonstrate that in the case of MPS, the reaction proceeds
through a hydrogen bonded intermediate and one transition
state in an SN2-type mechanism (Table 2, Figs. 1, 2). This is
predicted to be an extremely rapid reaction, and is consistent
with the biochemical results15 and previous theoretical work on
the hydrolysis of paraoxon.14 The only energy barrier to this
reaction is that between the intermediate and transition state
(9.2 kJ mol−1). In the case of DMO, calculations show that
after reaching the first transition state, the course of DMO
hydrolysis differs from that of MPS (Table 2, Figs. 1, 2): the


Fig. 2 B3-LYP/6-31 + G(d) geometries of the reactants, intermediates, transition states and products formed during the gas-phase reaction of OH−


with MPS and DMO.
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attack of the hydroxide nucleophile at the electrophilic centre
of dimethoate leads to the formation of a pentacoordinate
intermediate, which then decomposes to form the products. The
energy barrier for the formation of the first transition state is
14.6 kJ mol−1, comparable to the 9.2 kJ mol−1 barrier in the
equivalent step in parathion hydrolysis, and 4.4 kJ mol−1 for
the formation of the second transition state. Calculated reaction
coordinates and energies for the hydrolysis of TMP (Table 2,
Fig. 1, ESI Fig. 3†), were consistent with previous studies at
lower levels of theory11–13 and show a significant difference in
the potential energy landscape, compared to those of MPS
or DMO, in that after the formation of the pentacoordinate
intermediate significant energy is required to remove the leaving
methoxide group. The energy barriers to the first and second
transition states (27.5 and 11.8 kJ mol−1) are also higher than the
comparable barriers in dimethoate hydrolysis, consistent with
the poor leaving group.


Comparison between these results for the gas-phase hydrol-
ysis and the results of enzyme kinetics and crystallographic
experiments, allows us to determine at which point during the
hydrolysis the phosphotriesterases lower the activation energy
of the reaction, achieving catalysis. It is known that there is no
chemical barrier to the hydrolysis of ‘fast’ substrates such as
MPS, and that the hydrolysis of ‘slow’ substrates such as DMO
is limited by bond cleavage, and the energy barrier to a product-
like transition state.16 This is consistent with OpdA catalyzing
these reactions through lowering the activation energy required
to achieve the first transition state, but not the second ‘product-
like’ transition seen in the hydrolysis of DMO (Table 2, Figs. 1, 2).
In addition, crystallographic studies, in which crystals of OpdA
were soaked in solutions of various substrates, produced an
enzyme–product complex through DMO soaking; in contrast,
no bound product was observed after MPS soaking.7 This is
consistent with the formation of a pentacoordinate intermediate


in the case of DMO hydrolysis, bound dually to the two metals,
which decomposes and leaves dimethyl phosphate bound at the
active site. In the case of MPS hydrolysis, we propose that no
pentacoordinate intermediate forms, allowing rapid departure
of the product, consistent with the diffusion limited kinetics
(Table 2). A mechanistic scheme is shown in Fig. 3. This also ex-
plains several inconsistencies in the turnover of phosphotriesters
and phosphorothiolates, such as the uncompetitive inhibition of
phosphotriester hydrolysis by phosphorothiolates:19 once DMO
is hydrolyzed, enzymes with dimethyl thiophosphate bound in
the active site cannot participate in the reaction until the product
is displaced. This will cause a reduction in the V max of the enzyme
for the hydrolysis of rapidly hydrolyzed phosphotriesters such as
MPS, but little effect on the Km as the affinity of the remaining
enzymes for parathion will be unchanged. These calculations
have therefore clarified the conclusions drawn from previous
crystallographic and kinetic work and enabled an extremely
detailed understanding of the mechanism.


The mechanism of catalysis


With this strong evidence that OpdA lowers the energy barrier
to the first transition state in substrate hydrolysis, it is worth
investigating the means by which this catalysis is achieved.
Recent crystallographic work established the binding mode
of substrates in OpdA.7 When the optimized geometry of
MPS is modelled into the active site (in the only reasonable
orientation possible), it requires tilting of the P-centre toward
the nucleophile to be accommodated. The P–OH− distance
observed in this modelling is 3.1 Å. When compared to the
gas-phase calculations, it is clear that the active site surface
therefore accomplishes a significant reduction in the activation
energy required for the reaction, shortening the distance between
the electrophilic phosphorus and nucleophilic hydroxide beyond


Fig. 3 A mechanistic scheme for the hydrolysis of DMO and MPS by OpdA.


4 3 4 6 O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 4 3 4 3 – 4 3 5 0







the intermediate (3.9 Å), approaching that of the transition
state (3.2 Å) (Figs. 1, 2). This proposal is further supported
when compared to the binding of the, uncatalyzed, potential
substrate TMP. The potential energy surface demonstrates that
the formation of an intermediate should be possible and is
not significantly different to the formation of an intermediate
during DMO hydrolysis (Table 2, Fig. 1). However, the crystal
structure of an OpdA–TMP complex, with a water/hydroxide
bound at the b-metal and a TMP molecule bound at the
a-metal, showed no indication of any significant interaction
between the nucleophile and the electrophilic phosphorus of
TMP.7 The binding of TMP is therefore non-productive because
the substrate is small enough for no tilting to occur (unlike
larger substrates such as MPS), and no contribution is made
to the activation energy. This results in the reaction remaining
in the bottom of the first ‘well’ (Fig. 1), with the nucleophile
3.8 Å away from the electrophilic phosphorus. The comparison
between the theoretical and experimental results from this study
(Table 2) and previous structural work7 has allowed the proposal
of a reasonable explanation for the mechanism by which OpdA
lowers the activation energy (through steric constraint of the
reactants) to the fist transition state, and highlights the often
overlooked importance of nucleophile–electrophile distances in
enzyme mechanisms.


The ‘slow’ turnover of the phosphothionate MCS


There is currently no reasonable explanation for the slow
turnover of ethyl chlorpyrifos (ECS), or MCS in the literature.
Kinetic analysis demonstrates that MCS is hydrolyzed approxi-
mately 103 times slower than MCO and other diffusion-limited
substrates such as MPO and MPS (Table 2), consistent with
previous kinetic data regarding the turnover of ECS by PTE.3


To examine the process of MCS hydrolysis, the geometries of
the reaction coordinates were calculated, as were their respective
energies. As seen in Fig. 1 (ESI Fig. 2†) and Table 2, the gas-
phase hydrolysis of MCS is essentially identical to that of the
other three substrates. It is a one-step single in line displacement
mechanism, and the energy barrier for the formation of the
transition state is actually less than for the MPS transition
state (5.3 kJ mol−1, compared to 9.2 kJ mol−1). Therefore, there
appears to be no chemical basis for the extremely slow turnover
of MCS and the rate must be inhibited by some other factor.


Importantly, the similarity between the 4 substrates analyzed
here demonstrates that the increased polarity of the P=O
bond in the oxono analogues does not make a significant
contribution to the rate of hydrolysis, which is consistent with
the highly exothermic nature of the reaction. Additionally,
previous investigations of PTE involving enzyme kinetics has
demonstrated that for both paraoxon and parathion, the rate
limiting step is unrelated to the cleavage of the P–O bond.8


Therefore, in this case, increasing the polarization of the P=O
or P=S bond through the use of different metals in the active site


would not affect the rate. It should also be noted that the rapid
hydrolysis of MCO (Table 2) suggests that the leaving group of
MCS is not directly responsible for the slow turnover.


Non-productive binding


One possible cause of the slow turnover of MCS is non-
productive binding. Non-productive binding is seldom consid-
ered in enzyme kinetics, largely because it is difficult to quantify.
It has been characterized previously in chymotrypsin20,21 and
glutathione transferase,22 and the concept is straightforward.
If a substrate binds in the active site of an enzyme in an
orientation that will not allow hydrolysis, the Km will not be
significantly affected since the affinity for the substrate remains
the same, but the kcat will be reduced as the number of enzyme
molecules available to catalyze the hydrolysis will be reduced.
The enzyme will not be able to catalyze hydrolysis until the
substrate either diffuses out, or reorients. In effect, it is a form
of substrate inhibition, but one that is not readily measurable.
We observe this relationship in the hydrolysis of MCO and MCS
(Table 2): both have comparable values of Km, while kcat varies
by a factor of approximately 103, without any clear chemical
basis. Accordingly, the catalytic mechanism for the hydrolysis of
phosphotriesters and phosphothionates may be more accurately
described as follows:


(1)


In this scheme (eqn. 1), the inhibition caused by non-
productive substrate binding is indicated by K i (modified from
refs. 8,21).


Although the example of TMP does establish that non-
productive binding can occur in OpdA,7 the mode of binding
is unlikely to be related to MCS, as MCS is too large to
bind at the a-metal. Another crystallographic example of
non-productive binding, this time in PTE, was therefore
investigated.23 Co-crystallization experiments with substrate
analogues of methyl paraoxon in which the P–O bond was
replaced by a non-hydrolysable phosphono P–C bond produced
a PTE–diethylbenzyl phosphonate (DEBP) complex. This
structure is interesting because the analogue is bound at the
active site in an unexpected mode, with the leaving group in a
side chain pocket, a side chain in the leaving group channel and
no significant electronic interaction between the b-metal and the
P=O group. When the analogue is modelled into the active site
in the same manner as MPS, it clearly clashes with the amino
acids of the leaving group channel because of the different
orientation of the aromatic compared to methyl parathion
(Fig. 4). The cause of the non-productive binding therefore


Fig. 4 MPS and DEBP modelled into the active site of OpdA. The molecular surface is shown to highlight the interaction of the molecules with the
enzyme. The diagram of MPS modelled into the active site was taken from Jackson et al., 2005.7
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Table 3 Relative free energies (0 K, kJ mol−1)a for different conformers
of MCS, MCO, MPS, MPO and DEBP, and the transition states between
them


Ring orientation MCS MCO MPS MPO DEBP


Sideways 0.0 0.0 0.0 0.0 0.0
TS 23.5 21.3 11.6 12.6 12.3
Upwards 8.5 7.3 4.1 5.0 −2.7


a Calculated at the RMP2/6-311 + G(3df,2p) using B3-LYP/6-31 +
G(d) geometries and scaled B3-LYP/6-31 + G(d) zero-point vibrational
energy.


lies in the steric interactions between DEBP and the enzyme
which force the analogue to bind in the only conformation
possible. Substrate binding in OpdA will depend upon three
major factors: (i) steric interactions between the substrate and
the enzyme, (ii) electronic interactions between the b-metal and
the substrate, and (iii) hydrophobic interactions between the
substrate and the hydrophobic pockets of the active site.


The structure of DEBP bound in the active site of PTE was of
further interest because of the large conformational differences
between itself and the substrates it was supposed to mimic, such
as MPS and MPO. As seen in Fig. 4, the angle of the P–C–
C phosphono bond to the leaving group in DEBP is markedly
different to that of the analogous P–O–C bond in MPS. We
determined whether this conformation was the lowest energy
structure, or whether its conformation had been altered by
PTE. At the B3-LYP 6-31 + G(d) level of theory, the lowest
energy structure is that with the ring pointed outward in the same
manner as the leaving group of MPS; however, the higher level
RMP2/6-311 + G(3df,2p) calculations show that the structure
observed in PTE is in fact the lowest energy conformer (Table 3).
Table 3 and ESI Fig. 4† demonstrate that the lowest energy
geometries of MPS, MPO, MCS and MCO are all essentially
identical (MPO has its ring rotated 90 degrees, but as it is turned
over at approximately the same rate as MPS and MCO it clearly
plays no significant role). Accordingly, we investigated whether
the equilibrium between conformations of MCS favoured a
conformation that could bind non-productively with greater
affinity. To do this, we optimized the geometries and calculated
the energies, of all four substrates with the ring pointed upwards
as it is in the lowest energy conformer of DEBP. In addition,
we calculated the rotational barriers for the transition states
separating the two conformations (ESI Fig. 4†, Table 3). These
demonstrate that the energy barrier for conversion between the
two conformers is in fact lowest for MPO and MPS, and that
there is no significant difference between the conformation of
MCS and the other three substrates, excluding steric interactions
as the cause of non-productive binding.


Another possible cause of non-productive binding is the
hydrophobicity of the substrates. The chemical differences
between oxono and thiono analogues of organophosphorus
compounds have been studied in detail by Maxwell and Brecht.24


They demonstrated that the P=S moiety makes the substrates
considerably more hydrophobic than those with the P=O group,
as a result of the reduced polarization of the P=O/S bond. This
was proposed to cause non-productive binding of these groups
in acetylcholinesterase (AChE), and contribute to the significant
reduction in inhibition of AChE by thiono analogs (1240 fold
for parathion/paraoxon). The relative V max of PTE for 5 highly
reactive ethyl-substituted phosphotriester substrates (paraoxon
> parathion ≥ coumaphos > diazinon > chlorpyrifos) is more
consistent with their hydrophobicities (2.31, 3.84, 3.87, 3.42,
4.77, in LogP) than the pKa of the leaving group (7.25, 7.25, 8.97,
1.17, 7.5).3 Similarly, the relative kcat of OpdA for the 4 highly
reactive methyl-substituted phosphotriester substrates discussed
in this study (MPO 2500 s−1, MCO 1900 s−1, MPS 1200 s−1, MCS
1.6 s−1) shows the same trend toward the relative hydrophobicity
(1.5, 2.7, 2.9, 3.7, in LogP).


If a substrate the size of MCS becomes coordinated to the
b-metal, via the P=O/S group, it will be oriented correctly
for hydrolysis; there is no other mode of binding at the metal
possible. However, as the PTE–DEBP complex demonstrates, it
is possible for molecules to bind at the active site without sig-
nificant interaction with the metal.23 Another result consistent
with this proposal was found in a molecular dynamics study of
substrates within the active site of PTE, and demonstrated that
paraoxon could bind in a non-productive orientation in addition
to the correct orientation.25 As we have shown, MCS and MPO
are structurally very similar, so it would be expected that this
result would extend to MCS. This may then provide the best
explanation for the non-productive binding of MCS.


It has been established that thiono compounds, such as
MPS and MCS, are turned over at significantly faster rates
by OpdA and PTE in which the Zn2+ active site metals are
replaced by Co2+.16 This has previously been assumed to result
from increased polarization of the P=S bond by cobalt, owing
to its greater affinity for sulfur than the affinity of zinc for
sulfur, according to the hard–soft acid–base theory. However,
as we have shown, the reaction is sufficiently exothermic for the
small difference in the polarization of this bond by different
metals, and the associated change in the electrophilicity of
the phosphorus between oxono and thiono analogues, not to
contribute to the reactivity (Table 2, Fig. 1). The strength of
the interaction between the sulfur of MPS and Co2+ in the active
site environment of OpdA was analyzed theoretically, and results
suggest it is insufficient to allow formation of a stable Co2+–MPS
complex, in contrast to the formation of a stable complex with
a hydroxide (ESI Fig. 5†), which is not surprising considering
the neutral character of MPS. This also supports the notion
that the contribution of increased polarization will be small
relative to the reactivity of the substrates, and that hydrophobic
interactions between MPS and the active site cavity play an
equally important role in substrate binding. The increased
turnover rate of phosphothionate substrates in Co2+-substituted
enzymes is therefore more likely to be a consequence of the
greater affinity of cobalt for sulfur, which shifts the binding
equilibrium of the substrates away from non-productive binding
based solely on hydrophobic interactions, toward productive
binding as a result of hydrophobic and metal interactions,
consequently resulting in more hydrolysis. It should be noted
that the most hydrophobic substrates will have the least polar
distribution of charge; accordingly, the correlation between
activity and hydrophobicity is likely to result from both the
affinity of hydrophobic groups with hydrophobic pockets, and
the attraction between the charge on the coordinating P=O/S
group and the b-metal.


This explanation is consistent with the work of other groups:
Cho et al.,10 identified mutations in PTE, remote from the active
site (A80V, K185R, I274N), that increased the global hydrolysis
rate for a range of organophosphate pesticides (paraoxon,
parathion, coumaphos, chlorpyrifos). These mutations typically
increased the kcat in the order of 10 to 50 fold for paraoxon,
parathion and coumaphos, while the increase in the kcat toward
chlorpyrifos was ∼500 fold. It has been suggested that the A80V
and K185R mutations achieve this enhancement in activity
by stabilizing PTE in a more active conformation.5,10 If this
conformation were more active because it enhanced substrate
orientation and correct binding, the biggest difference would be
seen in the catalysis of the substrate with the highest probability
to bind incorrectly, i.e., chlorpyrifos or MCS. That work further
complements this study by demonstrating that PTE containing
Co2+ hydrolyses chlorpyrifos at significantly higher rates than
PTE containing Zn2+,3 and that an essentially identical active
site is capable of catalyzing hydrolysis of MCS at rates close to
the diffusion limit, highlighting the extremely labile nature of
the substrate. Therefore, although several factors are likely to
influence the turnover rate of highly reactive substrates such as
MPS and MCS, the hydrophobicity of the substrates and the
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associated probability that they will bind in an orientation in
which hydrolysis can occur, makes a significant contribution.


Experimental
Materials


All chemicals were purchased from Sigma-Aldrich unless
otherwise noted. Methyl chlorpyrifos oxon (MCO), methyl
chlorpyrifos thion (MCS) and dimethoate were purchased from
Chem Service (PA, USA). Bacto-tryptone and Bacto-yeast
extract were purchased from Difco laboratories. The purity of
the organophosphates was >95% as stated by the manufacturers.
Molecular biology reagents were purchased from New England
Biolabs or Roche Molecular Diagnostics (Australia) unless
otherwise stated. Pfu DNA polymerase was purchased from
Stratagene (CA, USA). The Overnight ExpressTM autoinduction
system was purchased from Novagen (WI, USA).


Bacterial strains and plasmids


The plasmid used to purify OpdA (NCBI protein sequence
database accession number: AAK85308) was constructed by
cloning OpdA between NcoI and BamHI sites in pTrcHisB
(Invitrogen). The primers used to amplify the gene were:
fp 5′ TTAAATAAGGAGGAATAAACCATGG 3′ and rp 5′


TCTCGAGCTCGGATCCCGTTATTAC 3′. The plasmid was
expressed in E. coli DH5a cells (Invitrogen) grown in Luria–
Bertoni (LB) medium. Growth media were supplemented with
ampicillin (100 mg L−1). GpdQ was expressed from the pCY76
vector as described previously.26


Preparation of purified phosphotriesterase


Wild-type OpdA was produced and purified as follows:
the plasmid was expressed using the Overnight ExpressTM


autoinduction system (Novagen) at 37 ◦C. Cells were harvested
by centrifugation, then resuspended and lysed in 10 mL of
20 mM Tris.Cl pH 8.0, containing BugBusterTM protein ex-
traction reagent (Novagen) and 1 mg mL−1 of chicken egg
lysozyme (incubated at room temperature for 30 min). The
insoluble matter was pelleted and the soluble fraction was
twice passed through a regenerated 1 mL pre-packed DEAE–
Fractogel column (Amersham Biosciences) that had been pre-
equilibrated with 20 mM Tris.Cl pH 8.0. Powdered ammonium
sulfate was added to the active flow-through fractions to a final
concentration of 0.5 M and stirred for 10 min at 4 ◦C. The so-
lution was centrifuged at 30 000 g for 30 min. The active soluble
fraction was loaded onto a 1 ml pre-packed phenyl-sepharose
HP column (Amersham Biosciences). A linear ammonium
sulfate gradient (0.5–0 M) was applied over 10 column volumes
to elute the bound protein. Eluted fractions were assayed for
phosphotriesterase activity by assaying 1 lL of eluate in 100 lL
of 10 lM coumaphos-o-analogue, 100 mM Tris.Cl pH 8.0 and
by observing fluorescence under UV light. Phosphotriesterase
activity eluted at ∼0.35 M ammonium sulfate. SDS-PAGE
analysis of pooled active fractions indicated that the purified
OpdA was essentially homogeneous. The purified protein was
dialyzed against 20 mM HEPES, 150 mM NaCl, pH 7.5, 100 lM
ZnCl2 overnight before being assayed. Protein concentration was
determined by measuring the absorbance at 280 nm using an
extinction coefficient of 29 280 M−1 cm−1.


In vitro assays of purified phosphotriesterases


The kinetic constants for the three substrates (MCO, MCS and
dimethoate) were determined by varying the concentration of
the substrate with a constant protein concentration. Hydrolysis
of MCO and MCS was monitored by measuring the production
of 3,5,6-trichloro-2-pyridinol spectrophotometrically at 310 nm
(De310 = 5562 M−1 cm−1).27,28 Hydrolysis of dimethoate was mon-
itored by following the appearance of 2-nitro-5-thiobenzoate
spectrophotometrically at 412 nm (De412 = 14 145 M−1 cm−1


at pH >7.5).29 Assays of MCO and MCS were performed at
37 ◦C in 100 mM Tris.Cl pH 8.5, 10% methanol (to enhance
the solubility of the substrates) and assays of dimethoate were
performed at 25 ◦C in 100 mM Tris.Cl pH 8.5, 2% methanol,
1 mM DTNB. The kcat and Km values were determined by fitting
the initial velocity data to the Michaelis–Menten equation.
Assays were conducted in duplicate. Phosphotriesterases were
diluted in 20 mM HEPES, 150 mM NaCl, pH 7.5 containing
0.1 mg ml−1 bovine serum albumin before use. In an attempt
to measure the catalysis of TMP by OpdA, we incubated
OpdA with various concentrations of TMP in 100 mM Tris.Cl
pH 8.5, 10% methanol. An enzyme, GpdQ, known to hydrolyze
dimethyl phosphate was then added to the reaction mixture
to convert dimethyl phosphate to methyl phosphate, and calf
intestinal alkaline phosphatase (Roche) was added to convert
methyl phosphate to phosphate. Subsequently, the phosphate
was assayed as described previously.26


Ab initio calculations


To assist in the interpretation of the experimental data, the
relative energies of the reactants, products, transition structures
and (where relevant) intermediates for the SN2 substitution
reactions were obtained via high-level ab initio calculations.
These were performed on the model reaction shown in eqn.
(2), and were carried out using GAUSSIAN 03.30


OH− + Z=P(OCH3)2YR → YR− + Z=P(OCH3)2OH (2)


for relevant combinations of Z = O or S, Y = O or S, and R =
CH3, 3,5,6-trichloropyridin-2-yl, p-nitrophenyl or S-acetamide.
The reactions with the 3,5,6-trichloropyridin-2-oxide (TCP),
p-nitrophenoxide (NP), and S-acetamide leaving groups were
treated as models of the reactions with the MCS, MCO, MPS,
MPO and dimethoate pesticides, respectively. The geometries
were optimized at the B3-LYP/6-31 + G(d) level of theory, and
the zero-point energy was calculated using the scaled (by 0.9806)
vibrational frequencies at this level.31 Improved energies were
then obtained at the MP2/6-311 + G(3df,2p) level of theory.


The accuracy of the RMP2/6-311 + G(3df,2p) level of theory
was evaluated by comparing enthalpies obtained for the smaller
O=P(OCH3)3 and S=P(OCH3)3 systems with calculations using
a high level composite procedure, based on G3(MP2)-RAD. In
this procedure, which we refer to as G3(MP2)-RAD(+), we
replace the RCCSD(T)/6–31 G(d) and RMP2/6-31 G(d) cal-
culations of the G3(MP2)-RAD method with calculations using
the 6–31 + G(d) basis set so as to allow for a better description
of the anionic species. The enthalpies (0 K, kJ mol−1) of the
reaction between O/S=P(OCH3)3 and OH− to produce CH3O−


and O/S=P(OCH3)2OH were: −20.8 at G3(MP2)-RAD(+) and
−15.9 at RMP2/6-311 + G(3df,2p) for O=P(OCH3)3; for
S=P(OCH3)3 the corresponding values are −20.3 and −14.0,
respectively. It is clear that there is a small systematic error when
the RMP2/6-311 + G(3df,2p) level of theory is used, but this
is well within normal acceptable levels. More importantly, the
relative error between O=P(OCH3)3 and S=P(OCH3)3 is just
1.9 kJ mol−1, and the MP2/6-311 + G(3df,2p) level of theory is
thus sufficiently accurate for the present study.


Vibrational frequency and intrinsic reaction coordinate (IRC)
calculations32,33 were carried out to confirm transition states
and local minima on the potential energy surface, and verify
the connection of the transition states with local minima. To
evaluate the suitability of the B3-LYP/6-31 + G(d) level of
theory in optimizing transition states, we performed RMP2/6-
311 + G(3df,2p) energy calculations on geometries provided by
the IRC calculation of the transition state for MCO hydrolysis.
Fig. 1 of the ESI† shows the relative energies at the B3-LYP/6-
31 + G(d) and MP2/6-311 + G(3df,2p) levels of theory for
the potential energy surface around the transition state. This
demonstrates that while there is some difference in the location
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of the transition state at the higher level of theory, the difference
in the energy barrier is not significant (0.28 kJ mol−1).


We evaluated the strength of the interaction between the
coordinated Co2+ in the active site and MPS or OH−. The
structure of the b-Co2+ coordinated by simplified versions of
the surrounding side chains (N(CH2)2 for His, CO2 for Asp)
was taken from the crystal structure,7 and frozen. Formation
of a complex with an optimized structure of MPS or OH− was
then examined. Owing to the size of the calculations, we used
scans to find approximate geometries, rather than optimization.
Consequently, the calculated values of the barriers are their
upper bounds. This was accomplished using the LanL2DZ and
B3-LYP/6-31 + G(d) basis sets.


pKa and LogP values


To evaluate the correlation between hydrophobicity and
turnover rate the V max data for a range of similar substrates
(ethyl side chains, one-step hydrolysis in gas-phase), were taken
from a previous study.3 As a measure of hydrophobicity, the
octanol–water partitioning coefficients, were taken from Sci-
Finder Scholar, which was also used to acquire the pKa values
of the leaving groups.34


Conclusion
We have undertaken a detailed theoretical study into the
hydrolysis of a range of phosphotriesters in the gas-phase in
addition to experimental determination of the kinetic constants
for the catalysis of their hydrolysis by OpdA. The aim of this was
not to show that these calculations are a realistic model for the
enzyme-catalyzed reaction; rather, by examining the differences
between the theoretical data and experimental results, we have
been able to highlight the steps in the mechanism where the
enzyme lowers the activation energy and propose experimentally
consistent explanations for the mechanism by which this occurs,
citing previous kinetic and structural results. This demonstrates
the utility of theoretical calculation in providing a more detailed
understanding of the reaction that is being catalyzed by the en-
zyme. Other discrepancies between the enzyme-catalyzed results
and the gas-phase hydrolysis, such as non-productive binding
limiting the rate of substrate hydrolysis when the chemical step
has no barrier, were able to be studied in significantly greater
detail than would have been possible if the theoretical reactivity
of the substrates were unknown. This examination of non-
productive binding is significantly more detailed than other
reported instances, and we expect that this effect may play a
similarly important role in the enzymatic catalysis of highly
reactive substrates in general.
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A new, reusable Pd/MgLa mixed oxide catalyst has been
applied successfully in the Suzuki–Miyaura carbon–carbon
cross-coupling reaction of aryl halides as well as benzylic
bromide with boronic acids in ethanol. The catalyst is
air stable, can be stored and handled under an ambient
atmosphere and after the reaction it can be recovered
by simple filtration and reused without significant loss of
activity.


The palladium catalyzed cross-coupling of aryl halides or
triflates with organoboronic acids in the presence of a base,
known as the Suzuki–Miyaura reaction,1 is one of the most
versatile procedures for the synthesis of unsymmetrical biaryls.
The popularity of this method is continuously increasing, since
the organoboranes used in the reaction are air- and moisture-
stable with relatively low toxicity, and the reaction can be carried
out under mild reaction conditions and tolerates a wide range
of functional groups. The biaryls are an important class of
compounds in the synthesis of biologically active substances,
such as pharmaceuticals2 and herbicides.3 Moreover they are
also applied as chiral ligands for catalysis4 and in material
science, e.g. as liquid crystals.5


The reaction is traditionally performed in organic solvents
using homogeneous Pd catalysts with phosphine-based ligands,
in the presence of a base.1 The removal of the residual palladium
and ligands from the reaction mixture is difficult and the
phosphorus ligands are often water- and air-sensitive. However,
the use of heterogeneous catalysis simplifies the separation of
the catalyst (simple filtration). In addition the catalyst can
be reused, thus reducing the process costs and decreasing the
contamination of the products with residual metal. From these
economical and environmental points of view, the search for
an efficient heterogeneous, insoluble metal catalyst is important
and challenging. Therefore, over the past few years, progress
in the development of catalysts for cross-coupling reactions
has been significant. Numerous supported Pd catalysts have
been reported in the literature for the Suzuki–Miyaura reaction
e.g. Pd/C,6 Pd(0)–Y zeolite,7 Pd(II)–NaY zeolite,8 Pd–sepiolite,9


Pd/LDH,10 and polymer supported Pd catalysts.11 On the
other hand, there has also been known the immobilization of


Table 1 Effect of the reaction parameters on the Suzuki cross-coupling reactiona


Entry Base Solvent Reaction temperature/◦C Reaction time/h Yieldb (%)


1 K2CO3 i-Propanol–H2O (5 : 1) 80 5 99
2 K2CO3 i-Propanol–H2O (5 : 1) 80 1 99
3 Et3N i-Propanol–H2O (5 : 1) 80 1 —
4 K2CO3 Ethanol–H2O (5 : 1) 78 1 99
5 K2CO3 Ethanol–H2O (5 : 1) 25 1 —
6 K2CO3 Ethanol 78 1 99 (95)d


7c K2CO3 Ethanol 78 1 91


a 1 mmol iodobenzene, 1.5 mmol phenylboronic acid, 3 mmol base, 1.5 mol% Pd. b Isolated yield. c Using 0.7 mol% of Pd. d With reused Pd/MgLa.


Pd complexes on a solid support, such as Pd–phosphine on
MCM-41 zeolite,12 oxime–carbapalladacycle,13 palladacycle,14


or Pd–dihydroimidazole15 complexes on silica.
Recently we used a new, air and moisture stable Pd/MgLa


mixed oxide catalyst in the Heck reaction.16 The reactions can
be performed with only 1.5 mol% of Pd catalyst. The catalyst
is air stable, can be stored and handled in air, and after the
reaction it can be recovered by simple filtration and reused
without significant loss of activity.


In this paper, we have explored the activity of this catalyst
toward the Suzuki cross-coupling reaction. The Pd/MgLa
catalyst was prepared according to the procedures reported
previously.16


In order to determine the optimum reaction conditions,
the reaction of iodobenzene with phenylboronic acid was
studied first in the presence of different solvent sand bases and
Pd0/MgLa (1.5 mol% of Pd) (Scheme 1).


Scheme 1


The data in Table 1 show the effect of various parameters on
the efficiency of the Suzuki reaction. Reactions were carried
out using K2CO3 and Et3N as bases and i-propanol–H2O,
ethanol–H2O or ethanol as solvents. When we used K2CO3 and
i-propanol–H2O at 80 ◦C, a 99% yield of biphenyl was obtained,
after just 1 h. An organic base such as Et3N gave no product
(entry 3). Changing the solvent from i-propanol to ethanol, the
yield of the desired product did not change. No product was
observed when the reaction was performed at room temperature,
so heating is necessary for the reaction (entry 5). Finally, a
smaller amount of catalyst (0.7 mol%) led to a moderately lower
yield (91%, entry 7). From an economic aspect, we chose ethanol
as the solvent for further reactions. Based on these experiments,
the best reaction conditions were as follows: 1.5 mol% Pd/MgLa
catalyst, 3 mol% K2CO3 as a base in ethanol at 78 ◦C.


To generalize the results obtained with the model reaction,
other experiments were carried out using other aryl halides and
boronic acids as substrates (Scheme 2).
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Table 2 Pd/MgLa catalyzed Suzuki cross-coupling reaction of various aryl halides with boronic acidsa


Entry Y X R R′ R′′ Reaction time/h Yieldb (%)


1 Bu I H H H 2 37
2 Ph Br H H H 1.5 97
3 Ph Br COCH3 H H 1.5 98
4 Ph Br H H COCH3 1.5 97
5 Ph Br CH3 H H 1.5 83
6 Ph Br H CH3 OH 2 72
7 Ph Br H H CHO 1.5 88


1 65
8 Ph Cl H H H 3 71


6 71
9 Ph Cl COCH3 H H 2 96
10 Ph Cl H H COCH3 2 97
11 Ph Cl CHO H H 2 83
12 Ph Cl H H CHO 2 83
13 Ph Cl H H CH3 4 59


a 1 mmol aryl halide, 1.5 mmol boronic acid, 1.5 mol% Pd, 3 mmol K2CO3, 5 mL ethanol, 80 ◦C. b Isolated yield.


Scheme 2


The results are summarized in Table 2. As expected, the cat-
alytic activity of our catalyst depends on the nature of the halide.
The Suzuki reaction of bromobenzene with phenylboronic acid
also furnished an excellent yield of biphenyl in 1.5 h (Table 2,
entry 2). However, in the reaction of phenylboronic acid with
chlorobenzene, only a 71% yield of biphenyl was obtained
even after stirring the reaction mixture for longer (entry 8).
Only a 37% yield of the coupling product was obtained in
the reaction of butylboronic acid and iodobenzene, which was
similar to the yield (29%) obtained with 5% Pd0 on potassium
fluoride/alumina reported by Kabalka et al.17 (entry 1).


We examined the reaction with several substituted aryl
bromides, chlorides and phenylboronic acid under the optimized
reaction conditions. The use of aromatic halides with electron-
withdrawing substituents, like CHO or COCH3, led to the
coupling products in excellent yields. Even the electron-rich
p-bromotoluene, 3-methyl-2-bromo-phenol, or o-chlorotoluene
reacted with phenylboronic acid, although the yields decreased
to 83%, 72%, and 59%, respectively. The reaction is not sensitive
to steric hindrance; bromo- and chlorobenzene derivatives hav-
ing ortho-substituents also gave excellent yields, see e.g. o-bromo-
benzaldehyde (entry 7) or o-chloroacetophenone (entry 10).


There are relatively few reports in which a benzyl halide has
been employed in the Suzuki–Miyaura reaction.18 Maddaford
and Keay coupled benzyl chloride under Suzuki conditions
for the first time.19a Later, Chowdhury and Georghiou used
Pd(PPh3)4 for the coupling of benzyl bromides and iodides
in refluxing ethanol–DME–H2O for 18 h under argon.19b We
found that under our reaction conditions, in the reaction


Scheme 3


between phenylboronic acid and benzyl bromide we obtained
the coupling product diphenylmethane in good yield, although
a longer reaction time was required. Using a larger amount of
Pd/MgLa catalyst (1.4 mol% of Pd) did not influence the yield
(71%, Scheme 3).


During the examination of the Heck reaction, we found that
under the reaction conditions, no increase in yield was observed
when the catalyst was removed from the reaction mixture.16 The
possible leaching of palladium in the Suzuki–Miyaura reaction
was tested analogously using the “hot filtration” test. Thus, the
reaction of iodobenzene and phenylboronic acid was stopped
after 30 min, the solid was filtered out from the hot solution
(to avoid the precipitation of the possibly dissolved Pd from the
solution onto the solid surface) and the reaction was continued
with the filtrate and K2CO3. GC analysis of samples taken from
this mixture showed that no progress in the reaction occurred
even after a longer reaction time. The 73% yield obtained after
30 min did not increase even after 5 h. This means that no
appreciable amount of Pd dissolved.


We have also investigated the reusability of the catalyst in the
Suzuki reaction. After the first run, the catalyst was filtered
off, washed with water to remove any chemicals, dried at
room temperature and reused twice. Under the same reaction
conditions, in the reaction of iodobenzene and phenylboronic
acid the catalyst showed no significant loss of activity (99% and
95% for the first and second use, respectively, see Table 1, entry
6), which confirms its high stability.


In conclusion, we have shown that Pd/MgLa mixed oxide
is an efficient catalyst in the Suzuki–Miyaura cross-coupling
reaction of aryl bromides and chlorides with phenylboronic
acid in good to excellent yields. Also, efficient cross-coupling
could be effected with benzylic bromide. The use of our catalytic
system has several advantages such as easy separation of
catalyst, reusability, and the reaction does not require an inert
atmosphere.†


The financial support of the Hungarian Scientific Research
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intergovernmental scientific and technological cooperation, TéT
project No. F-8/02.


4 3 0 8 O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 4 3 0 7 – 4 3 0 9







Notes and references
† Catalyst preparation: MgLa mixed oxide was prepared according to a
method described in the literature.20 A solution containing Mg and La
nitrates (0.386 mol and 0.129 mol in 0.5 L distilled water for an atomic
ratio Mg/La = 3) was poured into a mixture of KOH (1 mol) and K2CO3


(0.26 mol) in 0.52 L of distilled water maintained at a constant pH 10.
The solid was filtered, washed with distilled water, dried at 120 ◦C then
calcined at 650 ◦C for 6 h. The material thus obtained should be stored
under an inert atmosphere since storage in air induces carbonation of the
surface. Chemical analysis of the solid gave the composition: La: 39.8%;
K: 5.4%; H2O: 37%. The Mg/La ratio in the solid is then 4.26, compared
to 3 in the solution, therefore the precipitation of La is not complete at
pH 10. The powder XRD pattern of the uncalcined Mg–La mixed oxide
contains diffraction lines of a hydrated lanthanum carbonate as well
as magnesium and lanthanum hydroxides. This triphasic solid probably
consists of a layer of lanthanum oxide deposited on magnesia.
The MgLa mixed oxide thus obtained (1.5 g) was suspended in 150 mL
of aqueous Na2PdCl4 (0.441 g, 1.5 mmol) solution and stirred at 25 ◦C
for 12 h under a nitrogen atmosphere. The solid catalyst was filtered,
washed thoroughly with 500 mL of water, and vacuum-dried to obtain
brown PdII/MgLa mixed oxide (0.84 mmol of Pd/g, determined by ICP-
OES). This substance (1 g) was reduced with hydrazine hydrate (1 g,
20 mmol) in ethanol (10 mL) for 3 h at room temperature, filtered, and
washed with ethanol to give an air stable black powder of Pd0/MgLa
mixed oxide (0.73 mmol of Pd/g).
General procedure for the Suzuki reaction: in a typical reaction, Pd/MgLa
(1.5 mol% Pd) was added to a mixture of aryl halide (1 mmol), boronic
acid (1.5 mmol), and K2CO3 (0.41 g, 3 mmol) in ethanol (5 ml). The
mixture was stirred at 80 ◦C until completion of the reaction (TLC) for
1 h to 6 h. Then the solvent was removed under reduced pressure and
the product was extracted with hexane (10 mL). Removal of the solvent
under vacuum furnished the desired coupling product. The residue, if
necessary, was purified by column chromatography or recrystallized to
give the corresponding biaryl. The known products were characterized
by comparing the 1H NMR, and melting point data with those reported
in the literature. Selected data of biphenyl: white solid, mp: 67–68 ◦C
(hexane) (lit. 70 ◦C21), 1H NMR (300 MHz, CDCl3) d (ppm): 7.27–7.58
(m, 10H). 13C NMR (300 MHz, CDCl3) d (ppm): 127.1, 127.2, 128.6,
141.1.
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2002, 41, 179; (b) L. Chahen, H. Doucet and M. Santelli, Synlett,
2003, 11, 1668; (c) B. P. Bandgar, S. V. Bettigeri and J. Phopase,
Tetrahedron Lett., 2004, 45, 6959.


19 (a) S. P. Maddaford and B. A. Keay, J. Org. Chem., 1994, 59, 6501;
(b) S. Chowdhury and P. E. Georghiou, Tetrahedron Lett., 1999, 40,
7599.


20 B. Veldurthy, J. M. Clacens and F. Figueras, Adv. Synth. Catal., 2005,
347, 767.


21 K. Abiraj, G. R. Srinivasa and D. Channe Gowda, Tetrahedron Lett.,
2004, 45, 2081.


O r g . B i o m o l . C h e m . , 2 0 0 5 , 3 , 4 3 0 7 – 4 3 0 9 4 3 0 9








A R T I C L E


O
BC


w
w


w
.rsc.o


rg
/o


b
c


Model studies towards the synthesis of gilvocarcin M
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Laboratoire de Synthèse Organique associé au CNRS, Ecole Polytechnique, 91128, Palaiseau,
France. E-mail: cordero@dcso.polytechnique.fr


Received 12th September 2005, Accepted 24th October 2005
First published as an Advance Article on the web 16th November 2005


In model studies towards the synthesis of gilvocarcin M, a convergent, xanthate-based free-radical strategy was tested
in order to construct the key aromatic ring attached to the sugar unit.


Introduction
C-Aryl glycosides, or glycosylarenes, represent an important
class of natural products in which carbohydrates are directly
bound to an aromatic moiety through a C–C bond, and which
have been shown to be especially resistant to enzymatic and
acidic hydrolysis.1 These compounds constitute interesting syn-
thetic targets in the light of their biological activities and unique
structures. The anticancer gilvocarcins2 (1a–c) are metabolites
of certain Streptomyces species and belong to one of four classes
of naturally occurring C-aryl glycosides, in which the sugar is
located para to a phenolic hydroxyl group (Fig. 1).


Fig. 1 Gilvocarcin class C-aryl glycosides.


Owing to their biological and synthetic utility, efficient
synthetic routes to C-aryl glycosides from sugar precursors have
been reported, based either on the regiocontrolled construction
of the C-naphthyl glycosidic linkage using various glycosyl
donors1,3 or on the elaboration of the naphthyl appendage via
transformation of a C-alkyl or a C-furanyl glycoside.1,4 Amongst
these methods, the O→C glycoside rearrangement reported by
Suzuki et al.5 is probably the most useful because it has several
advantages in terms of regio- and stereoselectivity. This method
was successfully applied to the total synthesis of the gilvocarcins
and their analogues.2 However, because this is a Lewis acid-
promoted process, the aromatic moieties that take part in the
reaction have to be electron-rich and the carbohydrate unit
solidly protected.


Recently, we reported a new acces to group I C-aryl glycosides
using a xanthate-mediated free-radical addition–cyclisation se-
quence followed by an efficient aromatisation protocol.6 This
process allows the synthesis of a wide variety of substituted
glycosylarenes under mild conditions (Scheme 1).


Furthermore, because this approach allows the use of a great
variety of substituents (including electron-withdrawing groups)
on the aromatic ring and on the sugar moiety, it should be useful
for the expedient preparation of a broad variety of analogues of
the natural products. Because of our continuing interest in the
synthetic applications of xanthate-based free-radical chemistry,
we decided to pursue the synthesis of gilvocarcin M using this
approach.


Scheme 1 Xanthate-based approach to C-aryl glycosides.


Retrosynthetic analysis and strategy
The general features of our route are outlined in Scheme 2.
Gilvocarcin M (1a) would be prepared from protected tetralone
2 by simple aromatisation of the A ring. In the key step of the
synthesis, tetralone 2 would be obtained in a convergent manner
from an acetophenone xanthate (3) and the appropriate olefin
(4), the latter serving as an effective radical trap.


The required complex xanthate 3 would be obtained by
Friedel–Crafts type acylation of tricyclic lactone 5. On the basis
of the the synthesis of the gilvocarcin aglycon by Martin et al.,7


it was projected that the carbon–carbon bond joining rings B
and D would be constructed through a palladium-mediated
cyclisation and an esterification reaction between the known acid
chloride 6 8 and commercially available p-methoxyphenol (7).


In parallel, olefin 4 would be obtained by vinylation of the
known D-fucose derivative 8. Thus, in the synthetic direction,
reaction of lactol 8 with an organometallic compound (e.g.
vinylmagnesium bromide) would produce a diol intermediate
that could be cyclised stereoselectively to afford the desired
radical trap 4.


Results and discussion
Our synthesis starts with the preparation of the desired xanthate
3. The first step in this sequence was the esterification of
commercially available p-methoxyphenol with acid chloride
6 under standard conditions to afford ester 9 in 95% yield
(Scheme 3). With an appropiately placed iodine atom, interme-
diate 9 was used to test the Pd-mediated cyclisation reaction.
Thus, treatment of 9 with a catalytic amount (26 mol%) of
Pd(PPh3)2Cl2 and sodium acetate in N,N-dimethylacetamide
(DMA) at 130 ◦C simultaneously created the desired B–D bond
and completed the annulation of ring C in a single operation,
affording tricylic system 5 in 85% yield.D
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Scheme 2 Retrosynthetic analysis of gilvocarcin M (1a).


The next step required the introduction of the chloroacetyl
group at the C-2 position of tricycle 5. However, the Friedel–
Crafts-type acylation, an apparently simple transformation, was
the most challenging step in the preparation of the key xanthate.
After several unsuccesful attempts, we found that treatement of 5
with a large excess of chloroacetyl chloride (10 equiv.) and AlCl3


(10 equiv.) in CS2 at room temperature furnished the desired
compound (10), albeit in low yield (31%) together with several
side products. Finally, treatment of the latter with potassium
ethyl xanthate in acetone at room temperature afforded the
desired radical precursor 3 in 86% yield.


The unexpectedly low yield for the acylation step forced us
to explore an alternative synthetic route for the preparation
of compound 10. We envisaged that the use of a phenolic
acetophenone would provide a derivative 11 that would already
possess the required ketone moiety, and which could be used as
starting material for the synthesis of 10 via a chlorination (or
bromination) protocol (Scheme 4).


In order to test this route, we first prepared the required
acetophenone 11 in good overall yield by using the sequence
shown in Scheme 5. Esterification with acid chloride 6 under
standard conditions furnished compound 14 in 94% yield. How-
ever, when this compound was subjected to the typical reaction
conditions for the Pd-catalysed cyclisation, only acetophenone
11 (derived from the acyl exchange by attack of an acetate anion
at the ester carbonyl of 14), was recovered from the reaction
mixture.


Scheme 3 Synthesis of the radical precursor (3).


Scheme 4 Proposed route to intermediate 3.


Scheme 5 Alternative route to intermediate 3.


This problem had already been observed by Suzuki et al.2


during the total synthesis of the gilvocarcins. In fact, when
electron-poor aromatics are used for this coupling reaction
(as in the case of 14 due to the presence of the ketone), the
ester moiety becames highly electrophilic, thus favouring the
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attack of a nucleophile, and furnishing mostly the hydrolysis
product (e.g. 11). To circumvent this problem, Suzuki employed
a sterically hindered base (sodium pivalate), wich suppressed this
side reaction. When we applied this modification to intermediate
14, the expected coupling product was observed, unfortunately
as an inseparable 4 : 1 mixture of 15a and 15b in favour of the
undesired regioisomer 15a (Scheme 6).


Scheme 6 Use of a hindered base for the Pd-catalysed cyclisation.


We next turned our attention to the directed Friedel–Crafts
acylation and to the Fries rearrangement. We expected that
a phenol like 16 could be prepared in order to perform the
acylation step under milder conditions and consequently with a
better yield (Scheme 7).


Scheme 7 Alternative route.


For this purpose, we envisaged that a benzyl protection in the
initial phenol moiety would not change the electronic nature
of the aromatic moiety and could be selectively removed after
the Pd-catalysed step, thus providing the desired alcohol 16.
The required ester (17) for the cyclisation step was prepared as
shown in Scheme 8. Unfortunately, when this compound was
treated with a catalytic amount of the palladium complex and
either sodium acetate or sodium pivalate, p-benzyloxyphenol
was observed as the only product.


Scheme 8 Use of benzyl protection.


Because of these unexpected difficulties, we decided that the
original approach (see Scheme 3) was the best way to access to
radical precursor 3, even if optimisation of the acylation step
must eventually be performed.


The elaboration of the carbohydrate moiety of gilvocarcin M
required a stereoselective coupling of D-fucose derivative 89 with
a suitable synthetic equivalent for the vinyl anion (see Scheme 2).
Treatement of 8 with an excess of vinylmagnesium bromide in


refluxing THF resulted in the formation of diol 18 as an insep-
arable 12 : 1 mixture of distereoisomers in almost quantitative
yield (99%) (Scheme 9). Because at this stage it was not possible
to determine the stereochemistry of C-1, diol 18 was cyclised
by different methods. When the allylic alcohol (C-1) in 18 was
mesylated and the resulting sulfonyl derivative treated in basic
media, olefin 19 was obtained in 48% yield as an inseparable
mixture of diastereoisomers (ratio a/b = 1 : 5) by inversion of
configuration at the allylic position (path A). Alternatively, when
SOCl2 was added to a cold (−78 ◦C) solution of 18 in CH2Cl2,
the expected isomer (a) was formed in 84% yield by a double
inversion of configuration (global retention, path B).10


Scheme 9 Synthesis of olefin 20.


Before testing the radical sequence between olefin 20 and
xanthate 3, we decided to perform a model study in order to
evaluate the compatibility of the benzyl protections on sugar
20 with the radical process. Thus, xanthate 22, which possesses
a similar substitution pattern on the aromatic ring (a methoxy
group and an ester), and which can be easily prepared on a
multigram scale, was first synthesised from acetophenone 13 in
good overall yield (Scheme 10).


Scheme 10 Preparation of model xanthate 22.


With model xanthate 22 in hand, we proceeded with the
radial sequence on olefin 20. When these two compounds were
allowed to react in a refluxing solution of 1,2-dichloroethane
(DCE) using dilauroyl peroxide (DLP) as initiator, the expected
adduct was not observed, but a complex mixture of degradation
products instead (Scheme 11).


Scheme 11 Model study.


The reasons for the failure of this reaction are still unclear. It
is possible that intramolecular hydrogen abstraction, probably
from a benzylic position, followed by an uncontrolled sequence
competed successfully with the desired ring-closure to the
tetralone.
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Since the supposed reason for this failure was the presence
of the benzylic protections in the sugar moiety, we decided to
replace these protective groups. According to this, and in an
effort to simplify our route to the radical trap, we decided to
prepare lactone 23, which could be used as starting material for
a sequence involving nucleophilic addition and stereoselective
lactol reduction to furnish the desired olefin 25 (Scheme 12).3f ,11


Scheme 12 Lactone strategy.


We started our route by the synthesis of the requisite lactone
in three steps from known bromo derivative 26,12 prepared in
one step from commercially available D-galactono-1,4-lactone
(Scheme 13). Protection of the hydroxyl groups in the form of
tert-butyldimethylsilyl ethers followed by radical reduction of
the bromine atom afforded lactone 28 in an excellent overall
yield (67%), in only three steps and on a multigram scale.


Scheme 13 Preparation of lactone 28.


The addition of vinylmagnesium bromide to lactone 28 was
then tested. Treatement of the latter with excess vinylmagnesium
bromide followed by reduction of the lactol intermediate with
Et3SiH and BF3·OEt2 unexpectedly gave compound 29 in 36%
yield as a single isomer13 (Scheme 14).


Scheme 14 Unexpected formation of compound 29.


In fact, formation of hemiketal 28c results from double ad-
dition of vinylmagnesium bromide to lactone 28. This problem
had already been observed by Xie et al.,14 but could not be
completely circumvented in order to provide the single addition
product. In order to solve this problem, we reasoned that a
highly oxophilic reagent such as trimethylsilyl chloride (TMSCl)
could trap the corresponding alcoholate after the addition of one
equivalent of vinylmagnesium bromide and formation of the
hemiketal (28c).15 Gratifyingly, when the Grignard reaction was
performed in the presence of 2 equivalents of TMSCl, silyl ether
30 was isolated in 52% yield as the only product (Scheme 15).


Although we were pleased to find that the Grignard addition
had been successful, attempts to reduce the lactol function in


Scheme 15 Trapping of the single addition product.


compound 30, or the unstable deprotected hemiketal 31, led only
to a complex mixture of degradation products (Scheme 16).


Scheme 16 Attempts to reduce hemiketal 30.


The introduction of the vinyl substituent was finally achieved
using TMS-acetylene as a vinyl equivalent. When a cold
(−78 ◦C) solution of lactone 28 in dry THF was treated with a
slight excess of lithium TMS-acetylene and the resulting acetate
reduced under standard conditions (Et3SiH/BF3·OEt2), alkyne
32 was obtained in excellent overall yield (90% over 2 steps)
and as a single isomer (a) (Scheme 17). With precursor 32 in
hand, completion of the synthesis of the desired olefin 34 became
straightforward. Thus, deprotection of the TMS group in a basic
medium afforded terminal alkyne 33 in almost quantitative yield
(99%). Finally, hydrogenation over Lindlar catalyst completed
the sequence. In this way, olefin 34 was isolated in excellent yield
(98%).


Scheme 17 Synthesis of olefin 34.


With both building blocks required for the radical step now
in hand, we attempted the crucial reaction between xanthate 3
and olefin 34. Unfortunately, the insolubility of compound 3 in
the solvent typically used for this reaction (1,2-dichloroethane)
forced us to change the reaction conditions. When a diluted
(0.1 M) solution of xanthate 3 and olefin 34 were refluxed
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in chlorobenzene (PhCl) using dilauroyl peroxide (DLP) as
initiator, only starting materials together with some degradation
products were isolated from the reaction mixture (Scheme 18).


Scheme 18 Attempt at the key radical reaction.


Because of this setback, we examined the radical reaction with
xanthate 22, since the coupling product could also be used in the
total synthesis of gilvocarcins. Thus, when compounds 22 and
34 were allowed to react under the standard reaction conditions
(refluxing 1,2-dichloroethane and DLP), adduct 35 was obtained
in 59% yield (83% yield based on recovered starting material).
However, when this compound was subjected to the conditions
for the radical cyclisation, a complex mixture of degradation
products was observed (Scheme 19).


Scheme 19 Model study.


In order to understand the behaviour of olefin 34, we carried
out a series of experiments with diverse acetophenone xanthates
possessing electron-donating and electron-withdrawing groups.
The results for these reactions are summarised in Table 1.


As can be seen, the addition reaction succeeded for the three
starting xanthates, affording adducts 39–41 in good to moderate
yields. Neverthless, only compound 41 led to the formation of
the expected tetralone (42) after treatment with 1.2 equivalents
of DLP.


Our hopes for constructing ring A have thus been tem-
porarily frustrated. The factors underlying the failure of the
cyclisation step are not clear, but are probably due to steric
constraints disfavouring the desired transition state. Earlier
model studies6 on other sugar olefins were quite encouraging.
In the present case, the closure to form the aromatic ring is
probably slower than possible competing side reactions such as
hydrogen abstraction (probably from C-5 and/or C-6 on the
sugar moiety). These side reactions could be at the beginning of
an uncontrolled sequence of steps that lead to the decomposition
of the starting material. When the aromatic ring bears only a para
substituent (41), cyclisation of the nucleophilic radical is faster
than the side reactions, and allows the formation of the expected
tetralone (42). Unfortunately, this compound does not bear the
substituents on the aromatic ring required for the total synthesis
of gilvocarcin M.


Neverthless, these preliminary results have shown that the use
of a free-radical strategy could be used for the construction of the
A ring of gilvocarcins if the appropiate substituents are present in


Table 1 Radical reactions between olefin 34 and xanthates 36–38


Xanthate Adduct (% yield)a Tetralone (% yield)


Degradation


Degradation


a Reaction conditions: refluxing 1,2-dichloroethane (1 M concentration)
using DLP as radical initiatior (0.15 to 0.2 equiv.). b Reaction conditions:
refluxing 1,2-dichloroethane (0.1 M concentration) using DLP as
initiator and oxidant (1 to 1.4 equiv.).


the aromatic ring. Although we have not been able to achieve the
total synthesis of gilvocarcin M so far, the successful synthesis of
building blocks 3 and 34 is particularly relevant in this context.
Furthermore, because this approach allows the use of a great
variety of substituents (including electron-withdrawing groups)
on the aromatic ring and on the sugar moiety, it should be useful
for the expedient preparation of a broad variety of analogues of
the natural product.


Experimental
All reactions were carried under an inert atmosphere. Commer-
cial reagents were used as received without further purification.
All products were purified by using silica gel SDS 60 C. C. 40–
63 or by crystallisation. NMR spectra were recorded in CDCl3


with TMS as an internal standard at room temperature on a
Bruker AMX400 spectrometer operating at 400 MHz for 1H and
100 MHz for 13C. Infrared absorption spectra were recorded as
solutions in CCl4 with a Perkin–Elmer 1600 Fourier transform
spectrophotometer. Some mass spectra were determined at 70 eV
with an AutoSpec Micromass spectrometer, and the others were
recorded with an HP 5989B mass spectrometer using ammonia
as the reagent gas. Melting points were determined by a Reichert
microscope apparatus and are uncorrected.


2-Iodo-3-methoxy-5-methylbenzoic acid 4-methoxyphenyl ester
(9)


A solution of 2-iodo-3-methoxy-5-methylbenzoyl chloride
(2.26 g, 7.73 mmol) in CH2Cl2 (15 mL) was added dropwise to
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an ice-cooled solution of p-methoxyphenol (0.8 g, 6.44 mmol)
and triethylamine (3.6 mL, 2.61 g, 25.77 mmol) in CH2Cl2


(64 mL). The mixture was stirred at room temperature for
1 h, basified with saturated aqueous NaHCO3, extracted with
dichloromethane, dried over Na2SO4 and concentrated under
reduced pressure. The residue was purified by flash column
chromatography (silica gel, petroleum ether–AcOEt, 95 : 5 to
8 : 2) and recrystallised with dichloromethane–petroleum ether
to give ester 9 (95% yield) as white needles (mp 101–103 ◦C):
1H NMR (CDCl3, 400 MHz) d 7.27 (s, 1H, CH arom.), 7.22
(d, 2H, CH arom., J = 8.0 Hz), 6.95 (d, 2H, CH arom., J =
8.0 Hz), 6.81 (s, 1H, CH arom.), 3.92 (s, 3H, OCH3), 3.83 (s,
3H, OCH3), 2.40 (s, 3H, CH3); 13C NMR (CDCl3, 100 MHz)
d 166.5 (O-CO), 158.6 (C-OMe), 157.5 (C-OMe), 144.3 (C-O-
CO), 140.0 (C–CO), 137.7 (C-Me), 123.5 (CH arom.), 122.4 (3C,
CH arom.), 114.5 (CH arom.), 82.9 (C-I), 56.8 (OCH3), 56.9
(OCH3), 21.4 (CH3); MS (CI + NH3) m/z: 419 (MH+ + NH3),
417 (MH+ + NH3), 399 (MH+), 397 (MH+); IR (cm−1, CCl4):
1751 (O–C=O); HRMS calcd for C16H15O4I 398.00154; found
398.00139.


2,10-Dimethoxy-8-methylbenzo[c]chromen-6-one (5)


A degassed, yellow suspension of ester 9 (1.9 g, 4.77 mmol),
Pd(PPh3)2Cl2 (0.87 g, 1.24 mmol, 26 mol%) and NaOAc (1.17 g,
14.31 mmol) in N,N-dimethylacetamide (430 mL) was heated
at 125 ◦C for 5 h. After the solution was cooled to room
temperature, the resulting dark brown suspension was diluted
with Et2O, and the mixture was washed with water, dried
(Na2SO4), and concentrated in vacuo. The residue was purified
by flash column chromatography (silica gel, petroleum ether–
AcOEt, 9 : 1 to 7:3) and recrystallised with dichloromethane–
petroleum ether to give lactone 5 (85% yield) as white needles
(mp 155–157 ◦C): 1H NMR (CDCl3, 400 MHz) d 8.36 (d, 1H, CH
arom., J = 2.8), 7.81 (s, 1H, CH arom.), 7.22 (d, 1H, CH arom.,
J = 8.8 Hz), 7.06 (s, 1H, CH arom.), 6.95 (dd, 1H, CH arom., J =
9.0, 3.0 Hz), 4.0 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 2.44 (s, 3H,
CH3); 13C NMR (CDCl3, 100 MHz) d 181.0 (O-CO), 157.1 (C-
OMe), 155.6 (C-OMe), 144.7 (C-O-CO), 139.8 (C-CO), 122.7
(C-Ar), 122.7 (CH arom.), 121.1 (Ar-C), 118.3 (C-Me), 117.8
(CH arom.), 117.7 (CH arom.), 117.4 (CH arom.), 115.1 (CH
arom.), 55.9 (OCH3), 55.7 (OCH3), 21.7 (CH3); MS (CI + NH3)
m/z: 288 (MH+ + NH3), 271 (MH+); IR (cm−1, CCl4): 1732 (O–
C=O); HRMS calcd for C16H14O4 270.08921; found 270.08953.


3-(2-Chloroacetyl)-2,10-dimethoxy-8-methylbenzo[c]chromen-6-
one (10)


To a well-stirred suspension of AlCl3 (0.25 g, 1.87 mmol) and
chloroacetyl chloride (0.15 mL, 0.21 g, 1.87 mmol) in CS2 (0.9
mL) at room temperature were added, portionwise, 0.05 g (0.18
mmol) of lactone 5. After standing at room temperature for
2 h, the residue was hydrolysed by careful addition of water
at 0 ◦C. Extraction with ether yielded compound 10 (31%
yield) after flash column chromatography (silica gel, petroleum
ether–AcOEt, 4 : 1) and recrystallisation with dichloromethane–
petroleum ether (white needles, mp 227–227 ◦C): 1H NMR
(CDCl3, 400 MHz) d 8.48 (s, 1H, CH arom.), 7.86 (s, 1H, CH
arom.), 7.76 (s, 1H, CH arom.), 7.16 (s, 1H, CH arom.), 4.77
(s, 2H, CH2-Cl), 4.10 (s, 3H, OCH3), 4.00 (s, 3H, OCH3), 2.50
(s, 3H, Ar-CH3); 13C NMR (CDCl3, 100 MHz) d 190.7 (CO),
183.9 (O-CO), 158.4 (C-OMe), 157.6 (C-OMe), 154.8 (C-O-
CO), 124.4 (C-CO), 123.7 (C-Ar), 123.5 (C-COO), 123.3 (CH
arom.), 119.9 (Ar-C), 119.0 (CH arom.), 118.2 (CH arom.),
115.6 (C-CH3), 110.6 (CH arom.), 56.4 (OCH3), 56.1 (OCH3),
51.3 (CH2-Cl), 21.7 (Ar-CH3); MS (CI + NH3) m/z: 349 (MH+),
347 (MH+); IR (cm−1, CCl4): 1729 (O–C=O), 1684 (C=O), 1264
(O–C=O).


Dithiocarbonic acid S-[2-(2,10-dimethoxy-8-methyl-6-oxo-6H-
benzo[c]chromen-3-yl)-2-oxoethyl] ester O-ethyl ester (3)


To a solution of 10 (0.018 g, 0.05 mmol) in acetone (0.06 mL)
at 0 ◦C was added potassium O-ethyl xanthate (0.01 g, 0.06
mmol) and the reaction mixture was stirred for 2 h at 0 ◦C. After
consumption of all the starting material, acetone was evaporated
and the resulting mixture was diluted with water, extracted with
ethyl acetate, dried and concentrated. The residue was purified
by crystallisation with CH2Cl2–petroleum ether to afford 3 (86%)
as a yellow solid (mp 188–191 ◦C): 1H NMR (CDCl3, 400 MHz)
d 8.53 (s, 1H, CH arom.), 7.88 (s, 1H, CH arom.), 7.71 (s, 1H,
CH arom.), 7.17 (s, 1H, CH arom.), 4.62 (q, 2H, O-CH2, J =
7.1 Hz), 4.61 (s, 2H, CH2-S), 4.10 (s, 3H, OCH3), 4.00 (s, 3H,
OCH3), 2.51 (s, 3H, Ar-CH3), 1.41 (t, 3H, CH3, J = 7.1 Hz); 13C
NMR (CDCl3, 100 MHz) d 213.6 (CS), 192.5 (CO), 161.0 (C-
OMe), 157.5 (C-OMe), 154.6 (C-O-CO), 126.0 (C-CO), 123.5
(C-Ar), 123.5 (C-COO), 123.2 (CH arom.), 122.8 (Ar-C), 120.0
(C-CH3), 118.7 (CH arom.), 118.1 (CH arom.), 110.6 (CH
arom.), 70.6 (O-CH2), 56.4 (OCH3), 56.0 (OCH3), 47.7 (CH2-S),
21.7 (Ar-CH3), 13.8 (CH3); MS (CI + NH3) m/z: 433 (MH+);
IR (cm−1, CCl4): 1740 (O-C=O), 1686 (C=O), 1260 (O–C=O);
HRMS calcd for C21H20O6S 432.07014; found 432.07097.


2,2-Dimethylpropionic acid 3-acetyl-4-hydroxyphenyl ester
(13). Trimetylacetyl chloride (0.89 mL, 0.87 g, 7.22
mmol) was added dropwise to a stirred solution of 2′,5′-
dihydroxyacetophenone (1 g, 6.57 mmol) in pyridine (2 mL)
at room temperature and the reaction mixture was stirred for
1 h at room temperature. The solution was then extracted
with CH2Cl2, the combined organic layers were dried, filtered
and concentrated in vacuo. The excess of pyridine was co-
evaporated with toluene under reduced pressure and the residue
was purified by flash chromatography (silica gel, petroleum
ether–ethyl acetate, 98 : 2 to 8 : 2) to yield 13 (79% yield) as a
colourless oil: 1H NMR (CDCl3, 400 MHz) d 12.16 (s, 1H, OH),
7.4 (d, 1H, CH arom., J = 2.8), 7.17 (dd, 1H, CH arom., J =
9.0, 2.6 Hz), 6.98 (d, 1H, CH arom., J = 9.6 Hz), 2.63 (s, 3H,
COCH3), 1.37 (s, 9H, (CH3)3); 13C NMR (CDCl3, 100 MHz)
d 204.0 (CO), 177.4 (O-CO), 160.0 (2C, C-OH and C-OPiv),
142.4 (C-CO), 130.2 (CH arom.), 122.6 (CH arom.), 119.3 (CH
arom.), 39.1 (C(CH3)3), 27.2 ((CH3)3), 26.8 (COCH3); MS (CI +
NH3) m/z: 254 (MH+ + NH3), 237 (MH+); IR (cm−1, CCl4):
3486 (OH), 1752 (O–C=O), 1650 (C=O).


1-(5-Hydroxy-2-methoxyphenyl)ethanone (11). A solution of
phenol 13 (1.1 g, 4.65 mmol), Li2CO3 (1.03 g, 73.89 mmol)
and MeI (0.87 mL, 1.98 g, 13.96 mmol) in DMF (12 mL) was
heated at 100 ◦C for 26 h. After the solution was cooled to
room temperature, 5 mL of a 2 M NaOH aqueous solution
were added to the reaction mixture and the resulting solution
was heated at 100 ◦C for further 12 h. The resulting mixture
was then cooled at room temperature, neutralised with 2 N HCl
solution, extracted with Et2O, dried (Na2SO4), and concentrated
under reduced pressure. The residue was purified by flash column
chromatography (silica gel, petroleum ether–AcOEt, 4 : 1 to 2 :
1) to give compound 11 (83% yield) as a yellow oil: 1H NMR
(CDCl3, 400 MHz) d 7.43 (d, 1H, CH arom., J = 2.8 Hz), 7.30 (s,
1H, OH), 7.05 (dd, 1H, CH arom., J = 8.8, 2.8 Hz), 6.86 (d, 1H,
CH arom., J = 8.8 Hz), 3.85 (OCH3), 2.64 (s, 3H, COCH3); 13C
NMR (CDCl3, 100 MHz) d 201.1 (CO), 153.8 (C-OMe), 149.9
(C-OH), 127.8 (C-CO), 121.6 (CH arom.), 116.6 (CH arom.),
113.3 (CH arom.), 56.0 (OCH3), 32.0 (COCH3).


2-Iodo-3-methoxy-5-methylbenzoic acid
3-acetyl-4-methoxyphenyl ester (14)


A solution of 2-iodo-3-methoxy-5-methylbenzoyl chloride
(0.18 g, 0.60 mmol) in CH2Cl2 (1 mL) was added dropwise to
an ice-cooled solution of acetophenone 11 (0.05 g, 0.30 mmol)
and triethylamine (0.17 mL, 0.12 g, 1.20 mmol), in CH2Cl2


(3 mL). The mixture was stirred at room temperature for
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1 h, basified with saturated aqueous NaHCO3, extracted with
dichloromethane, dried over Na2SO4 and concentrated under
reduced pressure. The residue was purified by flash column
chromatography (silica gel, petroleum ether–AcOEt, 4 : 1) and
recrystallised with dichloromethane–petroleum ether to give
ester 14 (94% yield) as white needles (mp 114–115 ◦C): 1H NMR
(CDCl3, 400 MHz) d 7.65 (d, 1H, CH arom., J = 2.8 Hz), 7.41
(dd, 1H, CH arom., J = 8.8, 2.8 Hz), 7.26 (s, 1H, CH arom.),
7.02 (d, 1H, CH arom., J = 8.8 Hz), 6.8 (s, 1H, CH arom.), 3.93
(s, 3H, OCH3), 3.91 (s, 3H, OCH3), 2.64 (COCH3), 2.39 (s, 3H,
CH3); 13C NMR (CDCl3, 100 MHz) d 198.6 (CO), 166.3 (O-CO),
158.6 (C-OMe), 156.9 (C-OMe), 144.0 (C-O-CO), 140.1 (C-
CO), 137.1 (C-CO2Ar), 128.6 (C-Me), 126.8 (CH arom.), 123.6
(CH arom.), 123.2 (CH arom.), 114.8 (CH arom.), 112.6 (CH
arom.), 82.9 (C-I), 56.8 (OCH3), 56.0 (OCH3), 31.9 (COCH3),
21.3 (CH3); MS (CI + NH3) m/z: 458 (MH+ + NH3), 441 (MH+);
IR (cm−1, CCl4): 1754 (O–C=O), 1682 (C=O), 1270 (O–C=O);
HRMS calcd for C18H17O5I 440.01210; found 440.01187.


2-Iodo-3-methoxy-5-methylbenzoic acid 4-benzyloxyphenyl ester
(17)


A solution of 2-iodo-3-methoxy-5-methylbenzoyl chloride
(0.29 g, 0.99 mmol) in CH2Cl2 (2 mL) was added dropwise to an
ice-cooled solution of p-benzyloxyphenol (0.10 g, 0.50 mmol)
and triethylamine (0.28 mL, 0.20 g, 1.99 mmol), in CH2Cl2


(5 mL). The mixture was stirred at room temperature for
1 h, basified with saturated aqueous NaHCO3, extracted with
dichloromethane, dried over Na2SO4 and concentrated under
reduced pressure. The residue was purified by flash column
chromatography (silica gel, petroleum ether–AcOEt, 9 : 1 to
8 : 2) and recrystallised with dichloromethane–petroleum ether
to give ester 18 (84% yield) as white needles (mp 93–94 ◦C): 1H
NMR (CDCl3, 400 MHz) d 7.47–7.35 (m, 5H, CH arom.), 7.28
(s, 1H, CH arom.), 7.26 (d, 2H, CH arom., J = 8.0 Hz), 7.04 (d,
2H, CH arom., J = 8.0 Hz), 6.81 (s, 1H, CH arom.), 5.09 (s, 2H,
CH2-Ph), 3.93 (s, 3H, OCH3), 3.91 (s, 3H, OCH3), 2.41 (s, 3H,
CH3); 13C NMR (CDCl3, 100 MHz) d 166.5 (O-CO), 158.6 (C-
OMe), 156.7 (C-OBn), 144.5 (C-O-CO), 140.0 (C-CO), 137.6
(C-CH2), 136.8 (C-Me), 128.7 (CH arom.), 128.1 (CH arom.),
127.6 (CH arom.), 123.6 (CH arom.), 122.4 (3C, CH arom.),
115.6 (2C, CH arom.), 114.6 (CH arom.), 114.7 (CH arom.),
82.9 (C-I), 70.5 (CH2-Ph), 56.8 (OCH3), 21.4 (CH3); MS (CI +
NH3) m/z: 492 (MH+ + NH3), 475 (MH+); IR (cm−1, CCl4):
1753 (O–C=O), 1185 (O–C=O).


2,2-Dimethylpropionic acid 3-acetyl-4-methoxyphenyl ester (21)


A solution of phenol 13 (0.61 g, 2.58 mmol), Li2CO3 (0.57 g,
7.76 mmol) and MeI (0.48 mL, 1.10 g, 7.76 mmol) in DMF (6.5
mL) was heated at 120 ◦C for 4 h. The resulting mixture was
then cooled at room temperature, neutralised with saturated
citric acid solution, extracted with Et2O, dried (Na2SO4), and
concentrated under reduced pressure. The residue was purified
by flash column chromatography (silica gel, petroleum ether–
AcOEt, 9 : 1 to 8 : 2) to give compound 21 (82% yield) as a
colourless oil: 1H NMR (CDCl3, 400 MHz) d 7.42 (d, 1H, CH
arom., J = 2.8 Hz), 7.16 (dd, 1H, CH arom., J = 8.8, 2.8 Hz),
6.95 (d, 1H, CH arom., J = 8.8 Hz), 3.90 (OCH3), 2.61 (s, 3H,
COCH3), 1.34 (s, 9H, C(CH3)3); 13C NMR (CDCl3, 100 MHz)
d 198.7 (CO), 177.3 (O-CO), 156.6 (C-OMe), 144.3 (C-OPiv),
128.5 (C-CO), 126.8 (CH arom.), 123.2 (CH arom.), 112.4 (CH
arom.), 55.9 (OCH3), 39.1 (COCH3), 31.9 (C(CH3)3), 27.2 (3C,
C(CH3)3); MS (CI + NH3) m/z: 268 (MH+ + NH3), 251 (MH+);
IR (cm−1, CCl4): 1753 (O–C=O), 1682 (C=O).


2,2-Dimethylpropionic acid 3-(2-(ethoxythiocarbonylsulfanyl)-
acetyl)-4-methoxyphenyl ester (22)


To a stirred solution of acetophenone 21 (0.53 g, 2.12 mmol) and
AlCl3 (0.03 g, 0.21 mmol) in ether (3.5 mL) at 0 ◦C was added


dropwise Br2 (0.11 mL, 0.34 g, 2.12 mmol). The cooling bath was
then removed and the mixture was stirred at room temperature
for 2 h. When starting material was completely consumed, the
solvent was removed under reduced pressure, the resulting mass
decolourised with a 1 : 1 mixture of CH2Cl2–water, and extracted
with CH2Cl2. The combined organic extracts were dried and
evaporated, the residue dissolved in 4.2 mL of acetone, and 0.37 g
(2.33 mmol) of potassium O-ethylxanthate added. The reaction
mixture was stirred at room temperature for a further 1 h, the
solvent was evaporated and the resulting mixture partitioned
between water and CH2Cl2. The aqueous phase was extracted
with CH2Cl2, the combined organic extracts were dried over
Na2SO4 and concentrated under reduced pressure. The residue
was purified by recrystallisation with CH2Cl2–petroleum ether
to give xanthate 22 (77% overall yield from 21) as white crystals
(mp 63–65 ◦C): 1H NMR (CDCl3, 400 MHz) d 7.48 (d, 1H, CH
arom., J = 3.0 Hz), 7.23 (dd, 1H, CH arom., J = 8.9, 3.0 Hz),
7.0 (d, 1H, CH arom., J = 9.0 Hz), 4.61 (q, 2H, OCH2, J = 7.1
Hz), 4.61 (s, 2H, CH2-S), 3.96 (OCH3), 1.39 (t, 3H, CH3, J =
7.1 Hz), 1.34 (s, 9H, C(CH3)3); 13C NMR (CDCl3, 100 MHz) d
213.6 (CS), 192.8 (CO), 177.2 (O-CO), 156.4 (C-OMe), 144.7
(C-OPiv), 127.7 (CH arom.), 126.7 (C-CO), 123.7 (CH arom.),
112.5 (CH arom.), 70.5 (OCH2), 56.3 (OCH3), 47.6 (CH2-S),
39.1 (C(CH3)3), 27.2 (3C, C(CH3)3), 13.8 (CH3); MS (CI + NH3)
m/z: 388 (MH+ + NH3), 371 (MH+); IR (cm−1, CCl4): 1754 (O–
C=O), 1679 (C=O), 1221 (S–C=S), 1056 (O–C=S).


Dithiocarbonic acid S-[2-(5-bromo-2-methoxyphenyl)-2-
oxoethyl] ester O-ethyl ester (37)


A solution of 2′-hydroxy-5′-bromoacetophenone (2.0 g,
9.30 mmol), K2CO3 (2.6 g, 19.0 mmol) and MeI (0.72 mL,
0.91 g, 12.1 mmol) in acetone (20 mL) was refluxed for 3 h.
After the solution was cooled to room temperature, acetone
was evaporated and the resulting mixture was then extracted
with Et2O, washed with saturated aqueous NaCl solution, dried
(Na2SO4), and concentrated under reduced pressure. To a stirred
solution of the residue and AlCl3 (0.12 g, 0.93 mmol) in ether
(93 mL) at 0 ◦C was added dropwise Br2 (0.48 mL, 1.49 g,
9.3 mmol). The cooling bath was then removed and the mixture
was stirred at room temperature for 1 h. When starting material
was completely consumed, the solvent was removed under
reduced pressure and the resulting mass decolourised with a
1 : 1 mixture of CH2Cl2/water and extracted with CH2Cl2.
The combined organic extracts were dried and evaporated,
the residue dissolved in 19 mL of acetone, and 1.64 g (10.23
mmol) of potassium O-ethylxanthate added. The reaction
mixture was stirred at room temperature for a further 1 h,
the solvent was evaporated and the resulting mixture parti-
tioned between water and CH2Cl2. The aqueous phase was
extracted with CH2Cl2, the combined organic extracts were dried
over Na2SO4 and concentrated under reduced pressure. The
residue was purified by flash column chromatography (silica
gel, petroleum ether–AcOEt, 95 : 5 to 8 : 2) and recrystallised
with dichloromethane–petroleum ether to give xanthate 37
(94% overall yield) as a white powder (mp 63 ◦C): 1H NMR
(CDCl3, 400 MHz) d 7.86 (d, 1H, CH arom., J = 2.6 Hz),
7.60 (dd, 1H, CH arom., J = 8.8, 2.6 Hz), 6.90 (d, 1H,
CH arom., J = 8.9 Hz), 4.61 (q, 2H, O-CH2, J = 7.1 Hz),
4.56 (s, 2H, CH2-S), 3.95 (s, 3H, OCH3), 1.40 (t, 3H, CH3,
J = 7.1 Hz); 13C NMR (CDCl3, 100 MHz) d 213.4 (CS), 192.7
(CO), 157.7 (C-OMe), 136.8 (CH arom.), 133.5 (CH arom.),
127.9 (C-CO), 113.6 (CH arom.), 113.5 (C-Br), 70.6 (O-CH2),
561 (O-CH3), 47.4 (COCH2), 13.8 (CH3); MS (CI + NH3) m/z:
351 (MH+), 349 (MH+); IR (cm−1, CCl4): 1692 (C=O), 1227
(S–C=S), 1054 (O–C=S).


1-Vinyl-2,3,5-tri-O-benzyl-D-fucocitol (18)


A solution of 2,3,5-tri-O-benzyl-D-fucose 8 (0.2 g, 0.46 mmol)
in dry THF (4.6 mL) was slowly added to a refluxing solution
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of vinylmagnesium bromide in THF (1.84 mL of a 1 M
solution, 1.84 mmol). The reaction mixture was refluxed for
further 30 min, cooled to room temperature and quenched with
saturated aqueous NH4Cl solution. Extraction with ethyl acetate
yielded compound 18 (yellow oil, 99% yield) after flash column
chromatography (silica gel, petroleum ether–AcOEt, 4 : 1) as an
inseparable 12 : 1 mixture of distereoisomers (only the major
disatereoisomer is described): 1H NMR (CDCl3, 400 MHz) d
7.38–7.23 (m, 15H, CH arom.), 5.40 (ddd, 1H, H-1′, J = 17.2,
10.5, 5.6 Hz), 5.40 (dd, 1H, H-2′, J = 17.2, 1.5 Hz), 5.24 (dd,
1H, H-2′, J = 10.5, 1.4 Hz), 4.79 (d, 1H, CH2-Ph, J = 11.3 Hz),
4.69 (d, 2H, CH2-Ph, J = 11.4 Hz), 4.58 (d, 1H, CH2-Ph, J =
11.3 Hz), 4.49–4.44 (m, 1H, H-1), 4.36 (d, 1H, CH2-Ph, J =
11.6 Hz), 4.35 (d, 1H, CH2-Ph, J = 11.2 Hz), 3.94–3.86 (m,
1H, H-5), 3.79–3.74 (m, 2H, H-2 and H-3), 3.72–3.78 (m, 1H,
H-4), 3.19 (br, 1H, OH), 2.78 (br, 1H, OH), 1.36 (d, 3H, H-6,
J = 6.3 Hz); 13C NMR (CDCl3, 100 MHz) d 138.6 (C-1′), 138.4
(C-CH2), 138.1 (C-CH2), 138.0 (C-CH2), 128.5 (CH arom.),
128.2 (CH arom.), 128.1 (CH arom.), 127.9 (CH arom.), 127.8
(CH arom.), 116.1 (C-2′), 81.9 (C-2), 78.1 (C-3), 75.3 (C-4), 74.7
(CH2-Ph), 73.4 (CH2-Ph), 72.9 (C-5), 72.2 (C-1), 70.4 (CH2-Ph),
16.0 (C-6); MS (CI + NH3) m/z: 480 (MH+ + NH3), 463 (MH+);
[a]25


D = −37.5 (c = 1, CHCl3).


1-Vinyl-2,3,5-tri-O-benzyl-a-D-fucofuranose (19)


Methanesulfonyl chloride (0.016 mL, 0.025 g, 0.22 mmol) was
added dropwise to a stirred solution of diol 18 (0.05 g, 0.11
mmol) in CH2Cl2 (1 mL) at 0 ◦C, and the reaction mixture
was stirred for further 30 min at 0 ◦C. The solution was
then extracted with ethyl acetate, the combined organic layers
were dried, filtered and concentrated in vacuo. The residue was
then dissolved in 1 mL of DMF and 0.024 g (0.32 mmol) of
Li2CO3 were added to the reaction mixture. The solution was
stirred for 1 h at room temperature, neutralised with saturated
aqueous citric acid solution, extracted with diethyl ether and the
combined organic extracts were dried and concentrated in vacuo.
The residue was purified by flash column chromatography (silica
gel, petroleum ether–AcOEt, 98 : 2) to give compound 19 (48%
yield) as a colourless oil: 1H NMR (CDCl3, 400 MHz) d 7.38–
7.25 (m, 15H, CH arom.), 5.95 (ddd, 1H, H-1′, J = 17.2, 10.3,
7.0 Hz), 5.37 (dd, 1H, H-2′, J = 17.1, 1.4 Hz), 5.22 (dd, 1H, H-2′,
J = 10.3, 1.3 Hz), 4.66 (d, 1H, CH2-Ph, J = 12.0 Hz), 4.61 (d,
1H, CH2-Ph, J = 12.0 Hz), 4.53 (d, 1H, CH2-Ph, J = 10.8 Hz),
4.50 (d, 1H, CH2-Ph, J = 11.9 Hz), 4.47 (d, 1H, CH2-Ph, J =
11.1 Hz), 4.46 (dd, 1H, H-1, J = 1.22 Hz), 4.44 (d, 1H, CH2-Ph,
J = 11.6 Hz), 4.13 (s, 1H, H-3), 3.99–3.94 (m, 2H, H-2 and
H-4), 3.65 (dq, 1H, H-5, J = 6.4, 4.7 Hz), 1.23 (d, 3H, H-6, J =
6.4 Hz); 13C NMR (CDCl3, 100 MHz) d 138.7 (C-CH2), 138.0
(C-CH2), 137.9 (C-CH2), 136.9 (C-1′), 128.5 (CH arom.), 128.5
(CH arom.), 128.4 (CH arom.), 128.3 (CH arom.), 128.0 (CH
arom.), 127.9 (CH arom.), 127.9 (CH arom.), 127.8 (CH arom.),
127.6 (CH arom.), 127.6 (CH arom.), 127.5 (CH arom.), 117.5
(C-2′), 88.3 (C-2), 84.9 (C-4), 84.5 (C-3), 83.3 (C-1), 74.2 (C-5),
72.1 (2C, CH2-Ph), 71.2 (CH2-Ph), 15.9 (C-6); MS (CI + NH3)
m/z: 462 (MH+ + NH3), 445 (MH+).


1-Vinyl-2,3,5-tri-O-benzyl-b-D-fucofuranose (20)


A solution of SOCl2 (0.03 mL, 0.05 mmol) in CH2Cl2 (4 mL)
was added dropwise to a stirred solution of diol 18 (0.18 g,
0.39 mmol) in CH2Cl2 (8 mL) at −78 ◦C. The reaction
mixture was warmed to room temperature over 2 h, neu-
tralised with saturated NaHCO3 solution, and extracted with
dichloromethane. The combined organic layers were dried,
filtered and concentrated. The residue was purified by flash
column chromatography (silica gel, petroleum ether–AcOEt,
98 : 2 to 95 : 5) to afford olefin 20 (84% yield) as a colourless oil:
1H NMR (CDCl3, 400 MHz) d 7.33–7.12 (m, 15H, CH arom.),
5.98 (ddd, 1H, H-1′, J = 17.2, 10.4, 6.8 Hz), 5.39 (d, 1H, H-2′,
J = 17.1 Hz), 5.3–5.27 (m, 2H, H-1 and H-2′), 4.87 (dd, 1H,


H-4, J = 8.4, 2.4 Hz), 4.62–4.68 (m, 3H, CH2-Ph), 4.36 (d, 1H,
CH2-Ph, J = 12.0 Hz), 4.28 (d, 1H, CH2-Ph, J = 12.0 Hz),
4.13 (d, 1H, CH2-Ph, J = 11.6 Hz), 4.02 (dd, 1H, H-3, J = 8.4,
3.6 Hz), 3.94 (dd, 1H, H-5, J = 6.4, 2.4 Hz), 3.69 (d, 1H, H-2,
J = 2.4 Hz), 1.25 (d, 3H, H-6, J = 6.4 Hz); 13C NMR (CDCl3,
100 MHz) d 138.2 (C-CH2), 137.7 (C-CH2), 137.6 (C-CH2),
134.1 (C-1′), 128.6 (CH arom.), 128.5 (CH arom.), 128.3 (CH
arom.), 128.2 (CH arom.), 128.1 (CH arom.), 128.0 (CH arom.),
127.8 (CH arom.), 127.7 (CH arom.), 119.3 (C-2′), 81.8 (C-2),
77.6 (C-3), 73.5 (C-4), 73.0 (CH2-Ph), 72.9 (C-1), 72.8 (CH2-Ph),
72.0 (C-5), 70.6 (CH2-Ph), 15.6 (C-6); MS (CI + NH3) m/z: 462
(MH+ + NH3), 445 (MH+).


2,3,5-Tri-O-tert-butyldimethylsilyl-6-bromo-6-deoxy-
D-galactono-1,4-lactone (27)


Tert-butyldimethylsilyl chloride (19.2 g, 127.4 mmol) was
added to a stirred solution of 6-bromo-6-deoxy-D-galactono-
1,4-lactone (26) (5.12 g, 21.24 mmol) and imidazole (11.57 g,
169.93 mmol) in DMF (85 mL) at room temperature, and the
reaction mixture was stirred for 48 h. The solution was then
extracted with ethyl ether, the combined organic layers were
dried (Na2SO4), filtered and concentrated in vacuo. The residue
was purified by flash chromatography (silica gel, petroleum
ether–AcOEt, 95 : 5 to 9 : 1) to yield 27 (68% yield) as a colourless
oil: 1H NMR (CDCl3, 400 MHz) d 4.51 (t, 1H, H-4, J = 1.8 Hz),
4.35 (m, 2H, H-2 and H-3), 4.02 (ddd, 1H, H-5, J = 9.3, 4.3,
1.7 Hz), 3.51 (t, 1H, H-6, J = 9.8 Hz), 3.37 (dd, 1H, H-6′, J =
10.2, 4.1 Hz), 0.92 (s, 9H, Si-C(CH3)3), 0.91 (s, 9H, Si-C(CH3)3),
0.89 (s, 9H, Si-C(CH3)3), 0.21 (s, 3H, Si-CH3), 0.16 (s, 3H, Si-
CH3), 0.15 (s, 3H, Si-CH3), 0.14 (s, 3H, Si-CH3), 0.13 (s, 6H,
Si-CH3); 13C NMR (CDCl3, 100 MHz) d 173.3 (C-1), 81.8 (C-4),
76.9 (C-2), 75.9 (C-3), 71.3 (C-5), 31.6 (C-6), 25.9 (Si-C(CH3)3),
25.8 (Si-C(CH3)3), 25.7 (Si-C(CH3)3), 18.3 (Si–C(CH3)3), 18.2
(Si–C(CH3)3), 17.9 (Si-C(CH3)3), −3.3 (Si-CH3), −3.9 (Si-CH3),
−4.0 (Si-CH3), −4.1 (Si-CH3), −4.3 (Si-CH3), −4.7 (Si-CH3);
MS (CI + NH3) m/z: 602 (MH+ + NH3), 600 (MH+ + NH3),
585 (MH+), 583 (MH+); IR (cm−1, CCl4): 1804 (O–C=O), 1255
(O–C=O); [a]25


D = − 3.2 (c = 1, CHCl3).


2,3,5-Tri-O-tert-butyldimethylsilyl-D-fucono-1,4-lactone (28)


A solution of 27 (7.5 g, 12.85 mmol), Bu3SnH (5.18 mL, 5.61 g,
19.27 mmol) and AIBN (0.02 g, 0.13 mmol) in a 1 : 1 toluene–
cyclohexane mixture (40 mL) was heated at 80–90 ◦C for 30 min.
When the starting material was totally consumed, the crude
mixture was cooled to room temperature, concentrated under
reduced pressure and purified by flash column chromatography
(silica gel, petroleum ether–AcOEt, 99 : 1) to give lactone 28
(98% yield) as a white solid (mp 38–39 ◦C): 1H NMR (CDCl3,
400 MHz) d 4.34 (t, 1H, H-3, J = 5.0 Hz), 4.29 (d, 1H, H-
2, J = 5.2 Hz), 4.07 (dd, 1H, H-5, J = 6.4, 3.6 Hz), 3.99 (t,
1H, H-4, J = 4.0 Hz), 1.33 (d, 3H, H-6, J = 6.4 Hz), 0.96
(s, 9H, Si-C(CH3)3), 0.94 (s, 9H, Si-C(CH3)3), 0.93 (s, 9H, Si-
C(CH3)3), 0.25 (s, 3H, Si-CH3), 0.20 (s, 3H, Si-CH3), 0.17 (s,
3H, Si-CH3), 0.16 (s, 3H, Si-CH3), 0.14 (s, 3H, Si-CH3), 0.13 (s,
3H, Si-CH3); 13C NMR (CDCl3, 100 MHz) d 173.8 (C-1), 87.6
(C-4), 76.7 (C-2), 75.8 (C-3), 67.2 (C-5), 25.9 (Si-C(CH3)3), 25.9
(Si-C(CH3)3), 25.8 (Si-C(CH3)3), 20.3 (C-6), 18.3 (Si-C(CH3)3),
18.2 (Si-C(CH3)3), 17.9 (Si-C(CH3)3), −3.5 (Si-CH3), −4.0 (Si-
CH3), −4.1 (Si-CH3), −4.3 (Si-CH3), −4.4 (Si-CH3), −4.7 (Si-
CH3); MS (CI + NH3) m/z: 522 (MH+ + NH3), 505 (MH+); IR
(cm−1, CCl4): 1799 (O–C=O) 1253 (O–C=O); HRMS calcd for
C24H52O5Si3 504.31226; found 504.31258; [a]25


D = − 2.8 (c = 1,
CHCl3).


1-(3′-Butenyl)-2,3-di-O-tert-butyldimethylsilyl-b-D-fucofuranose
(29)


A solution of lactone 28 (0.05 g, 0.10 mmol) in dry THF
(1 mL) was slowly added to a stirred solution of vinylmagnesium
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bromide in THF (0.40 mL of a 1 M solution, 0.40 mmol)
at r.t. The solution was then stirred at room temperature for
1 h, diluted with saturated NH4Cl solution, and extracted
with dichloromethane. The combined organic layers were dried,
filtered and concentrated. The residue was then dissolved in 2 mL
of CH2Cl2 and cooled to −78 ◦C. To this solution was added
Et3SiH (0.06 mL, 0.05 g, 0.40 mmol) followed by BF3·OEt2


(0.05 mL, 0.06 g, 0.40 mmol). When starting material was
completely consumed, the reaction was neutralised with triethy-
lamine and extracted with dichloromethane. The combined or-
ganic layers were dried (Na2SO4), filtered and concentrated. The
residue was purified by flash column chromatography (silica gel,
petroleum ether–AcOEt, 95 : 5) to afford olefin 29 (36% overall
yield from 28) as a colourless oil: 1H NMR (CDCl3, 400 MHz)
d 5.84 (tdd, 1H, H-3′, J = 16.9, 10.2, 6.5 Hz), 5.04 (dd, 1H,
H-4′, J = 17.1, 1.6 Hz), 4.98 (dd, 1H, H-4′, J = 10.2, 1.6 Hz),
3.98–3.88 (m, 4H, H-1, H-2, H-3 and H-5), 3.72 (dd, 1H, H-4,
J = 5.5 and 1.3 Hz), 2.93 (bs, 1H, OH), 2.25–2.16 (m, 1H, H-
2′), 2.14–2.05 (m, 1H, H-2′), 1.86–1.76 (m, 1H, H-1′), 1.71–1.62
(m, 1H, H-1′), 1.22 (d, 3H, H-6, J = 6.3 Hz), 0.89 (s, 18H, Si-
C(CH3)3), 0.10 (s, 3H, Si-CH3), 0.09 (s, 3H, Si-CH3), 0.08 (s, 3H,
Si-CH3), 0.08 (s, 3H, Si-CH3); 13C NMR (CDCl3, 100 MHz) d
138.3 (C-3′), 114.8 (C-4′), 91.4 (C-4), 87.1 (C-1), 82.8 (C-2), 81.5
(C-3), 67.4 (C-5), 32.1 (C-2′), 30.4 (C-1′), 25.8 (Si-C(CH3)3), 25.7
(Si-C(CH3)3), 19.7 (C-6), 18.0 (Si-C(CH3)3), 17.9 (Si-C(CH3)3),
−4.5 (Si-CH3), −4.5 (Si-CH3), −4.5 (Si-CH3), −4.6 (Si-CH3).


1-Trimethylsilyloxy-1-vinyl-2,3,5-tri-O-tert-butyldimethylsilyl-
a-D-fucofuranoside (30)


Vinylmagnesium bromide (1.18 mL of a 1 M solution in THF,
1.18 mmol) was slowly added to a stirred solution of lactone 28
(0.3 g, 0.59 mmol) and TMSCl (0.15 mL, 0.13 g, 1.18 mmol)
in dry THF (6 mL) at 0 ◦C. The solution was then stirred
at room temperature for 1 h, diluted with a saturated NH4Cl
solution, and extracted with dichloromethane. The combined
organic layers were dried, filtered and concentrated under
reduced pressure. The residue was purified by flash column
chromatography (silica gel, petroleum ether–AcOEt, 99 : 1) to
afford olefin 30 (52% yield) as a colourless oil: 1H NMR (CDCl3,
400 MHz) d 5.91 (dd, 1H, H-1′, J = 17.4, 10.6 Hz), 5.34 (dd, 1H,
H-2′, J = 17.4, 1.4 Hz), 5.17 (dd, 1H, H-2′, J = 10.8, 1.6 Hz),
3.88–3.79 (m, 4H, H-2, H-3, H-4 and H-5), 1.16 (d, 3H, H-6,
J = 5.2 Hz), 0.91 (s, 18H, Si-C(CH3)3), 0.86 (s, 9H, Si-C(CH3)3),
0.12 (s, 9H, O-Si(CH3)3), 0.11 (s, 3H, Si-CH3), 0.09 (s, 6H, Si-
CH3), 0.08 (s, 3H, Si-CH3), 0.06 (s, 3H, Si-CH3), 0.03 (s, 3H,
Si-CH3); 13C NMR (CDCl3, 100 MHz) d 139.6 (C-1′), 116.5 (C-
2′), 107.7 (C-1), 91.9 (C-4), 86.1 (C-2), 80.3 (C-3), 69.7 (C-5),
26.2 (Si-C(CH3)3), 25.9 (Si-C(CH3)3), 25.9 (Si-C(CH3)3), 20.4
(C-6), 18.5 (Si-C(CH3)3), 18.1 (Si-C(CH3)3), 18.0 (Si-C(CH3)3),
1.9 (O-Si(CH3)3), −4.1 (2C, Si-CH3), −4.1 (Si-CH3), −4.2 (Si-
CH3), −4.3 (Si-CH3), −4.4 (Si-CH3); MS (CI + NH3) m/z: 532
(MH+ − TMSOH + NH3), 515 (MH+ − TMSOH).


1-Trimethylsilylethynyl-2,3,5-tri-O-tert-butyldimethylsilyl-
b-D-fucofuranose (32)


To a solution of TMS-acetylene (0.73 mL, 0.51 g, 5.15 mmol)
in THF (10 mL) was added under nitrogen at −10 ◦C n-BuLi
(4.27 mL, 5.54 mmol, 1.3 mol L−1). The reaction mixture was
allowed to warm up to room temperature for 15 min and was
then cooled to −78 ◦C. A solution of lactone 28 (2 g, 3.96
mmol) in THF (10 mL) was added dropwise, the reaction
mixture was allowed to warm up to room temperature over
2 h and quenched with Ac2O (4 mL). The resulting mixture was
extracted with CH2Cl2. The combined extracts were dried and
concentrated in vacuo. To a cooled (−78 ◦C) solution of the
residue and triethylsilane (2.53 mL, 1.84 g, 15.84 mmol) in an-
hydrous CH2Cl2 (80 mL) was added dropwise BF3·OEt2 (2 mL,
2.25 g, 15.84 mmol). When the starting material was completely
consumed, the reaction was neutralised with triethylamine and


extracted with dichloromethane. The combined organic layers
were dried (Na2SO4), filtered and concentrated. The residue was
purified by flash column chromatography (silica gel, petroleum
ether–AcOEt, 99 : 1) and recrystallised with methanol to give
compound 32 (90% overall yield from 28) as white needles (mp
91–92 ◦C): 1H NMR (CDCl3, 400 MHz) d 4.71 (d, 1H, H-1, J =
2.7 Hz), 4.01 (dq, 1H, H-5, J = 8.0, 6.2 Hz), 3.87 (s, 1H, H-3),
3.84 (dd, 1H, H-2, J = 2.7, 0.9 Hz), 3.59 (d, 1H, H-4, J = 8.2 Hz),
1.14 (d, 3H, H-6, J = 6.3 Hz), 0.92 (s, 9H, Si-C(CH3)3),
0.90 (s, 9H, Si-C(CH3)3), 0.85 (s, 9H, Si-C(CH3)3), 0.16 (s,
12H, Si-(CH3)3 and Si-CH3), 0.12 (s, 6H, Si-CH3), 0.11 (s,
3H, Si-CH3), 0.07 (s, 3H, Si-CH3), 0.07 (s, 3H, Si-CH3); 13C
NMR (CDCl3, 100 MHz) d 101.7 (C-1′), 92.3 (C-1), 91.9 (C-
2′), 79.9 (C-4), 79.2 (C-5), 73.0 (C-2), 69.1 (C-3), 26.2 (Si-
C(CH3)3), 25.9 (Si-C(CH3)3), 25.7 (Si-C(CH3)3), 20.6 (C-6), 18.5
(Si-C(CH3)3), 18.3 (Si-C(CH3)3), 17.8 (Si-C(CH3)3), −0.1 (Si-
(CH3)3), −4.1 (Si-CH3), −4.4 (Si-CH3), −4.4 (Si-CH3), −4.5 (Si-
CH3), −4.7 (Si-CH3), −4.8 (Si-CH3); MS (CI + NH3) m/z: 604
(MH+ + NH3), 587 (MH+); IR (cm−1, CCl4): 2183 (TMS–C≡C);
[a]25


D = − 7.2 (c = 1, CHCl3).


1-Ethynyl-2,3,5-tri-O-tert-butyldimethylsilyl-b-D-fucofuranose
(33)


Potassium carbonate (1.9 g, 13.79 mmol) was added to a
stirred solution of compound 32 (1.62 g, 2.76 mmol) in a 1 :
1 mixture of methanol–CH2Cl2 (30 mL) at room temperature,
and the reaction mixture was stirred for 4 h. The methanol was
then evaporated, the solution extracted with dichloromethane,
and the combined organic layers dried (Na2SO4), filtered and
concentrated in vacuo. The residue was purified by flash chro-
matography (silica gel, petroleum ether–AcOEt, 98 : 2 to 95 :
5) and recrystallised with methanol to yield 33 (99% yield) as
a white solid (mp 56–59 ◦C): 1H NMR (CDCl3, 400 MHz) d
4.68 (t, 1H, H-1, J = 2.5 Hz), 4.01 (dq, 1H, H-5, J = 12.5, 6.3
Hz), 3.90 (s, 1H, H-3), 3.87 (dd, 1H, H-2, J = 2.8, 0.9 Hz), 3.61
(dd, 1H, H-4, J = 7.9, 0.7 Hz), 2.41 (d, 1H, H-2′, J = 2.2 Hz),
1.15 (d, 3H, H-6, J = 6.3 Hz), 0.92 (s, 9H, Si-C(CH3)3), 0.90
(s, 9H, Si-C(CH3)3), 0.87 (s, 9H, Si-C(CH3)3), 0.14 (s, 3H, Si-
CH3), 0.12 (s, 3H, Si-CH3), 0.11 (s, 3H, Si-CH3), 0.10 (s, 3H,
Si-CH3), 0.09 (s, 3H, Si-CH3), 0.08 (s, 3H, Si-CH3); 13C NMR
(CDCl3, 100 MHz) d 92.4 (C-1′), 80.0 (C-1), 79.0 (C-5), 79.0 (C-
3), 75.2 (C-2′), 72.3 (C-2), 69.1 (C-4), 26.2 (Si-C(CH3)3), 25.9
(Si-C(CH3)3), 25.7 (Si-C(CH3)3), 20.5 (C-6), 18.5 (Si-C(CH3)3),
18.3 (Si-C(CH3)3), 17.9 (Si-C(CH3)3), −4.1 (Si-CH3), −4.3 (Si-
CH3), −4.4 (Si-CH3), −4.5 (Si-CH3), −4.7 (Si-CH3), −4.8 (Si-
CH3); MS (CI + NH3) m/z: 532 (MH+ + NH3), 515 (MH+); IR
(cm−1, CCl4): 3312 (C≡C–H). [a]25


D = − 9.5 (c = 1, CHCl3).


1-Vinyl-2,3,5-tri-O-tert-butyldimethylsilyl-b-D-fucofuranose (34)


A mixture of compound 33 (0.84 g, 1.63 mmol), 20% Pd/CaCO3


(0.17 g) and 10% quinoline (0.08 g) in ethyl acetate (8 mL) was
hydrogenated at 1 atm at room temperature. The catalyst was
filtered off (over Celite) and the resulting solution evaporated
under reduced pressure. The residue was purified by flash
chromatography (silica gel, petroleum ether–AcOEt, 99 : 1) to
yield olefin 34 (98% yield) as a colourless oil: 1H NMR (CDCl3,
400 MHz) d 5.93 (ddd, 1H, H-1′, J = 17.5, 10,3, 7.7 Hz), 5.34
(ddd, 1H, H-2′, J = 17.4, 1,8, 0.9 Hz), 5.22 (ddd, 1H, H-2′, J =
10.4, 1,9, 0.6 Hz), 4.41 (dd, 1H, H-1, J = 7.8, 2.7 Hz), 3.97 (dq,
1H, H-5, J = 7.7, 6.3 Hz), 3.90 (s, 1H, H-3), 3.77 (dd, 1H, H-2,
J = 2.7, 0.8 Hz), 3.65 (dd, 1H, H-4, J = 7.8, 0.9 Hz), 1.15 (d,
3H, H-6, J = 6.4 Hz), 0.90 (s, 18H, Si-C(CH3)3), 0.88 (s, 9H,
Si-C(CH3)3), 0.10 (s, 3H, Si-CH3), 0.09 (s, 3H, Si-CH3), 0.08 (s,
3H, Si-CH3), 0.08 (s, 3H, Si-CH3), 0.07 (s, 3H, Si-CH3), 0.04 (s,
3H, Si-CH3); 13C NMR (CDCl3, 100 MHz) d 135.0 (C-1′), 118.2
(C-2′), 92.5 (C-4), 83.3 (C-1), 80.9 (C-2), 79.9 (C-3), 69.5 (C-5),
26.2 (Si-C(CH3)3), 25.9 (Si-C(CH3)3), 25.8 (Si-C(CH3)3), 20.6
(C-6), 18.5 (Si-C(CH3)3), 18.2 (Si-C(CH3)3), 17.9 (Si-C(CH3)3),
−4.0 (Si-CH3), −4.3 (Si-CH3), −4.4 (Si-CH3), −4.5 (Si-CH3),
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−4.6 (Si-CH3), −4.7 (Si-CH3); MS (CI + NH3) m/z: 534 (MH+ +
NH3), 517 (MH+); [a]25


D = −19.9 (c = 1, CHCl3); HRMS calcd
for C26H56O4Si3 516.34865; found 516.34916.


(±)-S-[4-(2-Methoxy-5-trimethylacetylphenyl)-1-(2,3,5-tri-O-
tert-butyldimethylsilyl-b-D-fucofuranosyl)-4-oxobutyl]-O-
ethyldithiocarbonate (35)


A solution of xanthate 22 (0.05 g, 0.13 mmol) and olefin 34
(0.14 g, 0.27 mmol) in 0.14 mL of 1,2-dichloroethane (DCE)
was refluxed for 15 min under argon. Lauroyl peroxide (DLP)
was then added (5 mol%) to the refluxing solution, followed
by additional portions (5 mol% every 90 min). When the
starting material was completely consumed (after addition of
15 mol% of DLP), the mixture was cooled to room temperature,
concentrated under reduced pressure and the residue was
purified by flash column chromatography (silica gel, petroleum
ether–AcOEt, 95 : 5 to 9 : 1) to give adduct 35 (yellow oil,
59% yield, 83% based on recovered starting material) as an
inseparable 2 : 1 mixture of diastereoisomers (labelled a and
b): 1H NMR (CDCl3, 400 MHz) d 7.41 (d, 0.3H, H-10′b, J = 2.9
Hz), 7.37 (d, 0.7H, H-10′a, J = 2.9 Hz), 7.18–7.14 (m, 1H, H-8′a
and H-8′b), 6.95 (d, 0.3H, H-7′b, J = 8.9 Hz), 6.93 (d, 0.7H, H-
7′a, J = 8.9 Hz), 4.68–4.52 (m, 2H, H-12′a and H-12′b), 4.24 (td,
0.3H, H-1′b, J = 9.9, 3.1 Hz), 4.06 (m, 1.7H, H-1a, H-1b and
H-1′a), 3.93–3.87 (m, 3H, H-2a, H-2b, H-3a, H-3b, H-5a and
H-5b), 3.88 (s, 3H, OCH3a and OCH3b), 3.62 (t, 1H, H-4a and
H-4b, J = 8.0 Hz), 3.34–3.10 (m, 2H, H-3′a and H-3′b), 2.47–
2.40 (m, 0.7H, H-2′a), 2.32–2.24 (m, 0.7H, H-2′a), 2.21–2.15 (m,
0.3H, H-2′b), 1.98–1.88 (m, 0.3H, H-2′b), 1.41 (t, 2.1H, H-13′a,
J = 7.1 Hz), 1.41 (t, 0.9H, H-13′b, J = 7.0 Hz), 1.14 (d, 3H,
H-6a and H-6b, J = 6.2 Hz), 0.95 (s, 2,7H, Si-C(CH3)3a), 0.90 (s,
6,3H, Si-C(CH3)3b), 0.88 (s, 11,7H, Si-C(CH3)3a, Si-C(CH3)3b,
and Si-C(CH3)3b), 0.87 (s, 6.3H, Si-C(CH3)3a), 0.18 (s, 0.9H, Si-
CH3b), 0.15 (s, 0.9H, Si-CH3b), 0.12 (s, 2.1H, Si-CH3a), 0.10 (s,
5.1H, Si-CH3a, Si-CH3a and Si-CH3b), 0.09 (s, 3H, Si-CH3a and
Si-CH3b), 0.08 (s, 2,1H, Si-CH3a), 0.07 (s, 2,1H, Si-CH3a), 0.06
(s, 0,9H, Si-CH3b), 0.04 (s, 0,9H, Si-CH3b); 13C NMR (CDCl3,
100 MHz) d 213.9 (C-11′b), 212.4 (C-11′a), 200.7 (C-4′a), 200.0
(C-4′b), 177.3 (O-COa), 177.2 (O-COb), 156.5 (C-6′b), 156.1
(C-6′a), 144.3 (C-9′a and C-9′b), 128.7 (C-5′a and C-5′b), 126.6
(C-10′b), 126.2 (C-10′a), 123.1 (C-8′b), 123.0 (C-8′a), 112.4 (C-
7′b), 112.2 (C-7′a), 92.9 (C-4a), 92.5 (C-4b), 81.2 (C-1b), 80.2
(C-1a), 79.2 (C-2b), 79.1 (C-2a), 78.4 (C-3a), 78.3 (C-3b), 69.9
(C-12′a), 69.7 (C-12′b), 69.5 (C-5b), 69.4 (C-5a), 56.0 (OCH3b),
55.9 (OCH3a), 49.9 (C-1′b), 47.6 (C-1′a), 40.7 (C-3′b), 40.2
(C-3′a), 39.1 (C(CH3)3a and C(CH3)3b), 27.2 (C(CH3)3a and
C(CH3)3b), 26.4 (C-2′b), 26.4 (C-2′a), 26.1 (Si-C(CH3)3b), 26.0
(Si-C(CH3)3a), 25.9 (Si-C(CH3)3a), 25.9 (Si-C(CH3)3b), 25.7 (Si-
C(CH3)3a and Si-C(CH3)3b), 20.7 (C-6a), 20.6 (C-6a), 18.4 (Si-
C(CH3)3a), 18.3 (Si-C(CH3)3b), 18.1 (Si-C(CH3)3b), 18.0 (Si-
C(CH3)3a), 17.9 (Si-C(CH3)3a and Si-C(CH3)3b), 13.9 (C-13′b),
13.7 (C-13′a), −3.4 (Si-CH3b), −3.9 (Si-CH3a), −4.1 (Si-CH3b),
−4.2 (Si-CH3a), −4.3 (Si-CH3a), −4.3 (Si-CH3a), −4.4 (Si-
CH3b), −4.4 (Si-CH3b), −4.7 (Si-CH3a), −4.8 (Si-CH3b), −5.1
(Si-CH3a), −5.3 (Si-CH3b); MS (CI + NH3) m/z: 887 (MH+);
IR (cm−1, CCl4): 1741 (O–C=O), 1680 (C=O), 1255 (S–C=S),
1109 (O–C=O), 1048 (O–C=S).


(±)-S-[4-(2-Methoxy-5-bromophenyl)-1-(2,3,5-tri-O-tert-
butyldimethylsilyl-b-D-fucofuranosyl)-4-oxobutyl]-
O-ethyldithiocarbonate (39)


Using the same procedure as 35, xanthate 36 (0.05 g, 0.14 mmol)
and olefin 34 (0.15 g, 0.28 mmol) gave the adduct 39 (yellow oil,
45% yield, 64% yield based on recovered starting material) as
an inseparable 2 : 1 mixture of diastereoisomers (labelled a and
b): 1H NMR (CDCl3, 400 MHz) d 7.79 (d, 0.3H, H-10′b, J =
2.6 Hz), 7.76 (d, 0.7H, H-10′a, J = 2.6 Hz), 7.53 (dd, 0.3H,
H-8′b, J = 9.2, 2.1 Hz), 7.51 (dd, 0.7H, H-8′a, J = 8.8, 2.5 Hz),
6.85 (d, 0.3H, H-7′b, J = 8.8 Hz), 6.83 (d, 0.7H, H-7′a, J =


8.8 Hz), 4.69–4.50 (m, 2H, H-12′a and H-12′b), 4.23 (td, 0.3H,
H-1′b, J = 9.9 and 3.3 Hz), 4.02–3.99 (m, 1.7H, H-1a, H-1b
and H-1′a), 3.91–3.86 (m, 3H, H-2a, H-2b, H-3a, H-3b, H-5a
and H-5b), 3.86 (s, 3H, OCH3a and OCH3b), 3.61 (t, 1H, H-4a
and H-4b, J = 9.1 Hz), 3.30–3.08 (m, 2H, H-3′a and H-3′b),
2.47–2.39 (m, 0.7H, H-2′a), 2.32–2.24 (m, 0.7H, H-2′a), 2.19–
2.13 (m, 0.3H, H-2′b), 1.98–1.89 (m, 0.3H, H-2′b), 1.41 (t, 2.1H,
H-13′a, J = 7.1 Hz), 1.40 (t, 0.9H, H-13′b, J = 7.1 Hz), 1.14 (d,
3H, H-6a and H-6b, J = 6.2 Hz), 0.94 (s, 2.7H, Si-C(CH3)3a),
0.90 (s, 6.3H, Si-C(CH3)3b), 0.87 (s, 11.7H, Si-C(CH3)3a, Si-
C(CH3)3b and Si-C(CH3)3b), 0.86 (s, 6.3H, Si-C(CH3)3a), 0.17
(s, 0.9H, Si-CH3b), 0.15 (s, 0.9H, Si-CH3b), 0.12 (s, 2.1H, Si-
CH3a), 0.11 (s, 0.9H, Si-CH3b), 0.10 (s, 5.1H, Si-CH3a, Si-CH3a
and Si-CH3b), 0.09 (s, 2.1H, Si-CH3a), 0.07 (s, 2.1H, Si-CH3a),
0.05 (s, 3H, Si-CH3a and Si-CH3b), 0.03 (s, 0.9H, Si-CH3b);
13C NMR (CDCl3, 100 MHz) d 213.9 (C-11′b), 212.4 (C-11′a),
200.6 (C-4′a), 200.0 (C-4′b), 157.8 (C-6′b), 157.5 (C-6′a), 136.0
(C-10′b), 135.7 (C-10′a), 132.9 (C-8′a and C-8′b), 129.9 (C-5′a),
129.4 (C-5′b), 113.6 (C-7′b), 113.5 (C-7′a), 113.2 (C-9′b), 113.2
(C-9′a), 92.9 (C-4a), 92.5 (C-4b), 81.1 (C-1b), 80.2 (C-1a), 79.1
(C-2a and C-2b), 78.3 (C-3a and C-3b), 69.9 (C-12′a), 69.7 (C-
12′b), 69.5 (C-5b), 69.4 (C-5a), 55.9 (OCH3b), 55.8 (OCH3a),
49.9 (C-1′b), 47.5 (C-1′a), 40.6 (C-3′b), 40.2 (C-3′a), 26.3 (C-
2′a), 26.3 (C-2′b), 26.1 (Si-C(CH3)3b), 25.9 (Si-C(CH3)3a), 25.9
(Si-C(CH3)3a), 25.8 (Si-C(CH3)3b), 25.7 (Si-C(CH3)3a and Si-
C(CH3)3b), 20.8 (C-6a), 20.6 (C-6b), 18.4 (Si-C(CH3)3a), 18.3
(Si-C(CH3)3b), 18.1 (Si-C(CH3)3b), 18.0 (Si-C(CH3)3a), 17.8 (Si-
C(CH3)3a and Si-C(CH3)3b), 13.9 (C-13′b), 13.8 (C-13′a), −3.4
(Si-CH3b), −3.9 (Si-CH3a), −4.1 (Si-CH3b), −4.2 (Si-CH3a),
−4.3 (Si-CH3a and Si-CH3a), −4.3 (Si-CH3b), −4.4 (Si-CH3b),
−4.7 (Si-CH3a), −4.8 (Si-CH3b), −5.2 (Si-CH3a), −5.3 (Si-
CH3b); MS (CI + NH3) m/z: 884 (MH+ + NH3), 882 (MH+ +
NH3), 867 (MH+), 865 (MH+); IR (cm−1, CCl4): 1683 (C=O),
1252 (S–C=S), 1049 (O–C=S).


(±)-S-[4-(2-Methoxyphenyl)-1-(2,3,5-tri-O-tert-
butyldimethylsilyl-b-D-fucofuranosyl)-4-oxobutyl]-
O-ethyldithiocarbonate (40)


Using the same procedure as 35, xanthate 376 (0.05 g, 0.18 mmol)
and olefin 34 (0.19 g, 0.37 mmol) gave the adduct 40 (yellow
oil, 35% yield, 59% yield based on recovered starting material)
as an inseparable 2 : 1 mixture of diastereoisomers: 1H NMR
(CDCl3, 400 MHz) d 7.69 (dd, 0.3H, H-8′b, J = 7.7, 1.7 Hz),
7.66 (dd, 0.7H, H-8′a, J = 7.7, 1.7 Hz), 7.48–7.41 (m, 1H, H-
10′a and H-10′b), 7.00–6.93 (m, 2H, H-7′a, H-7′b, H-9′a and
H-9′b), 4.68–4.50 (m, 2H, H-12′a and H-12′b), 4.24 (td, 0.3H,
H-1′b, J = 10.1, 3.2 Hz), 4.06–3.99 (m, 1.7H, H-1a, H-1b and
H-1′a), 3.93–3.86 (m, 3H, H-2a, H-2b, H-3a, H-3b, H-5a and
H-5b), 3.87 (s, 3H, OCH3a and OCH3b), 3.62 (t, 1H, H-4a and
H-4b, J = 9.1 Hz), 3.32–3.10 (m, 2H, H-3′a and H-3′b), 2.49–
2.39 (m, 0.7H, H-2′a), 2.33–2.25 (m, 0.7H, H-2′a), 2.23–2.17
(m, 0.3H, H-2′b), 2.00–1.90 (m, 0.3H, H-2′b), 1.41 (t, 2.1H, H-
13′a, J = 7.1 Hz), 1.40 (t, 0.9H, H-13′b, J = 7.1 Hz), 1.14 (d,
3H, H-6a and H-6b, J = 6.2 Hz), 0.94 (s, 6.3H, Si-C(CH3)3a),
0.90 (s, 2.7H, Si-C(CH3)3b), 0.87 (s, 11.7H, Si-C(CH3)3a, Si-
C(CH3)3b and Si-C(CH3)3b), 0.86 (s, 6.3H, Si-C(CH3)3a), 0.18
(s, 0.9H, Si-CH3b), 0.15 (s, 0.9H, Si-CH3b), 0.12 (s, 2.1H, Si-
CH3a), 0.10 (s, 6H, Si-CH3a, Si-CH3a, Si-CH3b and Si-CH3b),
0.09 (s, 2.1H, Si-CH3a), 0.07 (s, 2.1H, Si-CH3a), 0.06 (s, 3H, Si-
CH3a and Si-CH3b), 0.04 (s, 0.9H, Si-CH3b); 13C NMR (CDCl3,
100 MHz) d 214.0 (C-11′b), 212.5 (C-11′a), 202.2 (C-4′a), 201.5
(C-4′b), 158.8 (C-6′b), 158.5 (C-6′a), 133.6 (C-10′b), 133.3 (C-
10′a), 130.4 (C-7′a and C-7′b), 128.6 (C-5′a), 128.1 (C-5′b), 120.7
(C-9′a et C-9′b), 111.6 (C-8′b), 111.5 (C-8′a), 92.9 (C-4a), 92.5
(C-4b), 81.2 (C-1b), 80.2 (C-1a), 79.2 (C-2a and C-2b), 78.3 (C-
3a and C-3b), 69.9 (C-12′a), 69.6 (C-12′b), 69.5 (C-5b), 69.4
(C-5a), 55.6 (OCH3b), 55.5 (OCH3a), 50.0 (C-1′b), 47.6 (C-
1′a), 40.7 (C-3′b), 40.3 (C-3′a), 26.5 (C-2′a and C-2′b), 26.1
(Si-C(CH3)3b), 25.9 (Si-C(CH3)3a), 25.9 (Si-C(CH3)3a), 25.7
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(Si-C(CH3)3a, Si-C(CH3)3b and Si-C(CH3)3b), 20.8 (C-6a),
20.6 (C-6b), 18.4 (Si-C(CH3)3a), 18.3 (Si-C(CH3)3b), 18.1 (Si-
C(CH3)3b), 18.0 (Si-C(CH3)3a), 17.9 (Si-C(CH3)3a and Si-
C(CH3)3b), 13.9 (C-13′b), 13.7 (C-13′a), −3.4 (Si-CH3b), −3.9
(Si-CH3a), −4.1 (Si-CH3b), −4.2 (Si-CH3a), −4.3 (Si-CH3a and
Si-CH3a), −4.4 (Si-CH3b), −4.4 (Si-CH3b), −4.7 (Si-CH3a),
−4.8 (Si-CH3b), −5.1 (Si-CH3a), −5.3 (Si-CH3b); MS (CI +
NH3) m/z: 804 (MH+ + NH3), 787 (MH+); IR (cm−1, CCl4):
1678 (C=O), 1252 (S–C=S), 1049 (S–C=S).


(±)-S-[4-(4-Chlorophenyl)-1-(2,3,5-tri-O-tert-
butyldimethylsilyl-b-D-fucofuranosyl)-4-oxobutyl]-
O-ethyldithiocarbonate (41)


Using the same procedure as 35, xanthate 38 (0.04 g, 0.15 mmol)
and olefin 34 (0.15 g, 0.29 mmol) gave the adduct 4115 (yellow oil,
72% yield) as an inseparable 2 : 1 mixture of diastereoisomers: 1H
NMR (CDCl3, 400 MHz) d 7.91 (d, 1.4H, H-6′a, J = 8.6 Hz),
7.88 (d, 0.6H, H-6′b, J = 8.6 Hz), 7.43 (d, 0.6H, H-7′b, J =
8.6 Hz), 7.43 (d, 1.4H, H-7′a, J = 8.6 Hz), 4.69–4.52 (m, 2H,
H-10′a and H-10′b), 4.25 (td, 0.3H, H-1′b, J = 10.0, 3.2 Hz),
4.05–4.01 (m, 1.7H, H-1a, H-1b and H-1′a), 3.92–3.60 (m, 3H,
H-2a, H-2b, H-3a, H-3b, H-5a and H-5b), 3.65–3.61 (m, 1H,
H-4a and H-4b), 3.35–3.12 (m, 2H, H-3′a and H-3′b), 2.48–
2.39 (m, 0.7H, H-2′a), 2.33–2.25 (m, 0.7H, H-2′a), 2.24–2.19
(m, 0.3H, H-2′b), 2.05–1.88 (m, 0.3H, H-2′b), 1.42 (t, 2.1H, H-
11′a, J = 7.1 Hz), 1.41 (t, 0.9H, H-11′b, J = 7.1 Hz), 1.14 (d,
2.1H, H-6a, J = 6.2 Hz), 1.14 (d, 0.9H, H-6b, J = 6.3 Hz),
0.94 (s, 2.7H, Si-C(CH3)3b), 0.90 (s, 6.3H, Si-C(CH3)3a), 0.89
(s, 6.3H, Si-C(CH3)3a), 0.88 (s, 2.7H, Si-C(CH3)3b), 0.86 (s, 9H,
Si-C(CH3)3a and Si-C(CH3)3b), 0.16 (s, 0.9H, Si-CH3b), 0.15 (s,
0.9H, Si-CH3b), 0.13 (s, 2.1H, Si-CH3a), 0.11 (s, 3H, Si-CH3a
and Si-CH3b), 0.10 (s, 2.1H, Si-CH3a), 0.09 (s, 2.1H, Si-CH3a),
0.09 (s, 0.9H, Si-CH3b), 0.07 (s, 2.1H, Si-CH3a), 0.06 (s, 0.9H,
Si-CH3b), 0.05 (s, 2.1H, Si-CH3a), 0.04 (s, 0.9H, Si-CH3b); 13C
NMR (CDCl3, 100 MHz) d 214.1 (C-9′b), 212.2 (C-9′a), 198.6
(C-4′a), 198.2 (C-4′b), 139.7 (C-5′b), 139.3 (C-5′a), 135.4 (C-
8′a), 135.1 (C-8′b), 129.7 (C-6′a), 129.6 (C-6′b), 129.0 (C-7′b),
128.9 (C-7′a), 92.9 (C-4a), 92.5 (C-4b), 81.2 (C-1b), 80.1 (C-1a),
79.2 (C-2a), 79.1 (C-2b), 78.5 (C-3b), 78.4 (C-3a), 70.1 (C-10′a),
69.9 (C-10′b), 69.4 (C-5b), 69.3 (C-5a), 50.1 (C-1′b), 47.5 (C-
1′a), 35.4 (C-3′b), 35.1 (C-3′a), 26.3 (C-2′a), 26.1 (C-2′b), 26.1
(Si-C(CH3)3b), 25.9 (Si-C(CH3)3a), 25.9 (Si-C(CH3)3a), 25.8 (Si-
C(CH3)3b), 25.7 (Si-C(CH3)3a), 25.7 (Si-C(CH3)3b), 20.8 (C-6a),
20.6 (C-6b), 18.4 (Si-C(CH3)3a), 18.3 (Si-C(CH3)3b), 18.1 (Si-
C(CH3)3b), 18,0 (Si-C(CH3)3a), 17.9 (Si-C(CH3)3a), 17.8 (Si-
C(CH3)3b), 13.9 (C-11′b), 13.8 (C-11′a), −3.,4 (Si-CH3b), −3.8
(Si-CH3a), −4.1 (Si-CH3b), −4.2 (Si-CH3a), −4.3 (Si-CH3a),
−4.3 (Si-CH3a), −4.3 (Si-CH3a), −4.4 (Si-CH3b), −4.6 (Si-
CH3b), −4.7 (Si-CH3a), −5.1 (Si-CH3b), −5.2 (Si-CH3b); MS
(CI + NH3) m/z: 810 (MH+ + NH3), 808 (MH+ + NH3), 793
(MH+), 791 (MH+); IR (cm−1, CCl4): 1691 (C=O), 1255 (S–
C=S), 1051 (O–C=S).


(±)-6-Chloro-4-(2,3,5-O-tert-butyldimethylsilyl-b-
D-fucofuranosyl)-3,4-dihydro-2H-naphthalen-1-one (42)


A solution of 41 (0.03 g, 0.04 mmol) in 1,2-dichloroethane
(0.4 mL) was refluxed for 15 min under argon. Lauroyl
peroxide (DLP) was then added portionwise (20 mol% h−1) to
the refluxing solution. When starting material was completely
consumed (after addition of 1.2 equiv. of DLP), the crude
mixture was cooled to room temperature, concentrated under
reduced pressure and purified by flash column chromatography
(silica gel, petroleum ether–AcOEt, 99 : 1) to give tetralone
42 (57% yield) as a separable mixture of diastereoisomers.
Diastereoisomer I (colourless oil): 1H NMR (CDCl3, 400 MHz)
d 8.01 (d, 1H, H-6′, J = 8.4 Hz), 7.39 (d, 1H, H-9′, J = 2.0 Hz),
7.33 (dd, 1H, H-7′, J = 8.4, 2.0 Hz), 3.98 (dd, 1H, H-1, J =
10.6, 2.5 Hz), 3.96 (s, 1H, H-3), 3.91 (td, 1H, H-5, J = 14.6,
6.2 Hz), 3.69 (d, 1H, H-2, J = 1.7 Hz), 3.59 (dd, 1H, H-4, J =


8.5, 0.8 Hz), 3.44 (td, 1H, H-1′, J = 10.1, 3.5 Hz), 2.95–2.84 (m,
2H, H-3′), 2.64–2.54 (m, 1H, H-2′), 2.20–2.11 (m, 1H, H-2′),
1.18 (d, 3H, H-6, J = 6.2 Hz), 0.92 (s, 9H, Si-C(CH3)3), 0.89 (s,
9H, Si-C(CH3)3), 0.87 (s, 9H, Si-C(CH3)3), 0.26 (s, 3H, Si-CH3),
0.20 (s, 3H, Si-CH3), 0.12 (s, 3H, Si-CH3), 0.11 (s, 3H, Si-CH3),
0.06(s, 3H, Si-CH3), 0.01 (s, 3H, Si-CH3); 13C NMR (CDCl3,
100 MHz) d 197.9 (C-4′), 146.9 (C-8′), 139.5 (C-5′), 131.1 (C-
10′), 129.5 (C-6′), 128.5 (C-7′), 127.8 (C-9′), 92.4 (C-4), 81.9
(C-1), 79.0 (C-2), 78.3 (C-3), 69.5 (C-5), 32.0 (C-1′), 34.5 (C-3′),
26.3 (Si-C(CH3)3), 26.0 (Si-C(CH3)3), 25.7 (Si-C(CH3)3), 25.2
(C-2′), 20.8 (C-6), 18.5 (Si-C(CH3)3), 18.4 (Si-C(CH3)3), 17.8
(Si-C(CH3)3), −2.1 (Si-CH3), −4.0 (Si-CH3), −4.2 (Si-CH3),
−4.3 (Si-CH3), −4.6 (Si-CH3), −5.2 (Si-CH3); MS (CI + NH3)
m/z: 688 (MH+ + NH3), 686 (MH+ + NH3), 671 (MH+), 669
(MH+); IR (cm−1, CCl4): 1692 (C=O); [a]25


D = − 13.0 (c = 1,
CHCl3). Diastereoisomer II (colourless oil): 1H NMR (CDCl3,
400 MHz) d 7.98 (d, 1H, H-6′, J = 8.4 Hz), 7.92 (d, 1H, H-9′,
J = 1.8 Hz), 7.31 (dd, 1H, H-7′, J = 8.4, 2.0 Hz), 4.08 (dd, 1H,
H-1, J = 10.0, 2.0 Hz), 3.93 (m, 3H, H-2, H-3 and H-5), 3.65
(d, 1H, H-4, J = 8.3 Hz), 3.28–3.23 (m, 1H, H-1′), 2.72–2.57
(m, 2H, H-3′), 2.21–2.13 (m, 1H, H-2′), 2.00–1.92 (m, 1H, H-2′),
1.20 (d, 3H, H-6, J = 6.4 Hz), 0.95 (s, 9H, Si-C(CH3)3), 0.91 (s,
9H, Si-C(CH3)3), 0.86 (s, 9H, Si-C(CH3)3), 0.19 (s, 3H, Si-CH3),
0.17 (s, 3H, Si-CH3), 0.12 (s, 3H, Si-CH3), 0.11 (s, 3H, Si-CH3),
0.10 (s, 3H, Si-CH3), 0.09 (s, 3H, Si-CH3); 13C NMR (CDCl3,
100 MHz) d 197.1 (C-4′), 148.0 (C-8′), 139.9 (C-5′), 130.7 (C-
10′), 130.3 (C-6′), 128.8 (C-7′), 127.6 (C-9′), 92.8 (C-4), 82.9
(C-1), 78.9 (C-2), 78.5 (C-3), 69.4 (C-5), 38.0 (C-1′), 36.2 (C-3′),
26.1 (Si-C(CH3)3), 25.9 (Si-C(CH3)3), 25.7 (2C, Si-C(CH3)3 and
C-2′), 20.7 (C-6), 18.3 (Si-C(CH3)3), 18.2 (Si-C(CH3)3), 17.9 (Si-
C(CH3)3), −3.0 (Si-CH3), −3.9 (Si-CH3), −4.1 (Si-CH3), −4.3
(Si-CH3), −4.5 (Si-CH3), −5.3 (Si-CH3); MS (CI + NH3) m/z:
688 (MH+ + NH3), 686 (MH+ + NH3), 671 (MH+), 669 (MH+);
IR (cm−1, CCl4): 1691 (C=O); [a]25


D = + 2.6 (c = 1, CHCl3).
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Structure–activity relationship studies on CXCR4 antagonists, which were previously found by using cyclic
pentapeptide libraries, were performed to optimize side-chain functional groups, involving conformationally
constrained analogues. In addition, a new lead of cyclic pentapeptides with the introduction of a novel
pharmacophore was developed.


Introduction
Chemokine receptors belong to a superfamily of seven trans-
membrane G-protein coupled receptors (7TM-GPCRs). An
axis of a chemokine receptor, CXCR4, and its endogenous
ligand, stromal cell-derived factor-1 (SDF-1/CXCL12),1 has
multiple important functions in normal physiology involving
the migration of progenitors during embryologic development
of the cardiovascular, hemopoietic and central nervous sys-
tems. This axis has been also recognized to be involved in
several pathological conditions, such as HIV infection,2 cancer
metastasis/progression3 and rheumatoid arthritis (RA).4 Ini-
tially, CXCR4 was identified as a co-receptor that is used in the
entry of T cell line-tropic (X4-) HIV-1 into T cells.2 Subsequently,
several papers reported that malignant cells from different types
of cancer express CXCR4,5 and that CXCL12 is highly expressed
in the major metastatic destinations of the corresponding
cancer,3 suggesting that the interaction between CXCR4 and
CXCL12 might determine the metastatic destination of cancer
cells and cause organ preferential metastasis. Furthermore,
Nanki et al. reported that CXCL12, which is highly expressed
in the synovium of RA patients, stimulates migration of the
memory T cells, which highly express CXCR4, thereby inhibits
T cell apoptosis and leads to T cell accumulation in the RA
synovium.4a Thus, CXCR4 is thought to be a great therapeutic
target. A 14-mer peptide T140 and its analogues were previously
found to be specific CXCR4 antagonists that were characterized
as HIV-entry inhibitors,6 anti-cancer-metastatic agents3c and
anti-RA agents.4b The utilization of cyclic pentapeptide libraries
involving the critical residues of T140, which were previously
identified to be Arg2, L-3-(2-naphthyl)alanine (Nal)3, Tyr5 and
Arg14,7 led to the finding of a cyclic pentapeptide FC131 [cy-


† Electronic supplementary information (ESI) available: Characteriza-
tion data (MS) of novel synthetic compounds. See DOI: 10.1039/
b513145f


clo(-Arg1-Arg2-Nal3-Gly4-D-Tyr5-)], which has strong CXCR4
antagonistic activity, comparable to that of T140 (Fig. 1).8


Several FC131 analogues constrained or modified in Arg1 were
synthesized to find useful leads.9 In this paper, we describe
structure–activity relationship (SAR) studies on FC131 based
on several synthetic analogues, which involve substitution for
Arg2, Nal3 and D-Tyr5. In addition, we attempt to incorporate
a new pharmacophore such as a 4-fluorophenyl moiety, which
was previously identified by the N-terminal modification of T140
analogs,10 into cyclic pentapeptides.


Fig. 1 Development of a low molecular weight CXCR4 antagonist
FC131 based on cyclic pentapeptide libraries. Cit = L-citrulline.


Chemistry


Each peptide was synthesized in a general manner.8 In the
synthesis of compounds 6, 7, 9 and 10, after cyclization and
deprotection, N-guanylation of the resulting free side-chain
amino group was performed with 1H-pyrazole-1-carboxamidine
hydrochloride and DIPEA.9


Biological results and discussion


Several FC131 analogues, which have substitution for Arg2, Nal3


and D-Tyr5, were prepared and assessed for CXCR4-binding
activity based on inhibitory activity against CXCL12 binding to
CXCR4.11 First, analogues modified in the peripheral region ofD
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Table 1 Inhibitory activity of cyclic pentapeptides involving substitu-
tion for Arg2 in FC131 against CXCL12 binding to CXCR4


cyclo(-Arg1-X2-Nal3-Gly4-D-Tyr5-)


Compd X IC50/lMa


1 (FC131) Arg 0.0079
2 Ala >1
3 Dab 0.44
4 Orn 0.69
5 Lys >1
6 g-Dab 1.1
7 g-Lys 0.033
8 Glu >1
9 trans-4-Guanidino-Pro >1
10 cis-4-Guanidino-Pro >1


a IC50 values are based on the inhibition of [125I]-CXCL12 binding to
CXCR4 transfectants of CHO cells. All data are mean values for at least
three independent experiments.


Arg2 were assayed (Table 1). Ala-substitution for Arg2 in FC131
completely diminished the activity of the parent compound,
whereas Ala-substitution for Arg1 did not cause a severe decrease
in potency,9 suggesting that the side-chain of Arg2 is very impor-
tant for strong activity. Thus, optimization of the side-chain of
Arg2 was attempted by the synthesis of several analogues, where
Arg2 was replaced by Arg/Lys mimetics having various lengths
of alkyl chains. L-2,4-Diaminobutyric acid (Dab)/L-ornithine
(Orn)-substituted analogues, 3 and 4, showed moderate CXCR4-
binding activity, which is two orders of magnitude less potent
than that of FC131, while a Lys-substituted analogue 5 did not
show any significant activity until 1 lM. An e-N-amidino-Lys
(g-Lys)-substituted analogue, 7, which has the side-chain with
a one-carbon elongation compared to Arg2, showed significant
CXCR4-binding activity, which is 4-fold weaker than FC131.
A c-N-amidino-Dab (g-Dab)-substituted analogue, 6, which
has the side-chain with a one-carbon reduction compared to
Arg2, showed very low activity. It suggests that Arg is the
most suitable at position 2 among the Arg/Lys mimetics used
in this study. A Glu-substituted analogue, 8, did not show
any significant activity until 1 lM, suggesting that a basic
functional group, such as an amino or guanidino group, in the
side-chain of the amino acid at position 2 is indispensable for
binding to CXCR4. In our previous study, analogues, in which
a conformationally constrained Arg mimetic, trans- or cis-4-
guanidino-Pro, was incorporated at position 1, showed higher
CXCR4-binding activity than a g-Dab-substituted analogue,
having the same length of the linear-type side chain of the amino
acid at position 1.9 Thus, in this study, analogues, in which trans-
or cis-4-guanidino-Pro was incorporated at position 2, were
prepared and assessed for CXCR4-binding activity. However,
the conformationally constrained analogues, 9 and 10, did not
show any significant activity until 1 lM. This proved that fixing
the backbone and the side-chain of Arg2 is not suitable.


Second, analogues modified in the peripheral region of Nal3


were assayed (Table 2). Ala-substitution for Nal3 in FC131
completely diminished the activity of the parent compound.
Since the side-chain of Nal3 is indispensable for strong activity,
optimization of the side-chain of Nal3 was attempted by the
synthesis of several analogues, where Nal3 was replaced by
Trp mimetics. A Trp-substituted analogue, 12, showed strong
CXCR4-binding activity, which is slightly less potent than


Table 2 Inhibitory activity of cyclic pentapeptides involving substitu-
tion for Nal3 in FC131 against CXCL12 binding to CXCR4


cyclo(-Arg1-Arg2-X3-Gly4-D-Tyr5-)


Compd X IC50/lM


1 (FC131) Nal 0.0079
11 Ala >1
12 Trp 0.013
13 Tpi >1
14 Bth 0.018
15 D-Bth 0.26


that of FC131. This is compatible with our previous result:
T140 is more potent than T134 [Trp3-T140].6 A (3S)-2,3,4,9-
tetrahydro-1H-b-carboline-3-carboxylic acid (Tpi)-substituted
analogue, 13, which is conformationally constrained in the
backbone and the side-chain of the amino acid at position 3,
did not show any significant activity until 1 lM, suggesting
that fixing the backbone and the side-chain of Trp (or Nal)3


is not suitable. A (2S)-2-amino-3-benzothiazol-2-yl-propionic
acid (Bth)-substituted analogue, 14, showed strong CXCR4-
binding activity, which is almost the same as that of the Trp-
substituted analogue, 12. D-Bth-substituted analogue, 15, is 14-
fold less potent than 14. This is also compatible with our previous
result: D-Nal3-FC131 is 20-fold less potent than FC131.8 Taken
together, Nal is more suitable at position 3 than any other Trp-
mimetics.


Third, analogues modified in the peripheral region of D-
Tyr5 were assayed (Table 3). D-Ala-substitution for D-Tyr5 in
FC131 also diminished the activity of the parent compound.
Optimization of the side-chain of D-Tyr5 was attempted by
the synthesis of several analogues, where D-Tyr5 was replaced
by D-Tyr/Phe mimetics. A D-Phe(4-NH2)-substituted analogue,
17, and a D-Phe(4-OMe)-substituted analogue, 18, which have
electron-donating substituents on the aromatic ring of the amino
acid at position 5, showed remarkably less potent CXCR4-
binding activity than FC131, which also has an electron-
donating substituent on the aromatic ring. The analogues,
17 and 18, were weaker than a D-Phe-substituted analogue,


Table 3 Inhibitory activity of cyclic pentapeptides involving substitu-
tion for D-Tyr5 in FC131 against CXCL12 binding to CXCR4


cyclo(-Arg1-Arg2-Nal3-Gly4-X5-)


Compd X IC50/lM


1 (FC131) D-Tyr 0.0079
16 D-Ala >1
17 4-Amino-D-phenylalanine [D-Phe(4-NH2)] 0.10
18 4-Methoxy-D-phenylalanine [D-Phe(4-OMe)] 0.51
19 D-His 0.15
20 D-Phe 0.051
21 4-Fluoro-D-phenylalanine [D-Phe(4-F)] 0.22
22 D-Tic(7-OH) 0.16
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Table 4 Inhibitory activity of cyclic pentapeptides involving the incor-
poration of Phe(4-F)1 into FC131 against CXCL12 binding to CXCR4


Compd Sequence IC50/lM


1 (FC131) cyclo(-Arg1-Arg2-Nal3-Gly4-D-Tyr5-) 0.0079
23 cyclo(-Phe(4-F)1-Arg2-Nal3-Gly4-D-Tyr5-) 0.057
24 cyclo(-Phe(4-F)1-Arg2-Nal3-Gly4-Arg5-) 0.62
25 cyclo(-D-Phe(4-F)1-Arg2-Nal3-Gly4-Arg5-) 0.035
26 cyclo(-Phe(4-F)1-Arg2-Nal3-Gly4-D-Arg5-) 0.088
27 cyclo(-D-Phe(4-F)1-Arg2-Nal3-Gly4-D-Arg5-) 0.094
28 cyclo(-D-Tyr1-Arg2-Nal3-Gly4-Arg5-) 0.30


20. Thus, an electron-donating substituent on the aromatic
ring of the amino acid at position 5 is not always suitable
for strong CXCR4-binding activity. On the other hand, a
D-Phe(4-F)-substituted analogue, 21, which has an electron-
withdrawing substituent on the aromatic ring, was also less
potent than FC131 or the D-Phe-substituted analogue, 20. A D-
His-substituted analogue, 19, which has a basic/aromatic amino
acid at position 5, did not show stronger activity than 20. A (3R)-
7-hydroxy-1,2,3,4-tetrahydro-isoquinoline-3-carboxylic acid [D-
Tic(7-OH)]-substituted analogue, 22, which is conformationally
constrained in the backbone and the side-chain of the amino acid
at position 5, showed remarkably less potent CXCR4-binding
activity than FC131, suggesting that fixing the backbone and the
side-chain of D-Tyr5 is also not suitable. Taken together, D-Tyr
is the most suitable at position 5 among the tested amino acids
without any relation to the electron-withdrawing or -donating
effect of the substituent on the aromatic ring.


Recently, a novel pharmacophore of T140-related CXCR4
antagonists, such as a 4-fluorophenyl moiety, was found in
addition to the original pharmacophores of T140, Arg (x 2),
Nal and Tyr.10 Fourth, since the phenol group of D-Tyr5 could
not be replaced by the 4-fluorophenyl group with maintenance
of high activity, as seen in the D-Phe(4-F)-substituted analogue,
21, we attempted to incorporate the 4-fluorophenyl group into
the amino acid at position 1. [Phe(4-F)1]-FC131, 23, showed
significant CXCR4-binding activity, which is less potent than
that of FC131. Since another Arg residue is thought to be
indispensable for high activity and an aromatic residue [L/D-
Phe(4-F)] is incorporated into position 1, we tried to replace
D-Tyr5 by L/D-Arg5. Four analogues, 24–27, [L/D-Phe(4-F)1,
L/D-Arg5]-FC131, were prepared and assayed (Table 4). Among
these compounds [D-Phe(4-F)1, Arg5]-FC131, 25, showed the
most potent activity, which is 10-fold more potent than that
of [D-Tyr1, Arg5]-FC131, 28. Thus, it is thought that [D-Phe(4-
F)1, Arg5]-FC131, 25, is useful as a novel lead involving the
pharmacophores different from FC131, although 25 is 4-fold
less potent than FC131.


Conclusion
In summary, SAR studies on cyclic pentapeptides having
CXCR4-antagonistic activity, such as FC131, were performed.
Several analogues were synthesized to optimize side-chain
functional groups, involving constrained analogues that confor-
mationally fix the backbone and the side-chains. Taken together,
Arg, Nal and D-Tyr are the most suitable at position 2, 3 and 5,


respectively, than any other corresponding amino acid mimetics
that were tested in the present study. Furthermore, a novel lead
compound, which contains a 4-fluorophenyl group as the new
pharmacophore, was found.
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The oxidation products of selenomethionine (SeMet) have been studied via experimental 77Se NMR and theoretical
77Se chemical shifts. Four signals are observed: a diastereomeric pair of selenoxides at 840 ppm and two unidentified
resonances at 703 and 716 ppm. Theoretical DG and chemical shifts suggest the 703 and 716 ppm resonances
correspond to hypervalent selenium heterocycles, called selenuranes, formed by reaction with the amine or acid group
of the amino acid and the selenoxide. To identify which of these selenuranes is formed, the amine and acid groups
were individually protected. The N-formyl SeMet formed only the selenoxide pair at 840 ppm. The oxidized SeMet
methyl ester produced signals at 703 and 716 ppm which are assigned as the Se–N selenurane.


Introduction
Selenomethionine (SeMet), a major dietary source of Se,1 is
a naturally occurring amino acid found primarily in grains,
yeast, and some vegetables.2 It randomly replaces methionine2


in tissue proteins and can accumulate3 due to its long residence
time. SeMet is not incorporated directly into protein active sites,
but provides Se for the biosynthesis of selenocysteine (SeCys)
found in glutathione peroxidase and other selenoproteins. SeMet
can also act as an antioxidant4 and has been shown to follow
a catalytic cycle5 similar to glutathione peroxidase (GPx)6


(Scheme 1). The major oxidation product, SeMet selenoxide
2a, can be reduced back to SeMet with the addition of two
equivalents of thiol.5 Concentrations of Se above that required
for optimal enzyme activity have been shown to prevent cancer.7


SeMet has potential as a natural chemopreventative6 and is
currently in Phase III clinical trials.8


Scheme 1


Various groups have reported evidence for Se-
dihydroxyselenomethionine 3 in analogy to an intermediate
suggested in Oki and Iwamura’s mechanism for racemization
of selenoxides.9 Zainal et al. assign a 1018 cm−1 IR frequency
to the O–Se–O stretch of 3,10 and Block et al. report 3 in
an oxidized sample of SeMet due to a m/z = 232 peak11


corresponding to the mass of 2a and a molecule of water.
Shimizu et al. have presented evidence in favor of the formation
of a dihydroxyselenide intermediate, although this intermediate
appears to be shortlived.12 Additional work by Paetzold et al.
have shown via IR and Raman spectroscopy that the reported


† Electronic supplementary information (ESI) available: 1H, 13C, and
77Se NMR of SeMet derivatives, 77NMR of SeMet oxidations at pD 6
and 12, APT of oxidized selenomethionine at pD 11, COSY spectra of
SeMet and derivatives and HETCOR of oxidized selenomethionine. See
DOI: 10.1039/b513238j.


dimethyl and diethyl dihydroxyselenides are actually selenoxides
hydrogen-bonded to a molecule of water.13 These conflicting
reports warrant further investigation by other methods.


77Se NMR is a powerful analytical tool for direct observation
of Se speciation due to its ability to display small changes
in the Se environment over a large chemical shift range.14


Theoretical 77Se NMR has also been shown to be a potential
tool for the identification of species in spectra of biological
selenoproteins,15 in addition to its application to other organose-
lenium compounds.16 Subsequently, a study of the theoretical
77Se chemical shift using a series of basis sets and methods
showed that limited basis sets and either GIAO-MP2 or GIAO-
DFT(mPW1PW91) chemical shifts had an overall error of 13.4
and 11.4%, respectively.17


In this study, theoretical and experimental methods are
used jointly to identify the by-product in SeMet oxidation.
The experimental NMR analyses, in addition to 77Se and 1H
NMR, include COSY and HETCOR analysis of the oxidized
SeMet. We give details indicating the commonly reported
dihydroxyselenomethionine formation is actually unfavorable.
Instead of this dihydroxy compound, we present evidence for
the formation of a selenium heterocycle during the oxidation of
SeMet.


Results
1H NMR of SeMet shows a singlet at 2.0 ppm. The 1H
NMR spectrum of the oxidized SeMet reaction mixture shows
multiple products (Fig. 1). 77Se NMR was chosen as the
initial means of identification since its spectrum shows only
four Se-containing species, thus simplifying identification of
the products of oxidation. While the signals are slightly pH
dependent, four signals appear at pH 6: 839, 838, 716, and
703 ppm (Fig. 2).


Identification of selenomethionine selenoxide


The pair of signals at 839 and 838 ppm have been reported
as SeMet selenoxide.18 The typical range for selenoxides has
also been reported as 812–941 ppm.19 Therefore, these downfield
signals are assigned as the diasteromeric selenoxide pair. When
the pD of this sample is increased to above 11, the diastereomer
peaks coalesce. The existence of the diastereomers is confirmed
in the 13C spectra. By performing an attached proton test (APT),
the diastereotopic methyl carbons are clearly observed at about
30 ppm.D
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Fig. 1 1H NMR spectra of oxidized and unoxidized SeMet at pD 5.


1H NMR data agrees with the observation of the selenoxide.
The singlet at 2.0 ppm, which represents the unoxidized methyl
group, has Se satellites with 2J(CH3,Se) = 10 Hz (Fig. 1). After
oxidation, one of the newly formed signals appears at 2.65 ppm
with 2J(CH3,Se) = 12 Hz. This coupling constant is consistent
with methyl selenoxides (11.2–14.4 Hz).19


SeMet has been shown to have pH-dependent 1H signals.20


This behavior is also observed in the 77Se spectra at a pD range
from 4 to 10. The unoxidized SeMet signal shifts from 75 ppm
at pD 7 down to 69 ppm at pD 11. Similarly, the oxidized SeMet
diastereomer signals at 840 and 839 at pD 7 shift upfield by
4 ppm at pD 11. The shift can be attributed to the loss of
hydrogen bonding in the deprotonated species. When oxidized at
pDs below 4, SeMet slowly decomposes by b-elimination, giving
methylseleninic acid and other oxidation products.


Identification of unknown oxidation products


In addition to the selenoxide signals in the 77Se NMR spectra,
there are two signals at 703 and 716 ppm (Fig. 2a) which
do not correspond to any elimination product. Similarly, the
1H shows two singlets at 2.74 and 2.81 ppm. The singlet at
2.74 ppm shows Se satellites with 2J(CH3,Se) = 10.4 Hz.
Previous reports have assigned this singlet at 2.74 ppm to the
dihydroxyselenomethionine.20,21


The relative amounts of these species and the selenoxide are
pD dependent. From 1H integrations at pD 7, the ratio of
selenoxide to the unidentified compounds is approximately 4 :
5.5, but at pD 11 this ratio becomes 4 : 1.3. At higher pDs,
the signals at 2.74 and 2.81 are no longer visible and only
the selenoxide singlet appears at 2.65 ppm. Similar behavior
is observed in the 77Se spectra. At pD 7, the 703 and 716 ppm
signals are present with the selenoxide pair at 840 ppm. Above


pD 11, the selenoxide pair coalesces at 840 ppm and the
unknown signals disappear. When the same sample is acidified
and a new spectra collected, the selenoxide peaks separate, the
703 and 716 ppm resonances reform and the singlets at 2.74 and
2.81 increase in intensity.


COSY and HETCOR analysis


A COSY spectra of oxidized SeMet at pD 11 shows a single
methyl signal at 2.65 ppm, indicating the sole presence of 2a.
The only correlations observed at this pH are the b protons
around 2.0 ppm correlated to both the a and c protons at about
3.3 and 3.1 ppm respectively. Observation of only the selenoxide
supports the 77Se NMR observations at high pH, whereas
multiple products are observed at pD 8. The COSY spectra at pD
8 shows two different b protons coupled to different c protons
that appear to be enantiotopic. HETCOR analyses show three
different methyl groups, as well as allowing the assignment of
the c and a protons from the previously assigned 13C spectra.


Discussion
Nakanishi et al. have reported a cyclic selenium heterocycle
known as a selenurane in oxidized samples of selenoanisoles.19


The selenurane (4b) was favored at low pH; however, the
selenoxide (4a) was more stable at high pH (Scheme 2). Kurose
et al. also observed an acid–base equilibrium between bornyl
selenoxides and selenuranes.22 They found that by controlling
the pH of the reaction solution, they could preferentially form
the selenurane or selenoxide, and that this process was reversible.


Scheme 2


These previous studies suggest that selenurane formation may
occur in SeMet oxide through the amine or the carboxylic acid
(Scheme 3). An amine-based selenurane 5 could exist over a wide
pH range, while a carboxylic acid-based compound 6 would
be restricted to low pH due to the pKa values for the amine
and acid group: 9.28 and 2.13, respectively. When the pH of
the oxidized SeMet sample is adjusted to above 11, the pair of
signals ∼840 ppm coalesce and the pair at ∼700 ppm disappear
completely. When the pD is then decreased to 7, the selenoxide
pair separates again, while the signal at 703 ppm reforms. The
formation of only the 703 ppm peak indicates the presence of one
species. This acid–base equilibrium process appears identical


Fig. 2 77Se NMR of oxidized SeMet at (a) pD 7 and (b) pD 11.
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Scheme 3 Acid–base-dependent formation of possible selenuranes.


to that observed by Kurose et al.22 The measured coupling
constants 2J(Se,CH3) of these selenuranes range from 9.5–
10.9 Hz, while those for selenoxides are from 11.2–14.4 Hz. The
observed coupling constants for oxidized SeMet are 12.0 Hz
at 2.65 ppm and 10.4 Hz at 2.74, indicative of a selenoxide
and selenurane respectively. This selenurane is consistent with
a Se–N radical species reported by Assmann et al. in one-
electron reductions of 2a.23 Additionally, the 77Se NMR shows
the selenurane signal upfield relative to the selenoxide due
to increased shielding of the Se nucleus in its hypervalent
configuration; behavior that is identical to the oxidation of
selenoanisole.


Bayse has shown that theoretical 77Se chemical shifts of small
model compounds correlate well to those of selenoproteins and
selenoamino acids.15 Gauge-invariant atomic orbital (GIAO)
calculations were performed on models of selenuranes 3, 5 and 6
constructed from Me2SeO and water, formic acid, ammonia and
ammonium (Table 1 and Fig. 3). The hydrate discussed above
as an intermediate in selenoxide exchange is a minimum on the
PES and is exothermic with respect to Me2SeO and water, but
the chemical shift is too low to be the 700 ppm shift observed
in SeMet oxidation. This difference does not appear to be due
to deficiencies in the model or basis set. Our recent study17 of
the reliability of 77Se chemical shifts calculated theoretical shifts
in several basis sets for the model compound Me2Se(OH)2. The
consistency of those results precludes significant change in the
calculated values with larger basis sets. The amine and formic
acid derivatives are also exothermic hypervalent compounds,


Fig. 3 Bond distances (Å) and angles (◦) for model selenuranes
calculated at the B3LYP and mPW1PW91 (italics) levels.


but neither has a chemical shift in the proper range. Addition
of ammonium across the selenoxide bond gives a very stable
complex and, more importantly, a chemical shift very similar to
the unindentified resonance. The structure is similar to that of
the ammonia species but with a shorter Se–O and longer Se–N
distance.


Further theoretical calculations were performed on SeMet
oxide, the hydrate and the Se–O and Se–N selenuranes. Fully
protonated derivatives were used because the unidentified reso-
nances are observed primarily at low pH. Geometric parameters
for the lowest energy conformation of these derivatives are
shown in Fig. 4. Four isomers of the selenoxide were constructed
to reflect the chirality of the selenoxide group (R or S) and
the orientation of the carboxylic acid with respect to the
amine (interaction with OH or CO), and optimized at the
B3LYP and mPW1PW91 levels. In each case, a hydrogen bond
forms between the amine protons and the selenoxide oxygen,
which results in a bond length slightly longer (1.70 Å) than
that calculated for Me2SeO (1.67 Å). This hydrogen-bonded
interaction is an artifact of the gas-phase calculations and will
be replaced in aqueous solution by solvation of the two groups.
B3LYP shows the S-2aOH enantiomer (Fig. 4) to be the lowest
energy conformer (mPW1PW91 shows a slight preference for
R-2aOH), and this is chosen as the reference energy for all
conformations and derivatives. GIAO-MP2/B3LYP and GIAO-
DFT(mPW1PW91) show the S-enantiomers downfield of the
R-enantiomers by 20–25 ppm, a larger split than observed
experimentally. The GIAO-MP2//B3LYP chemical shifts of
the pair of enantiomers match very well with the experimental
observations of the selenoxide (2–3% error). The error for the
mPW1PW91 shifts is larger (5–6%), but our study of 77Se
chemical shifts17 showed that mPW1PW91 and other DFT
methods tend to overestimate the shielding of selenoxides.


The theoretical 77Se chemical shifts of the hydrate 3 are
roughly 150 ppm upfield of the observed resonance (GIAO-
MP2//B3LYP 530 ppm; GIAO-DFT(mPW1PW91) 498 ppm).
The theoretical DGf of the hydrate from water and the selenoxide
is also unfavorable (28 kcal mol−1), but the magnitude is likely
due to the loss of the hydrogen bonding in 2a. The local geometry
around Se indicates hypervalency as for model 7 with a slight
asymmetry in the Se–O bond distances (Fig. 4). The charge
on Se is more positive than 2a, suggesting that 3 should be
found upfield of the selenoxide. GIAO calculations suggest that
the hydrate should appear in the range 500–550 ppm, but no
proposed hydrate has been reported in this region.


The stereochemistry of the selenoxide and the pucker of
the five-membered ring allow for four different conformations
(labels a–d) of the Se–N selenurane 5a (Scheme 4). An additional
four conformations can be generated from the orientation of the
carboxylic acid with respect to the amine (interaction with OH or
CO). The optimized geometries of 5a (Fig. 4) compare favorably
with the model compound 10, each showing the linear N–Se–
O bond angle of hypervalent selenium. The Se–N distances
are ∼0.08 Å shorter than 10 due to intramolecular hydrogen
bonding to the carboxylic acid group and the steric restraints
of the ring. Of the two possible orientations of -COOH, that
with OH interacting with the amine hydrogens is most stable; all
four 5OH comformers lie within 1.0 kcal mol−1 of S-2aOH, whereas


Table 1 Theoretical 77Se chemical shifts (ppm) and reaction energies (kcal mol−1) for model selenuranes Me2Se(X)(OH)


XH DEa B3LYP dSe GIAO-MP2/B3LYPb DEa mPW1PW91 dSe GIAO-DFT mPW1PW91b


7 HOH −4.71 476 −5.55 507
8 HCOOH −8.34 579 −8.98 552
9 NH3 −9.76 374 −7.90 351
10 NH4


+ −34.2 740 −33.9 696


a DE for the reaction Me2SeO + XH → Me2Se(X)(OH). b Calculated relative to Me2Se at the same level and basis set.
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Scheme 4


DG = 5–8 kcal mol−1 for the 5CO structures. Donation of electron
density from the carboxylic acid group decreases the acidity of
the amine protons, allowing for a more basic nitrogen and a
stronger Se–N bond. The reduced acidity of these protons also
makes them less acidic than the Se–OH proton, the Mulliken
charge of which is +0.7e greater than the amine protons. A
rough estimate of the acidity of the Se–OH proton based upon
H2O, H3O+, NH3 and NH4


+ gives a pKa of 11.4, implying that
5a may be observable even at high pH. Therefore, at high pH
the OH proton will be lost first, causing the selenurane ring to
collapse back to the selenoxide. Alternatively, this species may
be formulated as an intramolecular interaction between the lone
pair of the amine and a protonated selenoxide.


The theoretical 77Se chemical shifts of 5aOH are upfield of 2a,
as expected from the hypervalent structure and the increased
charge on Se. The GIAO-MP2/B3LYP shifts in Table 2 range


from 748–763 ppm, only slightly upfield of the selenoxides.
However, the GIAO-DFT(mPW1PW91) shifts are an almost
perfect match to the experimentally observed resonances (710–
729 ppm). The lowest energy conformation a-5aOH (Figure 5) is
upfield of the other three OH conformations by 10–20 ppm, so
these results may indicate that the 703/716 pair consists of two
stable conformations of the Se–N selenurane.


Four conformations were calculated for the Se–O selenurane
6: boat vs. chair and axial vs. equatorial orientation of the
Se methyl group. Despite the data collected on the model
compounds, the Se–O selenurane also has theoretical shifts
in the range of the experimentally observed resonances. These
structures (e.g., ax-chair-6 in Fig. 4) show a shorter Se–OH bond
than the hydrate due to asymmetry of the 3c4e bond, and an
acidic SeOH proton that would be lost in basic pH to reform
the selenoxide. However, these species are endergonic relative to
the selenoxides. The Se–O bond to the carboxylic acid is slightly
shorter than that in the crystal structure of 4b (2.378 Å).24


The theoretical results suggest that the resonances at 703
and 716 ppm are Se–N selenuranes, but cannot conclusively
eliminate the Se–O species. Experimental confirmation of
the theoretical results was sought by derivatizing SeMet to
block interactions between Se and the amino acid groups.
Esterification was used to prevent formation of 6 whereas
conversion of SeMet to a formyl amide was used to pre-
vent formation of 5a by reducing the Lewis basicity of the
nitrogen.


Upon oxidation of the N-formyl derivative at pH 12, the 77Se
spectra showed only two signals at 840 and 839 ppm. Proton
NMR shows a single methyl group at 2.62 ppm. Although the
Se satellites are not observed through the baseline noise, the
chemical shift is similar to that of the SeMet selenoxide. When
the pH of the solution was decreased, only the selenoxide pair in
the Se NMR and the single methyl signal in the proton spectra
remained. The oxidized methyl ester derivative 5b at low pH
shows signals at 703 and 723 ppm, the exact signals observed
in the 77Se NMR SeMet oxidation spectra. The proton spectra
show methyl signals at 3.77 ppm, corresponding to the ester


Fig. 4 Bond distances (Å) and angles (◦) for the lowest energy conformations of 2a, 3a, 5a and 6 calculated at the B3LYP and mPW1PW91 (italics)
levels.
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Table 2 Theoretical 77Se chemical shifts (ppm) and relative Gibbs free energies (kcal mol−1) for SeMet derivatives


DGa B3LYP dSe GIAO-MP2/B3LYPb DGa B3LYP dSe GIAO-DFT (mPW1PW91)b


S-2aOH 0.00 832 0.00 787
S-2aCO 1.69 836 1.81 795
R-2aOH 5.13 820 −0.13 776
R-2aCO 1.69 828 1.71 786
3a 28.05 530 28.01 498
a-5aOH 0.11 748 0.81 710
b-5aOH −0.09 763 0.03 729
c-5aOH 0.24 753 0.22 719
d-5aOH 0.50 754 0.61 716
a-5aCO 7.71 739 7.78 697
b-5aCO 7.05 754 6.93 716
c-5aCO 5.68 775 6.16 738
d-5aCO 6.27 759 6.23 683
eq-chair-6 10.30 775 10.39 675
ax-chair-6 7.62 720 7.67 698
ax-boat-6 12.12 722 12.21 743
eq-boat-6 9.07 732 8.85 684


a DG is calculated relative to S-2aOH. b Calculated relative to Me2Se at the same level and basis set.


Table 3 Theoretical 77Se chemical shifts (ppm) and relative Gibbs free energies (kcal mol−1) for derivatives of SeMet methyl ester


DGa B3LYP dSe GIAO-MP2/B3LYPb DGa B3LYP dSe GIAO-DFT (mPW1PW91)b


S-2bOH 0.00 828 0.00 774
S-2bCO 0.16 835 0.06 804
R-2bOH −1.92 821 −1.95 776
R-2bCO −0.08 829 −0.05 784
a-5bOH −0.92 741 −1.36 705
b-5bOH −0.24 753 −1.16 717
c-5bOH −1.00 747 −1.34 713
d-5bOH 2.11 721 1.76 673
a-5bCO −2.69 731 −3.05 690
b-5bCO −3.55 748 −3.66 711
c-5bCO −2.83 748 −4.40 713
d-5bCO −3.54 745 −1.13 706


a DG is calculated relative to S-2aOH. b Calculated relative to Me2Se at the same level and basis set.


methyl, and two signals at 2.83 and 2.87 ppm, which represent
the Se methyls of two enantiomers of the selenurane. The a-
H appears at 4.6 ppm, slightly further downfield due to the
increased electron density from the Se now interacting with the
amine nitrogen. At pH values above 7, the ester undergoes
base-catalyzed hydrolysis and the resultant spectrum is that
of the oxidized SeMet. Geometry optimizations of the SeMet
methyl ester derivatives 5b give similar structures and theoretical
shifts to the SeMet selenuranes 5a (Table 3), but the 5bCO


conformations are lower in energy. Notably, formation of the
Se–N selenuranes is exergonic, which reflects the sole formation
of the 700 ppm resonances in the experiment.


Conclusions
The oxidation of selenomethionine using hydrogen peroxide
in aqueous solutions generates the expected selenomethionine
oxide as well as a Se–N selenurane as detected by 1H and
77Se NMR. The selenoxide 2 and Se–N selenurane 5 are in an
acid–base equilibrium with one another, and the zwitterionic
character of SeMet aids in stabilization of the selenurane. The-
oretically obtained 77Se chemical shifts are in good agreement
with experimental results for both 2a and 5a. The DG for the Se–
N selenurane is zero, explaining the observation of both 2a and
5a in the oxidation of SeMet. The exergonic DG for 5a accounts
for the sole formation of the selenurane during the oxidation of
the methyl ester derivative.


Assignment of the 703/716 pair of resonances to the Se–N
selenuranes was confirmed by partially protecting the amino
acid group. Blocking the amine group not only prevents the


formation of the Se–N selenurane, but also shows that the
dihydroxyselenide 3 does not exist as a stable intermediate. These
results also demonstrate that when SeMet incorporated into
proteins is oxidized, it will be in the selenoxide form rather than
form a cyclic heterocycle as has been shown for selenocysteine.25


Experimental
L-(+)-Selenomethionine 1 99% ee and 35% wt% H2O2 were
purchased from Acros. Deuterium oxide 99.0% was purchased
from Aldrich Chemical Company. All reagents were used
without further purification. NMR spectra were collected on
a Varian 400 MHz Unityplus NMR spectrometer (1H NMR
at 399.88 MHz; 13C NMR at 100.55 MHz; 77Se NMR at
76.26 MHz) using 3-(trimethylsilyl)-1-propane sulfonic acid
sodium salt (TPS) and Me2Se (DMSe) as external standards.
All reported shifts are relative to DMSe or TPS (0 ppm). 13C
and 77Se spectra were proton-decoupled continuously using
the WALTZ-16 decoupling scheme. FIDs were imported and
transformed using BioRad KnowItAll Informatics v4.0 software
for clarity. FT-IR spectra were taken on a Nicolet Magna-IR
560 spectrometer (KBr). Melting points were obtained on a
HaakeBuchler melting point apparatus and are uncorrected. pH
was measured with an Accumet micropH probe and pH meter
with an expanded scale.


Oxidations were carried out by preparing a 0.10 M solution
of 1 or its derivative in D2O and adjusting its pH with NaOD
or DCl. A crystal of TPS was added to the solution. The 1H
spectra of the unoxidized sample was collected and a microbulb
(Wilmad #529-A) of DMSe was placed in the NMR tube. After
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1H and 77Se spectra of the unoxidized sample were collected,
an equimolar portion of 30% H2O2 was added to the tube. 1H
and 77Se spectra were then collected for the oxidation reaction
mixture.


Selenomethionine methyl ester hydrochloride


Using a modification of Rachele’s procedure,26 L-(+)-
selenomethionine (0.1961 g, 1 mmol), 2,2-dimethoxypropane
(15 mL), and conc. HCl (1 mL) were added to a 50 mL
Erlenmeyer flask. The mixture was left unstirred for 18 h,
resulting in a dark orange-brown solution. The solvent and
resulting MeOH were removed in vacuo, yielding a dark brown
solid. The solid was dissolved in a minimum amount of dry
methanol and precipitated out of solution with anhydrous ether.
The ester hydrochloride was recrystallized to yield 0.1755 g
(83%) of a yellow-white flaky solid. Mp: 137–140 ◦C. IR: m 1746,
1485, 1238, 1216, 1182, 1147 cm−1. 1H NMR: d 1.95 (s, 3H),
2.14–2.37 (m, 1H), 2.60 (t, 1H), 3.58 (s, 3H), 4.22 (t, 2H) ppm.
13C NMR: d 5.8, 21.3, 32.3, 55.0, 56.1, 172.9 ppm. 77Se NMR: d
69.7 ppm (pD = 2).


N-Formyl selenomethionine


Using a modification of Sheehan and Yang’s procedure,27 L-
(+)-selenomethionine (0.1991 g, 1 mmol) and formic acid
(2.5 mL, 88%) were added to a 5 mL round-bottomed flask
with a magnetic stir bar. Acetic anhydride (0.83 mL) was added
dropwise, and the mixture stirred for 1 h. 0.2013 g (88%) of a
white waxy precipitate was separated by filtration and deemed
pure by TLC and NMR. Mp: 86–87 ◦C. IR (neat): m 3353, 1705,
1612, 1357, 1227 cm−1. 1H NMR: (400 MHz, D2O) d 1.9 (s,
3H), 2.04–2.26 (m, 1H), 2.48–2.72 (t, 2H), 4.6 (q, 2H), 8.15 (s,
1H), 15.00 (s, 1H) ppm. 13C NMR: d 6.0, 23.2, 35.0, 56.4, 166.4,
180.6 ppm. 77Se NMR: d 63.2 ppm (pD = 4).


Theoretical methods


Geometry optimizations were performed at the DFT/B3LYP28


and DFT/mPW1PW9129 level in Gaussian 98.30 Selenium was
represented by the Hurley et al.31 relativistic effective core
potential double-f basis set augmented with even-tempered s, p,
and d diffuse functions. Nitrogen and oxygen were represented
by Dunning’s split-valence triple-f plus polarization function
basis set.32 Carbon basis sets were double-f plus polarization
quality.33Hydrogens attached to non-carbon heavy atoms were
triple-f in quality32 while those attached to carbon were double-
f.33 Vibrational frequencies were calculated to confirm structures
as stationary points on the potential energy surface. Chemical
shifts were calculated by GIAO34-MP2 from the DFT/B3LYP
optimized geometry and GIAO-DFT(mPW1PW91) at the
DFT/mPW1PW91 optimized geometry. The selenium ECP
basis set was replaced in the GIAO calculations with the all-
electron basis of Schafer et al.35
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The Diels–Alder cycloadditions of the a-acetoxynitroso dienophile 1 in water are reported. The rapid and high
yielding synthesis of structurally diverse 3,6-dihydro-1,2-oxazines complements the straightforward elaboration of
aminoalcohols obtained from the a-acetoxynitroso derivative 1 in anhydrous medium. A rationale for this
solvent-dependent product distribution is proposed.


Introduction
Since its first report in 1947,1 the nitroso Diels–Alder cycload-
dition has proved to be a useful synthetic tool to prepare 3,6-
dihydro-1,2-oxazines, and asymmetric versions of this [4 + 2]
cycloaddition have mainly relied on chiral nitroso derivatives.2


In addition, the synthesis of enantiopure 3,6-dihydro-1,2-
oxazines from achiral starting materials in a catalytic fashion
has been an exciting field over the past few years.3 Recent
accomplishments include the use of organocatalysis4 and chiral
Lewis acid catalysis.5 We recently reported the synthesis of the
a-acetoxynitroso derivative 1 and its application as a useful
dienophile in nitroso Diels–Alder cycloadditions.6 During the
course of our investigations, an unanticipated reaction involving
N–O bond scission was observed, leading to synthetically
valuable 1,4-aminoalcohol 3 in a one-pot operation (2/3 <4 :
96, Scheme 1). Moreover, we found that a catalytic amount
of Lewis acid such as Cu(OTf)2 or Zn(OTf)2 was necessary to
ensure reproducible results.


Scheme 1 The [4 + 2] cycloaddition reaction of heterodienophile 1 in
an anhydrous medium.


We recently observed that, quite surprisingly, traces of water
led to a dramatic reversal of the product distribution. Since
the pioneering studies of Breslow, reaction rates, and the regio-
and stereochemistry of Diels–Alder [4 + 2] cycloadditions have
been known to be influenced by aqueous media.7 However,
the impact of water on nitroso Diels–Alder reactions has been
much less studied.8 Kibayashi has elegantly shown that the
addition of water increased the cis/trans selectivity of the
intramolecular acylnitroso cycloaddition.9 The corresponding
intermolecular cycloaddition reaction has not been reported,
which might be due to the limited lifetime of acylnitroso
species in organic solution (∼1 ms).10 The addition of a small
amount of water (0.5% v/v) to the reaction solvent (2-propanol–
chloroform) was also found to increase the yield of the [4 + 2]
cycloaddition product of a-chloronitroso derivatives.11 Engberts


† Corresponding author for the crystallographic data.


also reported that water was able to stabilize the otherwise
unstable cycloadduct of nitrosobenzene and cyclopentadiene.12


This article describes our results concerning the reactivity
of an a-acetoxynitroso dienophile towards 1,3-cyclohexadiene
in wet toluene and water. The scope of this cycloaddition
with diversely substituted cyclic and acylic 1,3-dienes was also
studied.


Results and discussion
Synthesis of the a-acetoxynitroso dienophile 1


The a-acetoxynitroso derivative 1 has been obtained by ox-
idation of the corresponding oxime 6.6 However, large-scale
preparation of the latter by the literature procedure proved
to be cumbersome due to the handling of large amounts of
aluminum amalgam.13 Therefore, a more scalable route had to
be devised. Acetalization of 2-bromo-2-nitro-1,3-propanediol 4
afforded the corresponding nitro derivative 5 in 73% yield. Zinc-
mediated debromination followed by O-benzylation initiated a
Kornblum-like reaction, leading to the desired oxime 6 in 66%
yield (Scheme 2).14 Oxidation of 6 with diacetoxyiodobenzene
in CH2Cl2 at room temperature led cleanly to the desired
a-acetoxynitroso dienophile 1 in 74% yield. Lowering the
temperature to 0 ◦C led to the concurrent formation of the
corresponding azoxy derivative 715 (25%), whose structure was
determined by X-ray diffraction crystallography (Fig. 1).


Scheme 2 Synthesis of heterodienophile 1.D
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Fig. 1 X-Ray crystal structure of azoxy derivative 7.


Reactivity of dienophile 1 with 1,3-cyclohexadiene in wet toluene


The reactivity of dienophile 1 towards 1,3-cyclohexadiene in
various solvent systems was then evaluated (Table 1). Zinc
triflate (20 mol%) was selected as a promoter since this Lewis
acid proved to be more water-tolerant than copper triflate
(vide infra). The Zn(OTf)2-promoted cycloaddition reaction in
anhydrous toluene led exclusively to the hydroxycarbamate 9
(Table 1, entry 1, 8/9 = 8 : 92).6


In the presence of only two equivalents of water, a totally
different product distribution was observed, the protected
cycloadduct 8 being the major product of the crude reaction
mixture (Table 1, entry 2, 8/9 = 60 : 40). The nitroso Diels–
Alder cycloaddition of 1 in the presence of 20 mol% of zinc
triflate can even be conducted in pure water, in the absence of
any organic solvent (Table 1, entry 4). The reaction was very
clean and considerably faster than under anhydrous conditions
(15 min vs. 4 h). Eventually, the optimal 8/9 ratio was found
in pure water when zinc triflate was omitted (Table 1, entry
5, 8/9 >98 : 2). The characteristic blue color of dienophile 1
disappeared in 30 min, a slightly longer reaction time than in
the presence of zinc triflate (Table 1, entries 4 vs. 5). The desired
cycloadduct 8 was thus isolated in 74% yield for two steps.


The use of other Lewis acids (20 mol%) was investigated
for the cycloaddition of dienophile 1 with 1,3-cyclohexadiene
in water (Table 2). Copper triflate, the best promoter under
anhydrous conditions, performed poorly, leading to 23% of a
8/9 = 90 : 10 mixture (entry 1). Scandium triflate,16 ytterbium
triflate16 cerium trichloride and lithium chloride led to moderate-
to-good yields (45, 50, 61 and 70% respectively). However,
the 8/9 selectivity was not as high as previously obtained
without any Lewis acid.17 Therefore, Lewis acids were omitted


Table 1 [4 + 2] Cycloaddition reaction of heterodienophile 1 with 1,3-
cyclohexadiene in the presence of Zn(OTf)2 and water


Entry Zn(OTf)2 Water (equiv.) Timea Yieldb 8/9c


1 20 mol% —d 4 h 40% 8 : 92
2 20 mol% 2 4 h 39% 60 : 40
3 20 mol% 10 4 h 53% 85 : 15
4 20 mol% H2O only 15 min 78% 90 : 10
5 — H2O only 30 min 74% >98 : 2


a For 100% conversion of 1. b Isolated yield (two steps). c Ratio deter-
mined by integration of the crude 1H NMR spectra and/or by GC.
d Powdered 4 Å molecular sieves were used as a drying agent.


Table 2 Lewis acids screened for the aqueous [4 + 2] cycloaddition
reaction of heterodienophile 1 with 1,3-cyclohexadiene


Entry Lewis acid Yielda 8/9b


1 Cu(OTf)2 23% 90 : 10
2 Sc(OTf)3 45% 92 : 8
3 Yb(OTf)3 50% 91 : 9
4 CeCl3·7H2O 61% 94 : 6
5 LiClc 70% 92 : 8


a Isolated yield (two steps). b Ratio determined by integration of the
crude 1H NMR spectra and/or by GC. c 100 mol%.


when exploring the scope of this aqueous nitroso Diels–Alder
cycloaddition.


These preliminary experiments highlighted the synthetic
potential of the a-acetoxynitroso dienophile 1, since a simple
switch of solvent, from anhydrous toluene to water, allowed the
selective formation of either the protected aminoalcohol 9 or
its parent cyclic system 8, in high yield from the same nitroso
species.


Scope of the aqueous cycloaddition of dienophile 1 with diversely
substituted 1,3-dienes


The scope of the [4 + 2] cycloaddition of 1 under the optimal
aqueous conditions with different dienes was studied next (Ta-
ble 3). Two classes of 1,3-dienes were evaluated: cyclic and acyclic
symmetric 1,3-dienes (10a–b and 12a–b), and cyclic and acyclic
dissymmetric 1,3-dienes (14a–d and 16), dissymmetric dienes
raising the issue of regiocontrol18 during the cycloaddition.
When the solubility of the diene was a problem, tetrahydrofuran
was used as a miscible cosolvent.


Cyclic and acyclic symmetric 1,3-dienes


Cyclopentadiene and cycloheptadiene led to the corresponding
cycloadducts 11a and 11b in 65 and 56% yield respectively
(Table 3, entries 1 and 2). Improved yields of cycloadducts were
obtained with symmetric acyclic 1,3-dienes 12a and 12b (69 and
100% yield, entries 3 and 4).


In all these experiments, the corresponding N–O bond cleaved
products were not detected in the 1H NMR spectrum of the crude
reaction mixture.


Cyclic and acyclic dissymmetric 1,3-dienes


Dissymmetric acyclic 1,3-dienes 14a–d led to moderate-to-good
yields (44–80%) of 3,6-dihydro-1,2-oxazines 15a–d19 (Table 3,
entries 5–8). A drop in yield and regioisomeric ratio was
observed when the cycloaddition reaction was carried out with
1,3-diene 14c rather than 1,3-diene 14b (entries 7 and 6, 63 : 37
vs. 80 : 20). Intermolecular H-bonding in the endo transition
state between the primary alcohol function of 14b and the
oxygen atom of the nitroso moiety of 1 might help to reinforce
the intrinsic preference18 of the 1,3-diene 14b for the proximal
cycloadduct (Fig. 2). This hypothesis was supported by the lower
regioselectivity in the cycloaddition of protected diene 14c.


Actually, Wajer20 had shown that the oxygen atom of
a C-nitroso compound was a proton acceptor in hydrogen
bonding. A closely related intramolecular H-bond between a
hydroxyl function and the oxygen atom of a nitroso moiety
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Fig. 2 Proposed H-bonding in the endo transition state for the
cycloaddition of a-acetoxynitroso derivative 1 with 1,3-diene 14b.


was also invoked by Kirby21 and Procter22 in their studies of
a-hydroxyacylnitroso dienophiles.


Use of the 1,3-diene 14d rather than 14c led to a complete
reversal of proximal/distal regioisomeric ratio (Table 3, entries
8 and 7, 2 : 98 vs. 63 : 37), which confirmed that a phenyl
substituent has a much stronger directing effect than a methyl
group.


Finally, the sensitive23 2-aryl-1,3-cyclohexadiene 16 was eval-
uated, in relation to the ongoing total synthesis of a natural
product (Table 3, entry 9). The nitroso Diels–Alder cycloaddi-
tion of dienophile 1 in aqueous THF afforded the proximal (pr)
and distal (ds) regioisomers18 17 in a 1 : 1 ratio and a moderate
49% combined yield after protection.


Rationale for the solvent-dependent product distribution


Among the different strategies known for the elaboration
of dihydrooxazines by nitroso Diels–Alder cyloadditions, this
methodology has the advantage of being flexible, allowing
straightforward access to the N–O bond cleaved product 21
in anhydrous solvent, or the corresponding 3,6-dihydro-1,2-
oxazine 25 in aqueous medium (Scheme 3). The sequence leading
to 21 can be explained by considering that the intermediate
18 undergoes iminium–enamine tautomerization, thereby gen-
erating 19. The latter could then initiate a spontaneous and
irreversible N–O bond cleavage, leading via the acidic hydrolysis
of 20 to 21.24 In contrast, dihydrooxazine 25 was the only product
obtained when water was used as a solvent. This mechanistic
dichotomy can be understood by considering that water might
act as a nucleophile, able to intercept the iminium species 18
before tautomerization to enamine 19, thereby funneling the
reaction pathway to 23.


The presence of ketone 24 in the aqueous reaction medium
was ascertained by TLC mobility in several solvent systems
vs. an authentic sample of 24.25 Moreover, indirect proof of
the presence of ketone 24 was obtained in the cycloaddition
of a-acetoxynitroso 1 with cyclopentadiene (Scheme 4). After
cycloaddition reaction, the usual acidic hydrolysis of the re-
action mixture was omitted due to the reported instability of


the corresponding bicylic 3,6-dihydro-1,2-oxazinium chloride.26b


Protection of the amino moiety as a tert-butyl carbamate in
basic aqueous THF led to the desired protected cycloadduct
11a (65%) and to the hydroxyketone 26 (12%), arising from self-
condensation of ketone 24.


Scheme 4 Indirect proof of the presence of ketone 24.


Conclusion
We have reported the Diels–Alder cycloaddition of the a-
acetoxynitroso dienophile 1 in an aqueous medium. From the
same nitroso derivative 1, it is possible to selectively obtain
3,6-dihydro-1,2-oxazines in an aqueous medium, or the corre-
sponding N–O bond cleaved products in an anhydrous medium.
This aqueous version is convenient since no additives such as
Lewis acids or surfactants are required to reach synthetically
useful yields. The extension of this methodology to the synthesis
of biologically active natural products is underway in our
laboratories.


Experimental
Material and methods


All reactions were conducted in flame-dried or oven-
dried glassware under an atmosphere of dry nitrogen. All
solvents were purified before use unless otherwise indi-
cated. Tetrahydrofuran, diethyl ether and toluene were dis-
tilled over sodium/benzophenone ketyl anion under ar-
gon. Dichloromethane was distilled over CaH2 under argon.
Analytical-grade water was obtained from a Millipore Elix 10
system. All other reagents were purchased and used without
further purification. Molecular sieves (powdered, 4 Å) were
heated at 560 ◦C for 14 h, cooled in vacuo and stored in
a Schlenk flask under dry nitrogen. Solvent removal was
performed at reduced pressure using a rotary evaporator with
water aspiration. Analytical thin layer chromatography (TLC)
was performed on glass plates precoated with a 0.25 mm
thickness of Kieselgel 60 F254. The TLC plates were visualized by


Scheme 3 Mechanistic dichotomy for the reaction of 1 in aqueous vs. anhydrous media.
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shortwave UV light, potassium permanganate, p-anisaldehyde
or ceric ammonium molybdate stain. Flash chromatography
was performed according to the method of Still on Kieselgel
60 (230–400 mesh) silica gel. Infrared spectra were recorded as
thin films on NaCl plates using a Perkin–Elmer Spectrum One
FT-IR spectrophotometer. 1H NMR spectra were measured at
400 MHz, 360 MHz, 250 MHz or 200 MHz on Bruker Advance
400, AC360, AC250 (or AM250) or AC200 spectrometers, using
CDCl3 as solvent. Chemical shifts are reported in d units to
0.01 ppm precision, with coupling constants reported to 0.1 Hz
precision using residual chloroform (d 7.27 ppm) as an internal
reference. Multiplicities are reported as follows: s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, m = multiplet,
bs = broad singlet. 13C NMR spectra were measured at 100 or
62.5 MHz using CDCl3 (d 77.0 ppm) as an internal reference. The
GC device (9000 series, Fisons instruments, capillary column
CP Sil 19 CB, 25 m length, 0.25 mm inside diameter, 0.20 lm
film thickness, helium as carrier gas) was fitted with a hardware
(NCI 9000 series interface) and software (Turbochrom) system
developed by Perkin–Elmer. GC conditions were: 140 to 280 ◦C,
10 ◦C min−1, pHe = 50 kPa. Retention times (tR) are: 8, 5.41 min;
9, 6.32 min; internal standard (dibutylphthalate), 9.65 min.
Mass spectra were measured on a MAT 95S Finnigan–Thermo
spectrometer at the Institut de Chimie Moléculaire d’Orsay
(ICMMO) Mass Spectrometry Laboratory. Elemental analyses
were performed at ICSN, CNRS (Gif sur Yvette, France).
Compounds 8, 9, 11a, 13a–b, 15a–d-pr, 15a–d-ds, have been
described previously.26


Synthesis of 2,2-dimethyl-5-nitroso-1,3-dioxanyl acetate (1)


5-Bromo-2,2-dimethyl-5-nitro-1,3-dioxane (5). The follow-
ing procedure was adapted from Lechevallier and co-workers.27


2-Bromo-2-nitropropan-1,3-diol 4 (25 g, 125 mmol) in acetone
(46 mL) was stirred at room temperature until complete disso-
lution. Toluene (250 mL) and p-toluenesulfonic acid (0.24 g,
1.25 mmol) were added and the flask was equipped with a
Soxhlet extractor filled with dry 4 Å molecular sieves. The
reaction mixture was heated to 120 ◦C, and additional acetone
(2 × 46 mL) was added until no starting material could be
detected by TLC analysis (24 h). The solution was cooled to
room temperature, saturated aqueous NaHCO3 was added and
the aqueous phase was extracted with EtOAc. The combined or-
ganic phases were dried over MgSO4, filtered and concentrated.
The crude solid was purified by flash chromatography on silica
gel (heptane–acetone = 95 : 5 to 50 : 50) to give 5 (21.8 g, 73%)
as a tan powder, mp 76–77 ◦C (lit.,28,29 81–83 ◦C, 77–78 ◦C); 1H
NMR (400 MHz, CDCl3) d 4.78 (2H, d, J 13.0 Hz, 2 × OCH2C),
4.27 (2H, d, J 13.0 Hz, 2 × OCH2C), 1.54 (3H, s, C(2)Me), 1.38
(3H, s, C(2)Me). These spectroscopic data were in agreement
with those previously reported.29


2,2-Dimethyl-5-nitro-1,3-dioxane. To a solution of 5-bromo-
2,2-dimethyl-5-nitro-1,3-dioxane 5 (17.8 g, 74.2 mmol) in THF
(285 mL) was added hydroxylamine hydrochloride (6.30 g,
90.7 mmol) in water (47 mL). The solution was cooled to 0 ◦C
and zinc (7.6 g, 116 mmol) was added in portions over 20 min.
After 2 h 30 min, the reaction mixture was concentrated to
60 mL. Saturated aqueous NaHCO3 was added and the aque-
ous phase was extracted with EtOAc. The combined organic
phases were dried over MgSO4, filtered and concentrated. The
crude solid was purified by flash chromatography on silica gel
(heptane–CH2Cl2 = 80 : 20) to give 2,2-dimethyl-5-nitro-1,3-
dioxane (10.16 g, 85%) as a white solid, mp 68 ◦C (lit.,27,30 59–
60 ◦C, 60–61 ◦C); mmax/cm−1 1557, 1380, 1199, 1120, 1065, 820;
1H NMR (200 MHz, C6D6) d 4.11 (2H, dd, J 4.0 and 13.2 Hz,
2 × OCH2CH), 3.42 (2H, dd, J 3.8 and 13.2 Hz, 2 × OCH2CH),
3.26 (1H, q, J 4.0 Hz, CH2CHCH2), 1.28 (3H, s, C(2)Me), 1.12
(3H, s, C(2)Me); 13C NMR (62.5 MHz, C6D6) 98.8, 77.3, 59.6,
27.0, 19.7.


2,2-Dimethyl-1,3-dioxan-5-one oxime (6). To a solution of
2,2-dimethyl-5-nitro-1,3-dioxane (1 g, 6.21 mmol) in THF
(62 mL) was added benzyl bromide (0.82 mL, 6.83 mmol),
powdered potassium hydroxide (366 mg, 6.52 mmol) and
tetrabutylammonium iodide (115 mg, 0.31 mmol). The reaction
mixture was stirred at room temperature for 1 h and quenched
with saturated aqueous NH4Cl. The aqueous phase was ex-
tracted with CH2Cl2 and the combined organic phases were
dried over MgSO4, filtered and concentrated. The residue was
purified by flash chromatography on silica gel (toluene–EtOAc
= 90 : 10) to give 6 (706 mg, 78%) as a white solid. Spectroscopic
data were in agreement with those previously reported.13


2,2-Dimethyl-5-nitroso-1,3-dioxan-5-yl acetate (1) and acetic
acid 5-(5-acetoxy-2,2-dimethyl-[1,3]dioxan-5-yl-ONN-azoxy)-
2,2-dimethyl-[1,3]dioxan-5-yl ester (7). To a solution of
2,2-dimethyl-1,3-dioxan-5-one oxime 6 (502 mg, 3.46 mmol)
in CH2Cl2 (35 mL) at 0 ◦C under argon was added
(diacetoxyiodo)benzene (1.11 g, 3.46 mmol). After 3 h at
room temperature, the reaction mixture was poured into
saturated aqueous NaHCO3 (25 mL). The aqueous layer was
extracted with CH2Cl2, washed with brine, dried over MgSO4,
filtered and concentrated under reduced pressure. The crude
blue oil was purified by flash chromatography on silica gel
(pentane–diethyl ether = 95 : 5, 80 : 20, 50 : 50) to give 1
(522 mg, 74% from 6) as a bright blue oil and 7 (48.6 mg, 7%) as
a colorless solid. 1: Rf (heptane–ethyl acetate = 80 : 20) = 0.46;
Anal. calcd. for C8H13NO5: C 47.29, H 6.45, N 6.89; found: C
47.26, H 6.51, N 6.81; kmax(CHCl3)/nm 665 (e/dm3 mol−1 cm−1


27); mmax/cm−1 1756, 1570, 1375, 1294, 1221, 1100; 1H NMR
(200 MHz, CDCl3) d 4.29 (2H, d, J 12.7 Hz, OCH2C), 3.78
(2H, d, J 12.7 Hz, OCH2C), 2.23 (3H, s, C(O)CH3), 1.54 (3H, s,
C(2)Me), 1.47 (3H, s, C(2)Me); 13C NMR (62.5 MHz, CDCl3)
166.8, 121.0, 100.3, 59.8, 23.6, 23.0, 20.5; m/z LRMS (ES)
775.3 [4(M − Me) + Na]+, 399.1 [2(M − Me) + Na]+. 7: Anal.
calcd for C16H26N2O9: C 49.23, H 6.71, N 7.18; found: C 49.45,
H 6.65, N 7.33; mmax/cm−1 1760, 1223, 1158, 830; 1H NMR
(250 MHz, CDCl3) d 4.55 (1H, d, J 18.0 Hz, OCH2C), 4.42
(1H, d, J 18.0 Hz, OCH2C), 4.20–4.02 (6H, m, 6 × OCH2C),
2.18 (3H, s, C(O)CH3), 2.08 (3H, s, C(O)CH3), 1.44 (6H, s,
2 × C(2)Me), 1.41 (6H, s, 2 × C(2)Me); 13C NMR (90 MHz,
CDCl3) 168.7, 168.4, 100.2, 100.1, 99.3, 89.6, 64.1, 62.5, 24.1,
24.0, 23.4, 22.0, 21.7, 20.4, 20.1.


Crystal data. 7: C16H26N2O9, M = 390.39, orthorhombic, a =
10.6750(4), b = 10.8521(5), c = 33.5940(12) Å, V = 3891.7(3)
Å3, T = 293 K, space group Pbca (no. 61), Z = 8, l(Mo–Ka)
= 0.109 mm−1, 7851 reflections measured, 4347 unique (Rint =
0.0230), 2829 reflections used (I > 2r(I)). The final R was
0.0452 (0.0788 for all data). CCDC reference number 274918.
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b513397a.


Lewis acid promoted nitroso Diels–Alder cycloaddition of
dienophile 1:


Procedure A: Anhydrous medium (Table 1, entry 1). A dry
Schlenk flask, equipped with a septum and a magnetic stirring
bar, was charged with 100 mg of dry molecular sieves (powdered,
4 Å) and 35.8 mg (20 mol%) of zinc triflate. The solids were dried
under high vacuum at 125 ◦C overnight, with magnetic stirring.
The Schlenk flask was cooled under vacuum and flushed with
dried argon. A solution of the dienophile 1 (100 mg, 0.49 mmol)
in dry toluene (1.2 mL) was added dropwise and the suspension
was cooled to 0 ◦C. After 1 min, 1,3-cyclohexadiene (0.24 mL,
2.46 mmol) was added dropwise. The resulting suspension was
stirred at 0 ◦C until complete disappearance of the characteristic
blue color of 1. The reaction mixture was hydrolyzed with
aqueous HCl (1 N, 2 mL) and the biphasic solution was stirred
for 45 min at room temperature. Aqueous NaOH (20 mol%)
was added dropwise at 0 ◦C until the mixture reached pH ∼10.
A solution of Boc2O (215 mg, 1 mmol) in THF (5 mL)
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was added, and the resulting mixture was stirred at room
temperature overnight. The aqueous layer was extracted with
CH2Cl2, washed with brine, dried over MgSO4, filtered and
concentrated under reduced pressure. The crude oil was filtered
through a plug of silica gel (Et2O), and dibutylphthalate (internal
standard) and acetone (2 mL) were added. The 8/9 ratio was
determined to be 8 : 92 by GC as specified in ‘Materials and
methods’. The crude oil was purified by flash chromatography
on silica gel (pentane–diethyl ether = 75 : 25 to 40 : 60) to give
a mixture of 8 and 9 (41.6 mg, 40% from 1) as a colorless oil.


Procedure B: Aqueous toluene (Table 1, entries 2 and 3). A
dry Schlenk flask, equipped with a septum and a magnetic
stirring bar, was charged with 35.8 mg (20 mol.%) of zinc
triflate. The solids were dried under high vacuum at 125 ◦C
overnight, with magnetic stirring. The Schlenk flask was cooled
under vacuum and flushed with dried argon. A solution of
a-acetoxynitroso dienophile 1 (100 mg, 0.49 mmol) in dry
toluene (1.2 mL) was added dropwise and the suspension
was cooled to 0 ◦C. The required volume of deionised water
was then added via a microsyringe (2–10 equivalents). After
1 min, 1,3-cyclohexadiene (0.24 mL, 2.46 mmol) was added
dropwise. Reaction time, work-up, 8/9 ratio determination and
purification were performed as in Procedure A.


Procedure C: Water (Table 1, entries 4 and 5). In a 10 mL
flask was charged with 1 (100 mg, 0.49 mmol). Water (1.2 mL)
was added with rapid stirring to ensure efficient dispersion
of the reactants. 1,3-Cyclohexadiene (0.24 mL, 2.46 mmol)
was then added dropwise. Reaction time, work-up, 8/9 ra-
tio determination and purification were performed as in
Procedure A.


(1R*,5S*) Tert-butyl 7-oxa-6-aza-bicyclo[3.2.2]non-8-ene-6-
carboxylate (11b)


White crystals, mp 75 ◦C (lit.,11 50–53 ◦C); mmax/cm−1 2977,
2933, 1736, 1686, 1366, 1247, 1167, 1084, 860, 826; 1H NMR
(250 MHz, CDCl3) d 6.34 (1H, ddd, J 1.3, 6.5 and 9.0 Hz,
CH=CH), 6.14 (1H, ddd, J 1.8, 6.3 and 9.0 Hz, CH=CH),
4.75 (2H, m, CHO, CHN), 1.93–1.66 (4H, m, 2 × CH2), 1.60–
1.20 (2H, m, CH2), 1.46 (9H, s, 3 × Me); 13C NMR (90 MHz,
CDCl3) 156.1, 129.3, 127.5, 80.9, 74.8, 54.2, 30.5, 28.1, 27.4,
18.3. These spectroscopic data were in agreement with those
previously reported.11


Synthesis of diene 16


1,3-Cyclohexadien-2-yl triflate. To a solution of diisopropy-
lamine (1.89 mL, 14.4 mmol) in THF (20 mL) at 0 ◦C
was added n-BuLi (9.0 mL, 14.4 mmol). After 30 min,
the LDA solution was cooled to −78 ◦C, a solution of 2-
cyclohexenone (1.27 mL, 13.1 mmol) in THF (20 mL) added
via cannula, and stirring continued for 30 min. A solution
of N-phenyltrifluoromethanesulfonimide (5.12 g, 14.3 mmol)
in THF (20 mL) was then added and the reaction mixture
allowed to warm slowly to 0 ◦C. After 2 h, the solution was
concentrated. The residue was diluted with Et2O, washed with
water and the organic phase was dried over sodium sulfate,
filtered and concentrated. The crude oil was purified by flash
chromatography on silica gel (pentane) to give the dienyl triflate
(1.63 g, 55%) as a colorless oil. 1H NMR (250 MHz, CDCl3) d
6.0 (1H, td, J 4.2 and 10.0 Hz, CCHCHCH2), 5.8 (1H, qd, J1H–19F


2 Hz, J1H–1H 10.3 Hz, CH2CHC), 5.7 (1H, dt, J 2.3 and 4.5 Hz,
CH2CHCHC), 2.4–2.3 (2H, 2 × CH2CH2), 2.3–2.2 (2H, 2 ×
CH2CH2); 13C NMR (62.5 MHz, CDCl3) d 146.0, 131.5, 120.7,
118.6 (q, J13C–19F = 318.6 Hz), 114.7, 21.4, 21.3. Spectroscopic
data were in agreement with those previously reported.31


5-(Cyclohexa-1,5-dienyl)benzo[1,3]dioxolane (16). To a sus-
pension of magnesium turnings (0.18 g, 7.43 mmol) in THF
(4 mL) at room temperature was added 1,2-methylenedioxy-4-


bromobenzene (0.95 mL, 7.89 mmol) and stirring was continued
for 2 h.32 In a separate flask, CuI (9.4 mg, 0.005 mmol) was added
to 1,3-cyclohexadien-2-yl triflate (1.13 g, 4.95 mmol) in THF
(10 mL) at 0 ◦C. The Grignard reagent was then added slowly
via cannula and the yellow suspension was stirred for 20 min
before being hydrolyzed with saturated aqueous NH4Cl. The
aqueous phase was extracted with Et2O, the combined organic
phases dried over MgSO4, filtered and concentrated. The crude
oil was quickly filtered through neutral alumina (Et2O) to give
the title compound (1.3 g, quant.) as a colorless oil. This diene is
known to undergo rapid decomposition upon standing at room
temperature, and was therefore used rapidly without further
purification or characterization.23


Tert-butyl (1R*,4S*)-5-benzo-1,3-dioxol-5-yl-2-oxa-3-azabi-
cyclo[2.2.2]oct-5-ene-3-carboxylate (17-pr) and tert-butyl (1R*,
4S*)-6-Benzo-1,3-dioxol-5-yl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene-
3-carboxylate (17-ds). To a dispersion of dienophile 1
(100 mg, 0.49 mmol) in water (1.25 mL) was added a solution
of 5-(cyclohexa-1,5-dienyl)benzo[1,3]dioxolane 16 (197 mg,
0.98 mmol) in THF (1.25 mL). The reaction mixture was stirred
at room temperature for 30 min, hydrolyzed with aqueous
HCl (1 N, 2 mL) and the biphasic solution stirred for 45 min.
Aqueous NaOH (20 mol%) was added dropwise at 0 ◦C so that
the mixture was pH ∼10. A solution of Boc2O (220 mg, 1 mmol)
in THF (5 mL) was added and the resulting mixture was stirred
at room temperature overnight. The aqueous layer was extracted
with CH2Cl2, washed with brine, dried over MgSO4, filtered and
concentrated under reduced pressure. The regioisomeric ratio
(17-pr/17-ds = 50 : 50) was determined by 1H NMR (C6D6).
The crude oil was purified by flash chromatography on silica
gel (heptane–EtOAc = 80 : 20 to 70 :30) to give a mixture of
17-pr and 17-ds (80.2 mg, 49%) as a waxy solid. An analytical
sample was prepared by preparative TLC (heptane–EtOAc =
60 : 40). 17-pr: White crystals, mp 98 ◦C; mmax/cm−1 3069, 2976,
2935, 1738, 1694, 1505, 1488, 1248, 1160, 1080, 1038, 939, 810;
1H NMR (400 MHz, CDCl3) d 7.03–7.00 (2H, 2 × H-Ar), 6.79
(1H, d, J 8.6 Hz, H-Ar), 6.55 (1H, dd, J 2.4 and 6.1 Hz, C(6)H),
5.95 (2H, 2 × OCH2O), 5.14 (1H, m, C(4)H), 4.84 (1H, m,
C(1)H), 2.25–2.15 (2H, C(7)H + C(8)H), 1.54 (1H, m, C(7)H),
1.41 (1H, m, C(8)H), 1.32 (9H, s, 3 × Me); 13C NMR (100 MHz,
CDCl3) 157.3, 148.0, 147.6, 142.5, 129.7, 121.5, 119.1, 108.1,
105.3, 101.1, 81.6, 71.1, 52.3, 27.9, 20.9, 24.2; m/z HRMS (ESI,
Na+): calcd for [2M + Na+] 685.2737, found 685.2732. 17-ds:
Waxy solid; mmax/cm−1 2977, 2937, 1699, 1505, 1489, 1251, 1234,
1159, 1038, 933, 810; 1H NMR (400 MHz, CDCl3) d 6.90 (2H,
d, J 6.8 Hz, 2 × H-Ar), 6.81 (1H, m, H-Ar), 6.64 (1H, dd, J
1.8 and 5.6 Hz, C(5)H), 5.98 (2H, s, 2 × OCH2O), 5.17 (1H, m,
C(4)H), 4.87 (1H, dt, J 3.0 and 6.4 Hz, C(1)H), 2.38–2.13 (2H,
C(7)H + C(8)H), 1.57–1.43 (11H, C(7)H + C(8)H), including
1.46 (9H, s, 3 × Me); 1H NMR (400 MHz, C6D6) d 6.51 (1H,
s), 6.30 (2H), 6.08 (1H, dd, J 2.8 and 9.2 Hz), 5.04 (2H, s), 4.61
(2H, s), 1.74–1.69 (2H), 1.14 (9H, s), 0.85–0.62 (2H); 13C NMR
(100 MHz, CDCl3) 157.5, 148.1, 147.6, 142.8, 129.9, 122.9,
118.7, 108.3, 105.4, 101.1, 81.5, 72.8, 50.4, 28.1, 23.8, 21.4; MS
(ESI, Na+): 354.1 (56, [M + Na+]), 685.3 (100, [2M + Na+]);
m/z HRMS (ESI, Na+): calcd for [M + Na+] 354.1312, found
354.1321.


Tert-butyl (1S*,4R*)-2-oxa-3-azabicyclo[2.2.1]hept-5-ene-3-
carboxylate (11) and 4-(5-hydroxy-2,2-dimethyl-1,3-dioxan-5-
yl)-2,2-dimethyl-1,3-dioxan-5-one (26). To a suspension of
dienophile 1 (87 mg, 0.428 mmol) in deionised water (1.1 mL)
at 0 ◦C was added freshly distilled cyclopentadiene (105 lL,
1.28 mmol). After 25 min the characteristic blue color of 1
disappeared and the solution turned yellow. A solution of
sodium hydroxide (20% in water, 1 mL) was added dropwise,
followed by di-tert-butyl dicarbonate (187 mg, 0.856 mmol)
in THF (5 mL). The reaction mixture was stirred overnight.
Brine was added and the aqueous phase was extracted with
CH2Cl2. The combined organic phases were dried over MgSO4,
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filtered and concentrated. The crude oil was purified by flash
chromatography on silica gel (pentane–diethyl ether = 80 : 20)
to give 11a26b (55 mg, 65%) and 26 (6.8 mg, 12%) as colorless
oils. 26: Rf (heptane–ethyl acetate = 70 : 30) = 0.18; mmax/cm−1


3480, 1748, 1376, 1225, 1201, 1074, 832; 1H NMR (250 MHz,
CDCl3) d 4.48 (1H, d, J 1.3 Hz, OCHC(O)), 4.29 (1H, dd, J
1.3 and 17.0 Hz, OCH2C), 4.13 (1H, dd, J 1.3 and 12.0 Hz,
OCH2C), 4.03 (1H, d, J 17.0 Hz, OCH2C), 4.00 (1H, dd, J
1.3 and 10.7 Hz, OCH2C), 3.86 (1H, d, J 12.0 Hz, OCH2C),
3.67 (1H, d, J 10.7 Hz, OCH2C), 2.82 (1H, s, OH), 1.50 (3H, s,
C(2)Me), 1.49 (3H, s, C(2)Me), 1.47 (3H, s, C(2)Me), 1.43 (3H, s,
C(2)Me); 13C NMR (62.5 MHz, CDCl3) 208.5, 101.3, 98.4, 73.9,
68.8, 67.4, 65.3, 64.6, 23.9, 23.5, 23.4, 23.3; MS (ESI, Na+): 283.1
(100, [M + Na+]), 252 (9), 196 (8); m/z HRMS (ESI, Na+): calcd
for [M + Na+] 283.1152, found 283.1159.
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Aziridine analogues of diaminopimelic acid (DAP) have been prepared stereoselectively for the first time and
evaluated as inhibitors of DAP epimerase. (2R,3S,3′S)-3-(3′-Aminopropane)aziridine-2,3′-dicarboxylate 4 was
synthesised and shown to be a reversible inhibitor of DAP epimerase with an IC50 value of 2.88 mM. (2S,4S)- and
(2S,4R)-2-(4-Amino-4-carboxybutyl)aziridine-2-carboxylic acid (LL-azi-DAP 14 and DL-azi-DAP 29) were made as
pure diastereomers, and both were shown to be irreversible inhibitors of DAP epimerase. LL-Azi-DAP 14 selectively
binds to Cys-73 of the enzyme active site whereas DL-azi-DAP 29 binds to Cys-217 via attack of sulfhydryl on the
methylene of the inhibitor aziridine ring. These observations are consistent with the two base mechanism proposed
for the epimerisation of LL-DAP 1 and meso-DAP 2 by DAP epimerase.


Introduction
The worldwide increase in bacterial resistance has led to renewed
interest in the development of new antibiotics,1,2 including
methods of inhibiting microbial cell wall biosynthesis.3 As meso-
diaminopimelic acid (meso-DAP 2) is a precursor to L-lysine
and an important component of the peptidoglycan layer of
Gram-negative bacteria,4 it has attracted considerable interest
for the possible development of new antibiotics.5 Crucially, the
biosynthesis of meso-DAP is restricted to bacteria5 and plants
and is absent in mammals, which require L-lysine in their diet.6


Therefore specific inhibitors of DAP enzymes are likely to be
antimicrobial agents with low mammalian toxicity.


One of the key enzymes in the DAP pathway is DAP
epimerase, an unusual enzyme that interconverts LL-DAP 1 and
meso-DAP 2 without the use of co-factors, metals, or reducible
keto or imino functionality (Scheme 1).7


This process is mechanistically analogous to the other PLP-
independent amino acid racemases.8,9 It is proposed to involve
two active site cysteine residues, one of which as a thiolate,
acts as a general base while the other, as a thiol, acts as a
general acid.10 Initial tritium labeling studies showed that the
a-proton of DAP is exchanged during epimerisation.7 Further
investigations using 3-fluoro-DAP isomers demonstrated that
the mechanism involves development of anionic character at
the a-carbon and that the substrate is rigidly held in the
enzyme active site.11 In 1990, the irreversible inactivation of
DAP epimerase was reported12 using a crude mixture of all
possible diastereomers of 2-(4-amino-4-carboxybutyl)aziridine-
2-carboxylic acid (azi-DAP) 3. Enzymatic digestion studies


† Electronic supplementary information (ESI) available: experimental
details for the preparation of 7, 8, 18, 21, 22 and 23; 600 MHz NOE
assignment of stereochemistry for 26; 600 MHz 1H NMR determination
of dr’s for 26 and 28; HPLC analysis of 14 precursor; MS/MS analysis
enzymatic digests of DAP epimerase inhibited with either 14 or 29. See
DOI: 10.1039/b513409a


Scheme 1 The biosynthetic pathways to meso-DAP and proposed
transition state for the inter-conversion of LL-DAP 1 and meso-DAP
2 by DAP epimerase.


determined that Cys-73 was alkylated by the aziridino moiety,
thereby demonstrating its presence in the active site (Scheme 2).13


Recently a diastereomeric mixture of oxa analogues of azi-DAP


Scheme 2 Proposed mechanism for the irreversible inhibition of DAP
epimerase by azi-DAP 3.D
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was found to irreversibly inhibit DAP epimerase, presumably
due to thiol opening of the epoxide moiety.14


The crystal structure of inactive DAP epimerase from
Haemophilus influenzae has been solved15 and subsequently
refined16 to reveal a disulfide linkage between Cys-73 and Cys-
217 at the interface of two structurally superimposable domains.
Based on this observation it was proposed that in the active
reduced form of the enzyme, these conserved residues are the key
catalytic units required for activity. This led to detailed kinetic
studies of DAP epimerase.10 Assignment of the specific roles of
Cys-217 and Cys-73 in the active site could be confirmed by the
interaction of pure 3-fluoro-DAP isomers with the single DAP
epimerase mutants C73A, C73S, C217A and C217S.17


The substrates LL-DAP 1 and meso-DAP 2 for DAP epimerase
differ from the other PLP-independent amino acid racemases8,18


(e.g. glutamate racemase,19–21 aspartate racemase,22 proline
racemase23,24) in that they contain two stereocentres. DAP
epimerase has very strict requirements for its substrates,5 and
only accepts DAP isomers with the L configuration at the distal
site.7,25 Neither D nor L isomers of lysine or a-aminopimelic acid
are substrates or good inhibitors, thereby demonstrating that
both carboxyl and amino groups must be present.26


Unfortunately, the crystal structures of the inactive disulfide
form of DAP epimerase15,16 do not allow reliable modeling of
the substrate in the collapsed active site. Interestingly, no crystal
structures of other PLP-independent amino acid racemases have
been obtained thus far with a substrate analog correctly bound
in the active site to illustrate catalytic function. It therefore
appeared that formation of a complex of DAP epimerase with
pure diastereomers of the aziridine analogues 3 and 4 could
provide further insight into the organisation of the enzyme
active site. In particular, crystal structures of the DAP epimerase
with stereochemically pure isomers of azi-DAP 14 and 29 could
afford a detailed picture of the active site complex for each
substrate isomer and the arrangement of residues for catalysis
of this unusual reaction. In this report we describe the first
stereoselective synthesis of highly reactive aziridine analogues 4,
14 and 29 and analysis of their interaction with DAP epimerase.


Results
Stereoselective synthesis of DAP aziridine analogue 4


It seemed that aziridine 4 could be prepared by aziridi-
nation of a suitable a,b-unsaturated ester or amide bear-
ing a chiral auxiliary.27 In 1993 we reported the aziridina-
tion of N-enoylbornane[10,2]sultams by the oxidative addi-
tion of N-aminophthalimide mediated by lead tetraacetate
with excellent diastereoselectivity.28 This approach was subse-
quently found to be compatible with other auxiliaries such
as oxoalkenyloxazolidinone29 and camphor.30 It appeared that
a similar approach using the 3-amino-2-ethyl-3,4-dihydro-
quinazolin-4-one 1231 would lead to the stereoselective synthesis
of the internal N-quinazolinyl aziridine 7. The desired aziridine
4 could then be accessed by N–N bond reduction using dissolved
metal in ammonia (Scheme 3).32


Reaction of phosphonate ester XcCOCH2PO(OEt)2
33 with


N,N-di-Boc glutamate semialdehyde 534 using a Horner–
Wadsworth–Emmons type coupling35 gives exclusively the trans-
alkene in 85% yield. One of the Boc protecting groups could
then be removed by TFA to generate the aziridine precursor 6 in
94% yield. Aziridination of 6 with quinazolin-4-one 12 proceeds
with optimum selectivity at a temperature of −40 ◦C to give
a diastereomeric ratio of 9 : 1. The major isomer 7 can be
isolated by recrystallisation in 72% yield. Efforts to prove the
absolute stereochemistry of aziridine 7 by X-ray crystallography
were unsuccessful. However, it has been demonstrated that
addition to N-enoylbornane[10,2]sultams occurs by syn attack
from the re face of the a-carbon.28 Moreover, syn attack would
give an aziridine with trans geometry which is consistent with


Scheme 3 The synthesis of internal aziridine DAP analogues. Reagents
and conditions: (i) XcCOCH2PO(OEt)2, DBU, LiCl, MeCN (85%);
(ii) TFA, CH2Cl2 (94%); (iii) 12, Pb(OAc)4, HMDS, CH2Cl2 (72%);
(iv) TFA, CH2Cl2 (99%); (v) LiOH, MeOH–H2O (85%); (vi) Li, NH3


(48%); (vii) MeO2CCH=PPh3, THF (88%); (viii) TFA, CH2Cl2 (88%);
(ix) 12, Pb(OAc)4, HMDS, CH2Cl2 (83%); (x) TFA, CH2Cl2 (quant.);
(xi) LiOH, MeOH–H2O, (84%); (xii) Li, NH3 (48%).


the observed 1H NMR coupling constant of 4.8 Hz for the
2′-H proton.36 Removal of the Boc group followed by base
hydrolysis and reductive cleavage of the N–N bond with Li–
NH3 affords the target molecule 4 in 40% yield over three steps
(Scheme 3).


In addition to testing the single diastereomer 4 with DAP
epimerase, it was desirable to examine interaction of the enzyme
with another diastereomer to provide insight into stereochemical
preferences for the active site. Hence, a mixture of diastere-
omers 4 and 11 was prepared from N,N-di-Boc glutamate
semialdehyde 5 via the trans-alkene 837 in an analogous manner
(Scheme 3).


Inhibition study of aziridines 4 and 11 with DAP epimerase


Although several assays for DAP epimerase have been
developed,38 the activity of DAP epimerase is easily monitored
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using a coupled enzyme assay. At pH 7.8, meso-DAP 2 is
generated from LL-DAP 1 by DAP epimerase and is then
transformed by DAP dehydrogenase to produce L-THDP and
NADPH (Scheme 1), which can be measured spectrophotomet-
rically at 340 nm.7,39 The enantiopure LL-DAP 1 is prepared
by the photolysis of a suitably functionalised diacyl peroxide,40


which is then subjected to hydrolysis to remove the protecting
groups.


Aziridine 4 was initially tested as a substrate and as an in-
hibitor of DAP dehydrogenase, the enzyme used for analysis. As
expected, this compound is neither a substrate nor an inhibitor
of the dehydrogenase at a concentration of 1 mM. Disappoint-
ingly, aziridine 4 is also a very weak inhibitor of DAP epimerase
with an IC50 value of only 2.88 mM. A time dependence study
showed 4 to be a fully reversible inhibitor. These results show
that unlike azi-DAP 3, which rapidly inactivates DAP epimerase,
presumably by cysteine attack at the methylene position of the
aziridine ring, both secondary carbons at the aziridine ring
positions of 4 are more stable towards the enzyme, resulting
in poor reversible binding. The mixture of trans-stereoisomers
4 and 11 was also tested against DAP epimerase. Inhibition
by this mixture is similar to the results obtained for the pure
diastereomer, suggesting analogous modes of ineffective binding
for both compounds.


Stereoselective synthesis of azi-DAP


Although a number of synthetic methods have been developed
for the asymmetric synthesis of disubstituted aziridines,41,42


examples of their application in the synthesis of the 1-carboxy-
1-alkyl aziridine functionality required for the synthesis of azi-
DAP are limited.43–47 A number of synthetic strategies were
explored in the stereospecific synthesis of azi-DAP. Wenker ring
closure of (2S,6S)-2,6-diamino-6-(hydroxymethyl)pimelic acid
13,48,49 was unsuccessful (Scheme 4). Attempts to utilise the
chiral auxiliary methodology used in the construction of the
internal aziridine 4 were frustrated by problems encountered
in the synthesis of the required N-enoylbornane[10,2]sultam
precursor. This led us to investigate the use of chiral 3-
acetoxyaminoquinazolinones,31 which exert reagent controlled
diastereoselectivity in the aziridination of prochiral alkenes such
as 16 (Scheme 4). Boc protected unsaturated a-aminopimelic
acids have been reported,37,50 and it was proposed that aziridi-
nation of the Cbz protected analogue with chiral aminoquina-
zolinones 19–21 would allow the rapid preparation of a single
diastereomer of the fully protected azi-DAP derivative 17.


The required unsaturated a-aminopimelic ester 16 was con-
structed in one-pot by photolysis of the hydroxamate ester of N-
Cbz-L-glutamic acid a-methyl ester 15 with methyl a-thiophenol
methylacrylate using a tungsten lamp at room temperature to
give a 68% yield over three steps (Scheme 4).50


The 3-acetoxy derivatives of the known aminoquinazolin-
4(3H)-ones 19,47 20,51 and the previously unreported 21 were
investigated as aziridinating agents. No reaction is observed
during titanium mediated aziridination31 using the hydroxy
aminoquinazolin-4(3H)-one 20. Aziridination using 21 and
TFA31 gives low conversion (22%) and poor selectivity (3 :
1 dr), whereas the reaction of 19 in the presence of HMDS31


proceeds with moderate yield and selectivity (49%, dr 6 : 1). The
mixture of diastereomers 17 can be saponified with base and
then reduced using lithium in ammonia at −78 ◦C, to produce
azi-DAP 14 as a 6 : 1 mixture of diastereomers at the quaternary
carbon along with the unexpected fully saturated e-methyl-a-
aminopimelic acid 18 (1 : 1 dr at the carbon bearing methyl).52


The structure of 18 was confirmed by independent synthesis
(see ESI†). Separation of 14 and 18 is possible by careful
preparative TLC under basic conditions (azi-DAP undergoes
very rapid decomposition on exposure to acid). To our chagrin,
extensive attempts to separate the minor azi-DAP diastereomer
from 14, or to purify their corresponding diacid salts or the fully


Scheme 4 The synthesis of azi-DAP. Reagents and conditions: (i)
i-BuOCOCl, NMM, THF; (ii) NEt3, 2-mercaptopyridine N-oxide, THF;
(iii) methyl a-thiophenol methylacrylate, ht (tungsten lamp), THF (68%
over 3 steps); (iv) 19, Pb(OAc)4, HMDS, CH2Cl2 (49%); (v) LiOH,
MeOH–H2O (quant.); (vi) Li, NH3.


protected intermediates 17 using flash chromatography, HPLC
or recrystallisation all failed.


To improve the selectivity of the aziridination and thus obviate
the problematic isomer separation, we adopted an intramolec-
ular variant of the aminoquinazolin-4(3H)-one methodology
that had been reported to give complete diastereoselectivity
during the aziridination of O-cinnamoyl esters.53 This neces-
sitated the modification of our synthetic strategy to couple
(R)-aminoquinazolin-4(3H)-one 22 to the 1,2-disubstituted a,b-
unsaturated acid 24 (Scheme 5).


The acid 24 could be synthesised in two steps from the
diester 16 by basic hydrolysis and regioselective esterification
of the diacid using catalytic p-toluene sulfonic acid (PTSA)
in anhydrous methanol.54 Although the selective esterification
proceeds in >95% yield (1H NMR), the isolated yields after
purification by flash chromatography are significantly lower
(30–60%). Use of polymer bound PTSA55 circumvents this
problem and allows the quantitative recovery of the product 24.
The coupling of acid 24 to (R)-aminoquinazolin-4(3H)-one 22
proceeds in satisfactory 62% yield using DCC–DMAP. However,
several cycles of flash chromatography are required to achieve
the complete removal of the unwanted urea by-product. Switch-
ing to resin bound N-benzyl-N ′-cyclohexylcarbodiimide reagent
(PS-DCC)56 permits facile purification without significant loss
of yield, as demonstrated by the coupling of acid 24 to the (S)-
aminoquinazolin-4(3H)-one 23 to give 27 in 51% after a single
pass through a plug of silica.
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Scheme 5 The stereoselective synthesis of LL- and DL-azi-DAP.
Reagents and conditions: (i) LiOH, MeOH–H2O (82%); (ii) PS-PTSA,
MeOH (95%); (iii) 22, DCC, DMAP, CH2Cl2 (62%); (iv) 23, PS-DCC,
DMAP, CH2Cl2 (51%); (v) Pb(OAc)4, HMDS, CH2Cl2 (26 55%, 28 87%);
(vi) Na2CO3, MeOH–H2O (from 28 69%); (vii) Li, NH3 (14 30% over 2
steps, 29 23%).


Intramolecular aziridination of 27 progresses rapidly at 0 ◦C
to give the aziridine 28 with complete diastereoselectivity (>99 :
1 dr, see ESI†). The stereochemical outcome of this reaction can
be determined by comparison of the observed NOE interactions
with energy minimised models of the two possible reaction prod-
ucts (see ESI†). Preparation of the aziridine 26 under analogous
conditions is slightly less selective (98 : 2 dr). Fortunately, the
minor diastereomer could be removed by careful purification
using flash column chromatography to give a >99 : 1 dr.


Hydrolysis of the fully protected azi-DAP 28 using lithium hy-
droxide or sodium hydroxide results in decomposition. However,
sodium carbonate57 in methanol–water is sufficiently mild to
permit quantitative conversion to the corresponding salt of the
diacid (1H NMR). Final deprotection using lithium or sodium
in ammonia at −78 ◦C results in the formation of both the
desired azi-DAP isomer 29 as the major product and the fully
saturated e-methyl-a-aminopimelic acid 18 in a 5.6 : 1 ratio (1H
NMR). The undesired 18 is again formed as a 1 : 1 mixture of
diastereomers at the carbon bearing the methyl. Reductions with
sub-stoichiometric quantities of lithium on carefully purified
(RP-HPLC) carboxylate salts of the diacid intermediate demon-
strate that the fully saturated e-methyl-a-aminopimelic acid 18


is formed concomitantly with azi-DAP 29. The temperature of
the reaction has little effect on the product ratio. The reaction
to form 18 may proceed via reductive aziridine ring cleavage to
generate an anion a to the carboxylate followed by elimination of
nitrogen and further reduction of the resulting conjugated olefin.
Separation of the crude reaction mixture could be achieved using
preparative TLC under basic conditions, albeit in low isolated
yield (23% for azi-DAP 29). It was later found that HPLC pu-
rification of the diacid salt is not necessary prior to the reductive
deprotection. Therefore pure azi-DAP 14 could be prepared
directly from 26 with an improved yield of 30% over the final
two steps. As expected, azi-DAP isomers 14 and 29 are extremely
sensitive compounds that are stable in strong base, but degrade
rapidly under neutral or acidic conditions. The presence of
multiple internal nucleophiles (four carboxylate oxygens and the
distal amino group) assists rapid intramolecular aziridine ring
opening. In solid form as carboxylate salts, 14 and 29 decompose
gradually at room temperature, with half lives of about 1 to
2 weeks. Although storage at −20 ◦C retards decomposition,
they are only stable for prolonged periods under cryogenic
(−80 ◦C) conditions. Unfortunately, lack of stability in aqueous
media precludes evaluation of their antimicrobial activity.


Inhibition of DAP epimerase by azi-DAP isomers 14 and 29


Inhibition studies of DAP epimerase by Higgins et al. using
a mixture of all azi-DAP diastereomers generated in situ
from the corresponding a-(fluoromethyl)diaminopimelic acids
demonstrated that azi-DAP is an irreversible inhibitor. They
were unable to determine K i or ki values due to the extremely fast
conversion of the enzyme-inhibitor complex to the inactivated
enzyme.12,58 Using the coupled enzyme assay we were able to
confirm that both diastereomers of azi-DAP are irreversible
inhibitors, and show both time and concentration dependence.
Furthermore, the covalent attachment of both isomers to the
enzyme can be demonstrated by electrospray mass spectroscopy
(MS).


The original studies by Higgins et al. using tryptic digests of
inhibited DAP epimerase combined with Edman degradation
of the purified fragments reported that the enzyme is attacked
at Cys-73 by the crude mixture of all diastereomers of azi-
DAP.13 Subsequent studies suggested17 that inhibition of DAP
epimerase with pure LL-azi-DAP 14 should result in selective
attachment to Cys-73, whereas DL-azi-DAP 29 would react with
Cys-217. In order to test this proposal, a trypsin digestion
was done on DAP epimerase inhibited with excess pure azi-
DAP isomers. HPLC purification of the fragments followed by
MS/MS analysis displays a surprisingly low level of sequence
coverage (40% for inhibition with 14 and 32% with 29). In each
case, a fragment incorporating the Cys-73 unit (residues 62–78)
could be sequenced and shown to contain free Cys-73 or Cys-
73 with azi-DAP covalently attached. No fragment containing
Cys-217 could be identified after HPLC of the crude digest.


In order to study the interaction of Cys-217 with azi-DAP,
an alternative digestion protocol was required. As mentioned
above, covalent attachment of an azi-DAP molecule to DAP
epimerase could be observed for both 14 and 29 by MS. Al-
though treatment with cyanogen bromide followed by trypsin
digestion allowed the detection of a suitable fragment (residues
210–230) of the parent (not inhibited) DAP epimerase, it
was found that the reaction of cyanogen bromide resulted
in the cleavage of azi-DAP from the enzyme inactivated by
29. Presumably a mechanism similar to the cleavage of the
peptide chain adjacent to methionine residues occurs under
these conditions. The inactivation of DAP epimerase by azi-DAP
occurs by nucleophilic ring opening of the aziridine to generate
30, which has a sulfide linkage between the enzyme and the
inhibitor.13 Nucleophilic attack of the sulfur on cyanogen bro-
mide followed by intramolecular displacement of the resulting
positively charged sulfonium species 31 from the nearby peptide
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bond affords the dealkylated peptide 33, which can subsequently
undergo hydrolysis (Scheme 6).


Scheme 6 Proposed mechanism for the cleavage of covalently linked
azi-DAP from cysteine residues of DAP epimerase on treatment with
cyanogen bromide.


An analogous process was previously observed during
cyanogen bromide cleavage of a protease inhibited by N-
iodoacetyl peptides.59 Fortunately, inactivation of DAP
epimerase with azi-DAP 29 followed by treatment with ther-
molysin and trypsin provides excellent sequence coverage (89%)
of the resulting fragments by MS/MS. More importantly, frag-
ments incorporating both cysteines of interest could be analysed
using this protocol (Table 1). Analysis of DAP epimerase
inhibited with a large excess (10–100 fold) of azi-DAP 29 reveals
that in addition to the expected alkylation of Cys-217, attack
also occurs at Cys-73 to some extent. In principle, it is possible
that a single diasteroisomer of azi-DAP (i.e. 29) reacts with both
cysteines. However, the excess of inhibitor could possibly be
contaminated by very small amounts (<1.0%) of the other azi-
DAP diastereomer 14, which is not easily detectable and could


Table 1 MS/MS analysis of trypsin/thermolysin digest of DAP
epimerase inhibited with azi-DAP 29. Italic: undetected residues. Bold:
sequence coverage. Boxed: fragments containing Cys-73 and Cys-217


react with the DAP epimerase. The use of a such a large excess
of inhibitor was initially prompted by the desire to completely
and rapidly inactivate the enzyme for crystallographic studies
prior to its facile aerobic oxidation to form the internal disulfide
between Cys-73 and Cys-217.


Fortunately, preliminary X-ray crystallography studies of
DAP epimerase separately inhibited with the individual azi-
DAP isomers show LL-azi-DAP 14 bound exclusively to Cys-73,
and DL-azi-DAP 29 attached only to Cys-217. In both cases,
inactivation proceeds as predicted by attack of thiolate on the
aziridine methylene. After complete refinement and structural
analysis, these three dimensional structures will be the subject
of a separate report.


In conclusion, we have described the first stereoselective
synthesis of highly sensitive aziridine analogues of DAP 4,
14 and 29. The results show that internal aziridine analogue
4 is a reversible inhibitor of DAP epimerase. The LL-azi-
DAP 14 and DL-azi-DAP 29 rapidly and irreversibly inactivate
DAP epimerase, as can be seen from a coupled enzyme assay
with DAP dehydrogenase as well as by MALDI-TOF MS
analysis. Proteolytic digestion of the enzyme inactivated by
each inhibitor with thermolysin/trypsin followed by MS/MS
provides excellent sequence coverage (89%) and allows analysis
of fragments incorporating both cysteines of interest. MS/MS
analysis of the digest of each inactivated DAP epimerase shows
that the individual azi-DAP isomers bind irreversibly to Cys-73
and Cys-217. The use of excess inhibitor to assist preparation
of samples for X-ray crystallographic analysis results in some
unexpected alkylation of the cysteine residue that is expected to
act as the protonating thiol. This may be due to the presence
of very small quantities (<1.0%; undetectable by NMR) of
the “wrong” isomer of azi-DAP. Preliminary X-ray analysis
of inhibited DAP epimerase crystals showed that LL-azi-DAP
14 binds selectively to Cys-73 and DL-azi-DAP 29 to Cys-
217. The covalent attachment of azi-DAP is consistent with
the proposed mechanism of inhibition i.e. attack of thiolate at
the methylene position of the aziridine ring. Furthermore, the
observed selectivity of azi-DAP inhibition is consistent with the
two base mechanism proposed for the epimerisation of LL-DAP
1 and DL-DAP 2 by DAP epimerase, more specifically that Cys-
73 acts as a thiolate base to deprotonate LL-DAP 1, and Cys-217
in the case of meso-DAP 2.17


Experimental
General methods


All reactions were performed under dry argon. All solvents
were purified and distilled according to Perrin et al.60 Flash
chromatography employed silica gel 60 (Silicycle, 230–420 mesh)
and was performed according to the Still procedure.61 One or
more of the following methods were used for visualisation:
UV fluorescence, iodine staining, phosphomolybdic acid/ceric
sulfate, potassium permangante or ninhydrin. Melting points
were determined on a Büchi apparatus using open-end capillary
tubes and are uncorrected. NMR spectra were recorded on Inova
Varian 300, 400, 500 and 600 MHz instruments. IR spectra
were determined with a Nicolet Magna 750 FT-IR spectrometer.
Mass spectra (MS) were recorded with a Micromass ZabSpec
Hybrid Sector-TOF instrument (electrospray ionization (ES)).
Optical rotations were measured on a Perkin-Elmer 241 po-
larimeter at 26 ◦C with a micro cell (100 mm; 0.9 mL) or a
standard cell (100 mm, 8 mL) respectively. UV spectroscopy
was performed on a GBC Cintra 40 UV spectrometer. [a]D are
given in units of 10−1 deg cm2 g−1. Microanalyses were completed
at the University of Alberta Microanalytical Laboratory. All
literature compounds had IR, 1H NMR, 13C NMR and mass
spectra consistent with assigned structures.


Methyl (1S,2R)-N-{(2′E,6′S)-[N ,N-di-tert-butoxycarbonyl-6′-
amino]pentan-2′-endioate}bornane-10,2-sultam. LiCl (0.22 g,
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5.2 mmol) was suspended in MeCN (10 mL). A solu-
tion of (1S,2R)-N-(2′-diethoxyphosphonoacetyl)bornane-10,2-
sultam33 (2.04 g, 5.2 mmol) in MeCN (15 mL) was added along
with DBU (0.79 g, 5.2 mmol). Aldehyde 5 (1.49 g, 4.3 mmol) in
MeCN (20 mL) was then added and the reaction mixture was
allowed to stir for 2 h. The reaction mixture was concentrated in
vacuo. The resulting residue was dissolved in EtOAc (100 mL),
washed with H2O (2 × 70 mL), dried (MgSO4) and concentrated
in vacuo. Purification by flash column chromatography, eluting
with 65 : 35 hexane–EtOAc gave the title compound (2.15 g,
85%) as a white foam. [a]D −65.8 (c 0.5, CHCl3); mmax(CHCl3


cast)/cm−1 2978, 1793, 1746, 1685, 1368, 1331, 1269, 1237, 1220,
1166, 1135; dH (300 MHz, CDCl3) 0.96 and 1.18 (each 3H, 2 × s,
8-H3 and 9-H3), 1.31–1.51 (20H, m, 2 × Ot-Bu and 5-H2), 1.89,
2.01–2.14 and 2.26–2.39 (9H, m, 3-H2, 4-H, 6-H2, 4′-H2 and 5-
H2), 3.41 (1H, d, J = 13.5 Hz, 10-HH), 3.50 (1H, d, J = 13.5 Hz,
10-HH), 3.71 (3H, s, OMe), 3.91 (1H, t, J = 6.3 Hz, 2-H), 4.86
(1H, dd, J = 9.0, 4.2 Hz, 6′-H), 6.56 (1H, d, J = 15.1 Hz, 2′-
H), 7.06 (1H, dt, J = 15.1 Hz, 6.7, 3′-H); dC (75.5 MHz, CDCl3)
19.9, 20.9, 26.5, 28.0, 28.7, 29.4, 32.9, 38.5, 44.7, 47.8, 48.5, 52.2,
53.2, 57.7, 65.2, 83.4, 121.5, 149.2, 152.0, 164.0, 170.9; m/z (ES)
607.2668 (MNa+), C28H44N2O9NaS requires 607.2665.


Methyl (1S,2R)-N-{(2′E,6′S)-[N-tert-butoxycarbonyl-6′-amino]-
pentan-2′-endioate}bornane-10,2-sultam 6. To a solution of
methyl (1S,2R)-N-{(2′E,6′S)-[N,N-di-tert-butoxycarbonyl-6′-
amino]pentan-2′-endioate}bornane-10,2-sultam (1.85 g, 3.17
mmol) in CH2Cl2 (20 mL) was added a solution of TFA
(0.47 g, 3.80 mmol) in CH2Cl2 (10 mL). After 4 h, the reaction
mixture was concentrated in vacuo. Purification by flash column
chromatography, eluting with 6 : 4 hexane–EtOAc gave the title
compound 6 (1.44 g, 94%) as a viscous oil. [a]D −41.5 (c 0.4,
CHCl3); mmax(CHCl3 cast)/cm−1 3373, 2960, 1744, 1713, 1367,
1331, 1167, 544; dH (300 MHz, CDCl3) 0.95 and 1.14 (each 3H,
2 × s, 8-H3 and 9-H3), 1.32–1.44 (11H, m, Ot-Bu and 5-H2),
1.71–2.19 and 2.22–2.41 (9H, m, 3-H2, 4-H, 6-H2, 4′-H2 and
5-H2), 3.41 (1H, d, J = 12.2 Hz, 10-HH), 3.49 (1H, d, J =
12.2 Hz, 10-HH), 3.73 (3H, s, OMe), 3.90 (1H, dd, J = 7.2,
4.5 Hz, 2-H), 4.30 (1H, br q, J = 4.0 Hz, 6′-H), 5.04 (1H, br d, J
= 7.2 Hz, NH), 6.53 (1H, dt, J = 15.2, 1.6 Hz, 2′-H), 7.00 (1H,
dt, J = 15.2, 6.8 Hz, 3′-H); dC (75.5 MHz, CDCl3) 19.9, 20.9,
26.5, 28.3, 28.4, 31.1, 32.9, 38.5, 44.8, 47.8, 48.5, 52.5, 53.1, 53.2,
65.2, 83.3, 121.7, 148.6, 155.3, 163.9, 172.8; m/z (ES) 507.2136
(MNa+), C23H36N2O7NaS requires 507.2141.


Methyl (1S,2R,2′R,3′S,3′′S)-{1′-(2-ethyl-3,4-dihydroquinazolin-
4-one)-3′-[3′′-(N-tert-butoxycarbonylamino)butanoate] aziridine-
2′-carboxylate} bornane-10,2-sultam 7. A solution of
Pb(OAc)4 (0.78 g, 1.75 mmol) in CH2Cl2 (10 mL) was added
to a solution of quinazolin-4-one32 12 (0.29 g, 1.52 mmol)
in CH2Cl2 (10 mL) at −40 ◦C. After 30 min, a solution
of sultam 6 (0.81 g, 1.67 mmol) in CH2Cl2 (15 mL) along
with HMDS (0.246 g, 1.52 mmol) was added. After 4 h, the
reaction mixture was warmed to room temperature and filtered
under gravity. The organic layer was washed with a saturated
solution of NaHCO3 (50 mL), H2O (50 mL), dried (MgSO4)
and concentrated in vacuo. Purification by flash column
chromatography, eluting with 7 : 3 hexane–EtOAc gave a 9 : 1
mixture of the two diastereomeric aziridines. Recrystallisation
from EtOAc–hexane gave the title compound 7 (0.736 g, 72%)
as a white solid. Mp 132–134 ◦C (EtOAc–hexane); [a]D −214.6
(c 0.8, CHCl3); mmax(CHCl3 cast)/cm−1 3320, 2975, 1741, 1713,
1675, 1595, 1520, 1472, 1456, 1367, 1334, 1272, 1240, 1165,
1136, 534; dH (300 MHz, CDCl3) 0.98 and 1.26 (each 3H, 2
× s, 8-H3 and 9-H3), 1.32–1.44 (14H, m, Ot-Bu, CH2CH3 and
5-H2), 1.63–1.99 and 2.05–2.21 (9H, m, 3-H2, 4-H, 6-H2, 1′′-H2


and 2′′-H2), 2.74 (1H, m, CHHCH3), 3.01 (1H, m, CHHCH3),
3.45 (1H, d, J = 13.8 Hz, 10-HH), 3.57 (1H, d, J = 13.8 Hz,
10-HH), 3.70–3.77 (5H, m, OMe, 2-H and 3′-H), 3.84 (1H, d,
J = 4.8 Hz, 2′-H), 4.35 (1H, br m, 3′′-H), 5.17 (1H, br d, J =
8.0 Hz, NH), 7.30 (1H, m, 6-H(Q)), 7.58–7.68 (2H, m, 7-H(Q)


and 8-H(Q)), 8.12 (1H, d, J = 8.0 Hz, 5-H(Q)); dC (125 MHz,
CDCl3) 10.7, 19.9, 20.8, 26.3, 27.2, 28.3, 28.8, 32.8, 38.0, 44.6,
46.2, 46.7, 48.8, 48.9, 52.4, 53.1, 53.3, 53.5, 65.6, 79.8, 121.3,
126.2, 126.3, 126.6, 126.9, 133.6, 146.1, 155.5, 159.9, 164.0,
172.9; m/z (ES) 694.3 (MH+); Found: C, 58.75; H, 6.65; N,
10.04. C33H45N5O8S requires C, 59.02; H, 6.71; N, 10.43%.


(2R,3S,3′S)-3-[3′-Aminopropane)aziridine-2,3′-dicarboxylate
4. Aziridine 7 (0.283 g, 0.47 mmol) was dissolved in CH2Cl2


(10 mL) and a solution of TFA (0.192 g, 1.88 mmol) in
CH2Cl2 (5 mL) was added. After 15 h, the reaction mixture
was concentrated in vacuo. The resulting residue was washed
with 1 : 1 Et2O–hexane (2 × 20 mL). The resulting white
solid (0.287 g, 0.47 mmol) was filtered, dried (MgSO4) and
dissolved in MeOH (5 mL). A solution of LiOH·H2O (0.053 g,
1.41 mmol) in H2O (2 mL) was added. After 14 h, the reaction
mixture was concentrated in vacuo. The resulting oil was washed
with Et2O (2 × 20 mL) producing a white solid. Purification
using cellulose chromatography, eluting with 7 : 3 MeOH–H2O
gave a white solid (0.132 g, 0.35 mmol). Pre-distilled ammonia
(20 mL) was added to the flask and the reaction mixture was
cooled to −78 ◦C. Lithium (∼0.05 g) was added until a deep
blue colour persisted. After 1 h, the reaction mixture was
quenched by the addition of NH4Cl (∼50 mg). The reaction
mixture was warmed to room temperature and diluted with
H2O (20 mL). The reaction mixture was washed with EtOAc
(2 × 20 mL). The aqueous layer was then concentrated in
vacuo. Purification by flash column chromatography, eluting
with 95 : 5 n-PrOH–NH4OH gave the title compound 4 as a
white solid (32 mg, 40% for three steps). [a]D +4.0 (c 4.5, H2O);
mmax(microscope)/cm−1 2944, 1737, 1617, 1508, 1419, 1215,
1124; dC (300 MHz, D2O) 1.60–1.80 (m, 2H, 1′-H2), 1.86–2.14
(m, 2H, 2′-H2), 4.05 (br m, 1H, 3-H), 4.11 (m, 1H, 2-H), 4.27
(m, 1H, 3′-H); dC (75.5 MHz, D2O) 27.3, 28.7, 71.6, 72.2, 73.8,
172.8; m/z (ES) 211.1 (MNa+).


Dimethyl (2R,3S,3′S) and (2S,3R,3′S)-1-(2-ethyl-3,4-dihydro-
quinazolin-4-one)-3-[3′-(tert-butoxycarbonylamino) butanoate]-
aziridine-2-carboxylate 9 and 10. A solution of Pb(OAc)4


(0.264 g, 0.62 mmol) in CH2Cl2 (5 mL) was added to a solution
of quinazolin-4-one32 12 (0.098 g, 0.52 mmol) in CH2Cl2 (5 mL)
at −25 ◦C. After 30 min, a solution of alkene37 8 (0.187 g,
0.62 mmol) in CH2Cl2 (5 mL) along with HMDS (0.084 g,
0.52 mmol) was added. After 2 h, the reaction mixture was
warmed to room temperature and filtered under gravity. The
organic layer was washed with a saturated solution of NaHCO3


(30 mL), H2O (30 mL), dried (MgSO4) and concentrated in
vacuo. Purification by flash column chromatography, eluting
with 7 : 3 hexane–EtOAc gave an inseparable mixture of the title
compounds 9 and 10 (0.21 g, 83%) as a white foam. mmax(CHCl3


cast)/cm−1 3349, 2977, 1737, 1713, 1677, 1596, 1367, 1202, 1163;
dH (300 MHz, CDCl3) 1.37 (3H, t, J = 10.7 Hz, CH3CH2), 1.40
and 1.43 (9H, 2 × s, 2 × Ot-Bu), 1.75–2.10 (4H, m, 1′-H2 and
2′-H2), 2.72 (1H, m, CH3CHH), 3.00 (1H, m, CH3CHH), 3.15
(1H, dd, J = 4.9, 2.5 Hz, 3-H), 3.59 (3H, m, OMe), 3.58–3.76
(4H, m, 2-H and OMe), 4.26 (1H, br q, J = 4.6 Hz, 3′-H), 5.20
(1H, 2 × br d, J = 6.9 Hz, NH), 7.38 (1H, m, 6-H(Q)), 7.56–7.68
(2H, m, 7-H(Q) and 8-H(Q)), 8.14 (1H, m, J = 8.7 Hz, 5-H(Q));
dC (75.5 MHz, CDCl3) 10.6, 27.0, 27.4, 28.35, 29.0, 47.3, 51.7,
52.5, 52.9, 53.3, 80.9, 121.2, 126.3, 127.0, 133.7, 146.1, 156.2,
160.1, 166.8, 172.9; m/z (ES) 511.2165 (MNa+). C24H32N4O7Na
requires 511.2169.


Dimethyl (2R,3S,3′S) and (2S,3R,3′S)-1-(2-ethyl-3,4-dihydro-
quinazolin-4-one)-3-[3′-aminobutanoate]aziridine-2-carboxylate.
A mixture of aziridines 9 and 10 (0.1 g, 0.2 mmol) were dissolved
in CH2Cl2 (5 mL) and a solution of TFA (0.26 g, 2.2 mmol)
in CH2Cl2 (2 mL) was added. After 10 h, the reaction mixture
was concentrated in vacuo. The resulting residue was washed
with 1 : 1 Et2O–hexane (2 × 20 mL). The resulting white solid
was filtered and dried to give an inseparable mixture of the
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title compounds (0.105 g, quant.). mmax(CHCl3 cast)/cm−1 2957,
1735, 1672, 1597 1202, 1134; dH(300 MHz, CDCl3) 1.39 (3H,
t, J = 7.3 Hz, CH3CH2), 1.90–2.21 (4H, m, 1′-H2 and 2′-H2),
2.91 (1H, m, CH3CHH), 3.03 (1H, m, CH3CHH), 3.27 (1H, t,
J = 4.7 Hz, 3-H), 3.61 (3H, m, OMe), 3.71 (1H, m, 2-H), 3.76
(3H, s, OMe), 4.26 (1H, br q, J = 5.5 Hz, 3′-H), 7.44 (1H, m,
6-H(Q)), 7.68–7.82 (2H, m, 7-H(Q) and 8-H(Q)), 8.10 (1H, d, J
= 8.3 Hz, 5-H(Q)); dC (75.5 MHz, CDCl3) 10.5, 25.6, 26.6, 31.0,
51.3, 52.7, 53.5, 53.6, 59.5, 122.4, 127.2, 128.7, 136.0, 153.3,
161.8, 166.4, 169.6; m/z (ES) 389.1827. C19H25N4O5 requires
389.1825.


(2R,3S,3′S) and (2S,3R,3′S)-1-(2-Ethyl-3,4-dihydroquinzolin-
4-one)-3-[3′-aminopropane]aziridine-2,3′-dicarboxylate. A mix-
ture of dimethyl (2R,3S,3′S) and (2S,3R,3′S)-3-[3′-aminobutan-
4′-oate]-1-(2-ethyl-3,4-dihydroquinazolin-4-one) aziridine-2-
carboxylate (0.1 g, 0.2 mmol) were dissolved in MeOH (5 mL)
and a solution of LiOH·H2O (0.026 g, 0.62 mmol) in H2O
(2 mL) was added. After 14 h, the reaction mixture was
concentrated in vacuo. The resulting oil was washed with Et2O
(2 × 20 mL) producing a white solid. Purification using cellulose
chromatography, eluting with 7 : 3 MeOH–H2O gave the title
compound (0.061 g, 84%) as a white solid. mmax(microscope)/
cm−1 2939, 1655, 1610, 1595, 1414, 1206, 558; dH(300 MHz,
D2O) 1.30 (3H, m, CH3CH2), 1.60–2.20 (4H, m, 1′-H2 and
2′-H2), 2.91–3.30 (2H, m, CH3CH2), 3.64 (1H, m, 3-H), 3.79
(1H, m, 2-H), 4.10 (1H, br m, 3′-H), 7.44 (2H, m, 6-H(Q) and
7-H(Q)), 7.80 (1H, m, 8-H(Q)), 8.12 (1H, m, 5-H(Q)); m/z (ES)
373.1674 (MH+). C17H19Li2N4O5 requires 373.1676.


(2R,3S,3′S) and (2S,3R,3′S)-3-[3′-Aminopropane)aziridine-
2,3′-dicarboxylate 4 and 11. Pre-distilled ammonia (20 mL)
was added to a flask containing (2R,3S,3′S) and (2S,3R,3′S)-
3-[3′-aminopropane]-1-(2-ethyl-3,4-dihydroquinazolin-4-one)-
aziridine-2,3′-dicarboxylate (0.12 g, 0.32 mmol) and the reaction
mixture was cooled to −78 ◦C. Lithium (∼0.05 g) was added
until a deep blue colour persisted. After 1 h, the reaction mixture
was quenched by the addition of solid NH4Cl (∼50 mg). The
reaction mixture was warmed to room temperature and diluted
with H2O (20 mL). The reaction mixture was washed with
EtOAc (2 × 20 mL). The aqueous layer was then concentrated
in vacuo. Purification by flash column chromatography, eluting
with 95 : 5 n-PrOH–NH4OH gave an inseparable mixture of
the title compounds 4 and 11 (29 mg, 48%) as a white solid.
mmax(microscope)/cm−1 2943, 1737, 1617, 1508, 1419, 1215,
1124; dH (300 MHz, D2O) 1.60–1.80 (2H, m, 1′-H2), 1.86–2.14
(2H, m, 2′-H2), 4.05 (1H, br m, 3-H), 4.11 (1H, m, 2-H), 4.27
(1H, m, 3′-H); m/z (ES) 211.1 (MNa+).


Dimethyl (2S)-N-benzyloxycarbonyl-2-amino-6-methylhept-6-
ene-dioate 16. Ester 15 (0.817 g, 2.77 mmol) was dissolved in
degassed THF (20 mL) and cooled to 0 ◦C. NMM (0.28 g,
2.77 mmol) and isobutyl chloroformate (0.378 g, 2.77 mmol)
were both added. After 15 min, a solution of N-hydroxy-
2-thiopyridine (0.423 g, 3.33 mmol) and NEt3 (0.464 mL,
3.33 mmol) in degassed THF (15 mL) was added and argon
was bubbled through the reaction mixture. (N.B. At this stage
the reaction mixture was covered with aluminium foil). After
1 h, a degassed solution of methyl a-thiophenol methylacrylate50


(1.44 g, 6.92 mmol) in THF (4 mL) was added and the reaction
mixture was irradiated with a tungsten lamp (250 W) for 30 min
with cooling at 20 ◦C. The reaction mixture was diluted with
CH2Cl2 (100 mL) and washed with a saturated solution of
NaHCO3 (2 × 50 mL), brine (100 mL), dried (MgSO4) and
concentrated in vacuo. Purification by flash column chromatog-
raphy, eluting with 7 : 3 hexane–EtOAc gave the title compound
16 (0.66 g, 68%) as a viscous oil. [a]D +8.6 (c 0.7, CHCl3);
mmax(CHCl3 cast)/cm−1 3348, 2952, 1719, 1630, 1439, 1209, 1057;
dH (300 MHz, CDCl3) 1.42–1.52 (2H, m, 4-H2), 1.64 (1H, m, 3-
HH), 1.83 (1H, m, 3-HH), 2.29 (2H, br t, J = 7.8 Hz, 5-H2), 3.71
(6H, s, 2 × OMe), 4.38 (1H, q, J = 6.0 Hz, 2-H), 5.08 (2H, s,


PhCH2), 5.22 (1H, d, J = 7.2 Hz, NH), 5.49 (1H, s, C=CHH),
6.12 (1H, s, C=CHH), 7.36 (5H, m, Ph); dC (125 MHz, CDCl3)
24.1, 31.4, 32.3, 51.9, 52.4, 53.7, 67.0, 125.3, 128.0, 128.1, 128.4,
136.2, 139.7, 155.7, 167.3, 172.7; m/z (ES) 372.1421 (MNa+).
C18H23NO6Na requires 372.1423.


Dimethyl (2S,4′S) and (2R,4′S)-1-(2-[(1S)-1-tert-butyldimeth-
ylsilyloxyethyl]-3,4-dihydroquinazolin-4-one)-2-[4′-(benzyloxy-
carbonylamino)pentanoate]aziridine-2-carboxylate 17. A sol-
ution of Pb(OAc)4 (0.421 g, 0.94 mmol) in CH2Cl2 (20 mL)
was added to a solution of quinazolin-4-one51 19 (0.263 g,
0.82 mmol) in CH2Cl2 (10 mL) at −40 ◦C. After 30 min, a
solution of alkene 16 (0.33 g, 0.94 mmol) in CH2Cl2 (5 mL)
along with HMDS (0.133 g, 0.82 mmol) was added. After 6 h,
the reaction mixture was warmed to room temperature and
filtered under gravity. The organic layer was washed with a
saturated solution of NaHCO3 (60 mL), H2O (60 mL), dried
(MgSO4) and concentrated in vacuo. Purification by flash
column chromatography, eluting with 65 : 35 hexane–EtOAc
gave an inseparable mixture of the title compounds 17 (0.27 g,
49%) as a viscous oil. mmax (CHCl3 cast)/cm−1 3351, 2977, 2952,
1714, 1677, 1597, 1472, 1164; dH (300 MHz, CDCl3) (for major
diastereomer only) 0.05 (3H, s, t-BuSi(CH3)CH3), 0.23 (3H, s,
t-BuSi(CH3)CH3), 0.92 (9H, s, t-Bu), 1.58 (3H, d, J = 6.3 Hz,
CH3CHOTBDMS), 1.62–2.04 (5H, m, 1′-HH, 2′-H2, 3′-H2),
2.31 (1H, m, 1′-HH), 2.74 (1H, br d, J = 4.8 Hz, 3-HH), 3.20
(1H, br s, 3-HH), 3.49 (3H, s, OMe), 3.71 (3H, s, OMe), 4.36
(1H, q, J = 3.5 Hz, 4′-H), 5.10 (2H, s, PhCH2), 5.40 (1H, q, J =
6.3 Hz, CH3CHOTBDMS), 5.44 (1H, br d, J = 6.1 Hz, NH),
7.27–7.44 (6H, m, Ph and 6-H(Q)), 7.64–7.72 (2H, m, 7-H(Q)
and 8-H(Q)), 8.09 (1H, br t, J = 8.5 Hz, 5-H(Q)); m/z (ES)
689.2979 (MNa+). C34H46N4O8NaSi requires 689.2983.


(2S ) -2-Benzyloxycarbonylamino-6-methylene-heptanedioic
acid. LiOH·H2O (300 mg, 7.2 mmol) was added to a solution
of 16 (0.98 g, 2.8 mmol) in 3 : 1 MeOH–H2O (40 mL) at room
temperature and stirred for 16 h. The mixture was concentrated
in vacuo. The residue was taken up into H2O and was then
extracted with EtOAc. The aqueous layer was then acidified
to pH 2 (1 M HCl) and was then extracted with EtOAc (×4).
The organic fractions were collected, dried (MgSO4) and
concentrated in vacuo to give the title compound (0.77 g, 82%).
[a]D −2.5 (c 1.3, CH3OH); mmax (CH2Cl2 cast)/cm−1 3033, 2957,
1709, 1630, 1530, 1420, 1235, 1062, 738, 698; dH (500 MHz,
CDCl3) 1.47–1.52 (2H, m, 4-H2), 1.77–1.85 (2H, m, 3-HH),
2.31 (2H, br t, J = 7.0 Hz, 5-H2), 4.44 (1H, q, J = 6.0 Hz,
2-H), 5.09 (2H, s, PhCH2), 5.36 (1H, d, J = 8.0 Hz, NH), 5.63
(1H, s, C=CHH), 6.25 (1H, s, C=CHH), 7.28–7.34 (5H, m,
Ph); dC (125 MHz, CDCl3)23.7, 31.5, 53.6, 67.1, 128.1, 128.2,
128.5, 136.1, 139.1, 155.8, 172.2, 177.7; m/z (ES) calcd. for
C16H19NO6Na 344.1105 (MNa+), found 344.1105.


(2S ) -2-Benzyloxycarbonylamino-6-methylene-heptanedioic
acid 1-methyl ester 24. Polymer bound p-toluenesulfonic acid
(30–60 mesh, 2.0–3.5 mmol g−1, 700 mg) was added to a solution
of (2S)-2-benzyloxycarbonylamino-6-methylene-heptanedioic
acid (0.77 g, 2.4 mmol) in anhydrous MeOH (20 mL) at room
temperature and shaken for 16 h. The solids were removed by
filtration and washed extensively with MeOH. The resulting
solution was concentrated in vacuo to give a 95 : 5 mixture
of the title compound 24 and diester 16 (0.80 g, quant.) as a
colourless oil. [a]D +13.3 (c 0.5, CHCl3); mmax(CH2Cl2 cast)/cm−1


3323, 2953, 1705, 1527, 1455, 1437, 1346, 1216, 1060, 754;
dH(500 MHz, CDCl3) 1.48–1.57 (2H, m, 4-CH2), 1.63–1.68
(1H, m, 3-CHH), 1.82–1.85 (1H, m, 3-CHH), 2.28–2.32 (2H,
m, 5-H2), 3.72 (3H, s, OCH3), 4.39 (1H, q, J = 5.5 Hz, CHN),
5.09 (2H, s, PhCH2), 5.27 (1H, d, J = 7.5 Hz, NH), 5.62 (1H, s,
C=CHH), 6.27 (1H, s, C=CHH), 7.28–7.34 (5H, m, Ph); dC


(125 MHz, CDCl3) 24.0, 30.9, 32.1, 52.4, 53.6, 67.0, 127.4,
128.1, 128.2, 128.5, 136.2, 139.2, 155.9, 171.7, 172.9; m/z (ES)
calcd. for C17H21NO6Na 358.1263 (MNa+), found 358.1261.
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(2S ) -2-Benzyloxycarbonylamino-6-methylene-heptanedioic
acid 7-{(2R)-2-[1-(3-amino-4-oxo-3,4-dihydroquinazolin-2-yl)-
ethoxy]-ethyl} ester 1-methyl ester 25. A solution of DCC
(25 mg, 0.12 mmol) and DMAP (2 mg, 160 lmol) in CH2Cl2


(2 mL) was added to a solution of 22 (27 mg, 100 lmol) and
monoester 24 (36 mg, 100 lmol) in CH2Cl2 (2 mL) at room
temperature and was stirred for 1 h. The resulting precipitate
was removed by filtration and the mixture was concentrated in
vacuo. Purification by flash chromatography, eluting with 2 : 1
CHCl3–EtOAc gave the title compound 25 (40 mg, 62%) as a
colourless oil. [a]D +7.8 (c 1.6, CH2Cl2); mmax(CH2Cl2 cast)/cm−1


3326, 2933, 1717, 1676, 1599, 1526, 1454, 1299, 1248, 1213,
1179, 1109, 1058, 775, 697; dH(500 MHz, CDCl3) 1.49–1.56
(2H, m, 4-CH2), 1.62–1.67 (1H, m, 3-CHH), 1.69 (3H, d, J
= 6.5 Hz, CH3CH), 1.81–1.87 (1H, m, 3-CHH), 2.26–2.31
(2H, m, 5-H2), 3.72 (3H, s, OCH3), 3.83 (2H, t, J = 4.5 Hz,
CO2CH2CH2), 4.31–4.34 (2H, m, CO2CH2CH2), 4.34–4.40
(1H, m, CHN), 5.05 (1H, q, J = 6.5 Hz, CH3CH), 5.10 (2H, s,
PhCH2), 5.42 (1H, d, J = 8.5 Hz, NH), 5.49 (2H, s, NH2),
5.54 (1H, s, C=CHH), 6.11 (1H, s, C=CHH), 7.28–7.34 (5H,
m, Ph), 7.47–7.50 (1H, m, ArCH), 7.74–7.75 (2H, m, ArCH),
8.26–8.28 (1H, m, ArCH); dC (125 MHz, CDCl3) 16.8, 24.1,
29.8, 31.4, 32.2, 52.4, 53.8, 63.9, 67.1, 75.9, 120.3, 125.7, 126.5,
127.1, 127.9, 128.2, 128.6, 134.1, 136.3, 139.7, 146.4, 153.9,
156.0, 160.6, 166.8, 172.9; m/z (ES) calcd. for C29H35N4O8


567.2449 (M+), found 567.2446.


(2S )-2-Benzyloxycarbonylamino-5-[(1R,7R)-7-methyl-2,11-
dioxo-4,5,7,15-tetrahydro-3,6-dioxa-8,15a,15b-triaza-naphthyl
[a]cyclopropa[c]cyclodecen-1a-yl]pentanoic acid methyl ester 26.
Pb(OAc)4 (147 mg, 0.33 mmol) was added to a solution of the
alkene 25 (183 mg, 0.32 mmol) and HMDS (110 lL, 0.52 mmol)
in CH2Cl2 (10 mL) at 0 ◦C. The mixture was then stirred for
15 min. The resulting mixture was purified by passage through
a plug of silica, eluting with 1 : 1 EtOAc–CH2Cl2 to give the
title compound 26 (157 mg, 86%) as a white foam. [a]D −
28.6 (c 1.6, CH2Cl2); mmax(CH2Cl2 cast)/cm−1 3336, 2951, 1738,
1682, 1592, 1526, 1273, 1217, 1172, 736, 697; dH (500 MHz,
CD2Cl2) 1.49 (3H, d, J = 6.0 Hz, CH3CH), 1.55–1.56 (2H,
m, 4-CH2), 1.74–1.77 (1H, m, 3-CHH), 1.91–1.92 (1H, m,
3-CHH), 2.64–2.67 (2H, m, 5-H2), 3.13 (1H, bs, CHHN), 3.29
(1H, bs, CHHN), 3.65 (1H, m, CO2CH2CHH), 3.74 (3H, s,
OCH3), 3.92–3.97 (1H, m, CO2CH2CHH), 4.04–4.10 (1H, m,
CO2CHHCH2), 4.38–4.41 (1H, m, CHN), 4.82–4.86 (1H, m,
CO2CHHCH2), 5.10 (2H, s, PhCH2), 5.14 (1H, q, J = 6.0 Hz,
CH3CH), 5.38 (1H, d, J = 8.0 Hz, NH), 7.30–7.37 (5H, m, Ph),
7.45–7.48 (1H, m, ArCH), 7.65–7.67 (1H, m, ArCH), 7.71–7.74
(1H, m, ArCH), 8.17–8.19 (1H, m, ArCH); dC (125 MHz,
CD2Cl2) 21.3, 32.2, 33.0, 45.9, 52.7, 56.1, 64.4, 67.3, 68.2, 72.1,
122.0, 126.7, 127.3, 127.6, 128.3, 128.5, 128.9, 134.3, 146.0,
155.4, 160.0, 166.8, 173.0; m/z (ES) calcd. for C29H35N4O8


565.2293 (M+), found 565.2299.


(2S)-2-[(4S)-4-Amino-4-carboxybutyl]aziridine-2-carboxylic
acid (LL-azi-DAP) 14. A solution of Na2CO3 (55 mg,
0.56 mmol) in H2O (3 mL) was added to a solution of aziridine
26 (72 mg, 0.13 mmol) in MeOH (9 mL) at room temperature.
The mixture was then stirred for 48 h and then concentrated in
vacuo. Pre-distilled ammonia (10 mL) was added to a flask and
the reaction mixture was cooled to −78 ◦C. Lithium was added
portionwise until a deep blue colour persisted. After 5 min the
reaction mixture was quenched by the addition of solid NH4Cl.
The reaction mixture was warmed to room temperature and
the ammonia was allowed to evaporate under an atmosphere
of argon. Purification by preparative TLC (UniplateTM silica
gel HLF plates with organic binder, 5% aq NH4OH in MeOH,
products removed from silica using 20% aq NH4OH in MeOH)
was followed by concentration in vacuo. The residue was
dissolved in water (1 mL) and filtered through a 0.45 lm filter
to remove any remaining silica. Concentration in vacuo gave the
title compound 14 (8 mg, 30%) as a white solid. [a]D +3.3 (c 0.40,


H2O); mmax(H2O cast)/cm−1 3205, 3057, 1628, 1415, 1114; dH


(400 MHz, D2O) 1.09–1.15 (1H, m, CHCH2CHH), 1.47–1.57
(2H, m, CHCH2CHH, CHCHH) 1.61 (1H, bs, CHHN),
1.80–1.90 (2H, m, CHCH2), 1.92 (1H, bs, CHHN), 2.15–2.21
(1H, m, CCHH), 3.65–3.71 (1H, m, CHN); dC (100 MHz, D2O)
21.8, 31.6, 32.3, 55.0, 62.8, 175.8, 179.8; m/z (ES) calcd. for
C8H13N2O4 201.0870 (M+), found 201.0869.


(2S ) -2-Benzyloxycarbonylamino-6-methylene-heptanedioic
acid 7-{(2S)-2-[1-(3-amino-4-oxo-3,4-dihydroquinazolin-2-yl)-
ethoxy]-ethyl} ester 1-methyl ester 27. Polymer bound N-
benzyl-N ′-cyclohexylcarbodiimide (1.3 mmol g−1, 7.5 g) and
DMAP (70 mg, 0.57 mmol) were added to a solution of 23
(760 mg, 3.0 mmol) and monoester 24 (678 mg, 2.0 mmol) in
CH2Cl2 (60 mL) at room temperature and was shaken for 48 h.
The resin was removed by filtration was washed extensively
with CH2Cl2. The solvent was removed in vacuo and the residue
was purified by passage through a plug of silica, eluting with
1 : 1 EtOAc–hexane to give the title compound 27 (588 mg,
51%) as a colourless oil. [a]D −2.3 (c 4.7, CH2Cl2); mmax (CH2Cl2


cast)/cm−1 3324, 2927, 1716, 1674, 1623, 1599, 1530, 1246, 1213,
1180, 1109, 1058, 775, 736, 697; dH(500 MHz, CDCl3)1.46–1.54
(2H, m, 4-CH2), 1.62–1.67 (1H, m, 3-CHH), 1.68 (3H, d,
J = 7.0 Hz, CH3CH), 1.80–1.82 (1H, m, 3-CHH), 2.26–2.31
(2H, m, 5-H2), 3.72 (3H, s, OCH3), 3.82 (2H, t, J = 4.5 Hz,
CO2CH2CH2), 4.30–4.34 (2H, m, CO2CH2CH2), 4.35–4.39
(1H, m, CHN), 5.06 (1H, q, J = 6.5 Hz, CH3CH), 5.09 (2H, s,
PhCH2), 5.42 (3H, bs, NH, NH2), 5.53 (1H, s, C=CHH), 6.10
(1H, s, C=CHH), 7.28–7.34 (5H, m, Ph), 7.45–7.48 (1H, m,
ArCH), 7.73–7.74 (2H, m, ArCH), 8.24–8.26 (1H, m, ArCH);
dC (125 MHz, CDCl3) 16.8, 24.0, 31.3, 32.1, 33.9, 53.87, 63.8,
67.0, 75.8, 120.2, 125.6, 126.4, 127.0, 127.8, 128.1, 128.5, 134.1,
136.3, 139.6, 146.2, 153.9, 160.5, 166.7, 172.8; m/z (ES) calcd.
for C29H35N4O8 567.2449 (M+), found 567.2449.


(2S )-2-Benzyloxycarbonylamino-5-[(1R,7S )-7-methyl-2,11-
dioxo-4,5,7,15-tetrahydro-3,6-dioxa-8,15a,15b-triaza-naphthyl-
[a]cyclopropa[c]cyclodecen-1a-yl]pentanoic acid methyl ester 28.
Pb(OAc)4 (442 mg, 1.0 mmol) was added to a solution of alkene
27 (545 mg, 0.96 mmol) and HMDS (0.35 mL, 1.7 mmol) in
CH2Cl2 (25 mL) at 0 ◦C. The mixture was then stirred for
15 min. The resulting mixture was then purified by passage
through a plug of silica, eluting with 1:1 EtOAc/CH2Cl2 to give
the title compound 28 (300 mg, 55%) as a white foam. [a]D +
191.2 (c 3.8, CH2Cl2); mmax (CH2Cl2 cast)/cm−1 3330, 2953, 1738,
1682, 1592, 1526, 1273, 1216, 1171, 736, 697; dH (500 MHz,
CD2Cl2) 1.49 (3H, d, J = 6.0 Hz, CH3CH), 1.55–1.60 (2H,
m, 4-CH2), 1.74–1.76 (1H, m, 3-CHH), 1.93–1.95 (1H, m,
3-CHH), 2.67–2.72 (2H, m, 5-H2), 3.13 (1H, d, J = 3.5 Hz,
CHHN), 3.29 (1H, dd, J = 3.5, 1.0 Hz, CHHN), 3.63–3.67
(1H, m, CO2CH2CHH), 3.74 (3H, s, OCH3), 3.91–3.95 (1H, m,
CO2CH2CHH), 4.10–4.14 (1H, m, CO2CHHCH2), 4.39–4.40
(1H, m, CHN), 4.84–4.87 (1H, m, CO2CHHCH2), 5.10 (2H, s,
PhCH2), 5.16 (1H, q, J = 6.5 Hz, CH3CH), 5.42 (1H, d, J =
8.0 Hz, NH), 7.30–7.39 (5H, m, Ph), 7.45–7.48 (1H, m, ArCH),
7.65–7.67 (1H, m, ArCH), 7.71–7.74 (1H, m, ArCH), 8.17–8.19
(1H, m, ArCH); dC (125 MHz, CD2Cl2) 21.3, 32.3, 32.8, 46.0,
52.6, 56.1, 64.4, 67.3, 68.2, 72.1, 122.0, 126.7, 127.3, 127.6,
128.3, 128.5, 128.9, 134.3, 146.0, 155.4, 160.0, 166.8, 173.0; m/z
(ES) calcd. for C29H35N4O8 565.2293 (M+), found 565.2292.


(2R)-2-[(4S )-4-Benzyloxycarbonylamino-4-carboxybutyl]-
1-{2-[(1S)-1-(2-hydroxy-ethoxy)-ethyl]-4-oxo-4H-quinazolin-
3-yl}-aziridine-2-carboxylic acid. A solution of Na2CO3


(108 mg, 1.1 mmol) in H2O (4 mL) was added to a solution
of aziridine 28 (140 mg, 0.25 mmol) in MeOH (12 mL) at
room temperature. The mixture was then stirred for 48 h
and then concentrated in vacuo. The residue was taken up
into H2O (50 mL) and purified by RP-HPLC [Gracevydac
reverse phase polymer column (259VHP810), eluting with 9:1
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i-PrOH/50 mM NH4OH, detection at 220 nm, 450 lL injection
volume of 2 mg mL−1 solution, flow rate 1 mL min−1, tR 7.2 min,
(see supporting information)] to give the title compound
(97 mg, 69%) as a white solid. [a]D + 124.0 (c 2.1, MeOH); dH


(500 MHz, CD3OD) 1.44–1.48 (2H, m, 4-CH2), 1.55 (3H, d,
J = 6.0 Hz, CH3CH), 1.60–1.64 (1H, m, 3-CHH), 1.72–1.74
(1H, m, 3-CHH), 1.89–1.93 (1H, m, 5-CHH), 2.56–2.61 (1H,
m, 5-H2), 2.81 (1H, d, J = 2.0 Hz, CHHN), 3.63 (1H, bs,
CHHN), 3.69–3.81 (4H, m, OCH2CH2OH), 4.06–4.08 (1H, m,
CHN), 5.06 (2H, s, PhCH2), 5.16 (1H, q, J = 6.5 Hz, CH3CH),
7.30–7.36 (5H, m, Ph), 7.45–7.51 (1H, m, ArCH), 7.63–7.64
(1H, m, ArCH), 7.70–7.73 (1H, m, ArCH), 8.11–8.13 (1H, m,
ArCH); dC (125 MHz, CD3OD) 19.7, 22.9, 33.9, 34.4, 48.5,
62.8, 67.4, 68.2, 71.6, 74.2, 122.8, 127.2, 127.4, 128.8, 128.9,
129.4, 134.8, 138.5, 147.0, 158.1, 159.9, 161.6, 172.2 179.3;
m/z (ES) calcd. for C28H32N4O9Na 591.2062 (MNa+), found
591.2068.


(2R)-2-[(4S)-4-amino-4-carboxybutyl]aziridine-2-carboxylic
acid (DL-azi-DAP) 29 and (2S)-2-amino-6-methyl-heptanedioic
acid 18. Pre-distilled ammonia (10 mL) was added to a
flask containing (2R)-2-[(4S)-4-benzyloxycarbonylamino-4-
carboxybutyl]-1-{2-[(1S)-1-(2-hydroxy-ethoxy)-ethyl]-4-oxo-4H-
quinazolin-3-yl}-aziridine-2-carboxylic acid (25 mg, 44 lmol)
and the reaction mixture was cooled to −78 ◦C. Lithium was
added portionwise until a deep blue colour persisted. After
5 min the reaction mixture was quenched by the addition of
solid NH4Cl (10 mg). The reaction mixture was warmed to
room temperature and the ammonia was allowed to evaporate
under a stream of argon. Purification by prep TLC (UniplateTM


silica gel HLF plates with organic binder, 5% aq NH4OH in
MeOH, products removed from silica using 20% aq NH4OH in
MeOH) was followed by concentration in vacuo. The residue
was dissolved in water (1 mL) and filtered through a 0.45 lm
filter to remove any remaining silica. Concentration in vacuo
gave the title compounds 29 (2.5 mg, 28%) and 18 (∼0.5 mg)
as white solids. aziridine 29: Rf 0.52; [a]D − 11.3 (c 0.35, H2O);
mmax(H2O cast)/cm−1 3401, 2940, 1628, 1411, 1348, 1197, 1147,
1122; dH (500 MHz, D2O) 1.24–1.29 (1H, m, CHCH2CHH),
1.53–1.58 (1H, m, CHCH2CHH). 1.81–1.90 (2H, m, CHCH2),
1.92 (1H, bs, CHHN), 2.19 (1H, bs, CHHN), 2.20–2.22 (1H, m,
CCHH), 3.71–3.73 (1H, m, CHN); dC (125 MHz, D2O) 21.8,
30.5, 31.7, 31.9, 54.9, 62.7, 175.9, 177.7; m/z (ES) calcd. for
C8H13N2O4 201.0870 (M+), found 201.0870.


Acid 18 as a mixture of diastereomers: Rf 0.61;
mmax(microscope)/cm−1 3050, 2940, 1693, 1583, 1513, 1441, 1408;
dH (300 MHz, D2O) 1.10 (3H, d, J = 11.5 Hz, CH3), 1.32–1.51
(3H, m, CHH, CH2), 1.58–1.65 (1H, m, CHH), 1.81–1.92 (2H,
m, CH2), 2.38–2.46 (1H, m, CHCH3), 3.73 (1H, t, J = 6.5 Hz,
CHN), dC (100 MHz, D2O) 17.8 & 17.9, 23.2 & 23.3, 31.2 & 31.2,
33.9, 41.6 & 41.7, 55.5 & 55.6, 175.7, 185.1; m/z (ES) calcd. for
C8H14NO4 188.0917 (M+), found 188.0918.


L,L-Diaminopimelic acid 1


A solution of (2S)-4-[(4S)-4-benzyloxycarbonylamino-4-
methoxycarbonyl-butyrylperoxy)-2-tert-butoxycarbonylamino-
4-oxo-butyric acid tert-butyl ester40 (92 mg, 0.19 mmol) in
Et2O (5 mL) was added to 6 M HCl (5 mL) and the mixture
was then heated to 90 ◦C for 2 h with stirring. The resulting
aqueous solution was concentrated in vacuo and purified by
ion-exchange chromatography (Biorad AG 50W-X8 hydrogen
form resin), loading with distilled H2O, flushing for 6 column
lengths with distilled H2O and then eluting with 10% NH4OH to
give the title compound 1 (28 mg, 79%) as a white powder after
lyophilisation. [a]D + 2.2 (c 2.0, H2O); mmax(microscope)/cm−1


2942, 1582, 1465, 1436, 1413, 1350, 1327, 1103; dH (500 MHz,
D2O) 1.39–1.45 (2H, m, 4-CH2), 1.84–1.89 (4H, m, 3, 5-CH2),
4.06–4.08 (2H, t, J = 6.0 Hz, 2 × CHN), dC (125 MHz, D2O)


20.9, 30.9, 55.2, 175.4; m/z (ES) calcd. for C7H15N2O4 191.1026
(M+), found 191.1026.


Inhibition Studies with DAP Epimerase Using Coupled Assay


DAP epimerase activity was monitored using a coupled assay
with DAP dehydrogenase which detects the production of
NADPH at 340 nm. The assay was performed in a 1 mL
quartz cuvette filled with buffer solution (0.1 M tris-HCl, 1 mM
EDTA, 1 mM DTT, pH 7.8), 0.4 mM L,L-DAP, 0.3 mM
NADP+ and 0.06 units of DAP dehydrogenase. One unit of DAP
epimerase activity corresponds to the production of one lmol
of NADPH per minute. For inhibition studies with aziridine
analogue 4, the assay buffer contained varying concentrations of
the aziridine, 0.4 mM L,L-DAP, 0.3 mM NADP+, 50 mU of DAP
dehydrogenase and 15 mU of DAP epimerase. These results were
compared against a control performed simultaneously, where the
Tris-HCl buffer replaced the inhibitor. The DAP epimerase used
in the study of aziridines 4 and 11 was isolated from Escherichia
coli mutant BL21(DE3) pLysS using a modified procedure7,39


and DAP dehydrogenase was purified from Bacillus sphaericus
IFO 3525 as previously reported.62 The DAP epimerase used in
the study of azi-DAP was isolated from Haemophilus influenza
as described previously.15


Labeling of DAP Epimerase with azi-DAP


A solution of azi-DAP in water (1–5 mg mL−1) was added in
excess (10–100 equiv) to a solution of DAP epimerase (0.54 mg
mL−1) in buffered solution (0.1 M tris-HCl, 1 mM EDTA, 1 mM
DTT, pH 7.8) at room temperature and allowed to stand for
16 h. An aliquot (50 lL) was removed and added to a 10 mM
solution of DTT in ammonium bicarbonate (50 lL, pH 8) and
the mixture was heated at 37 ◦C for 30 min. An aliquot was
removed and purified by RP-HPLC using a JupiterTM reverse
phase 1 mm Microbore column (5 l, C18, 300 Å), eluting with a
linear gradient over 50 min from 0.05% aqueous TFA to 0.05%
TFA in MeCN, column temperature 70 ◦C, detection at 210 nm,
injection volume 50 lL, flow rate 100 lL min−1, tR 29 min.
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A peptide NTH-18 was synthesised in which a N-terminal helix is stabilised by two crossed disulfide bonds to a
C-terminal extension. The design was inspired by the structure of the neurotoxic peptide apamin, which has
previously been used to stabilise helices in miniature enzymes. CD- and NMR-spectroscopy indicated that NTH-18
adopted a fold similar to that found in apamin. However, the arrangement of the elements of secondary structures
was inverted relative to apamin; a N-terminal a-helix was connected by a reverse turn to a C-terminal extension of
non-canonical secondary structure. NTH-18 displayed significant stability to heat and changes of pH. The high
definition of the N-terminal end of the a-helix of NTH-18 should make this peptide a useful vehicle to stabilise
a-helices in proteins with applications in protein engineering and molecular recognition.


Introduction
The generation of functional miniature proteins in which
amino acid residues are held in reactive positions through the
incorporation into small peptides has recently received much
attention. The methods used to generate the functional part of
the miniature protein vary from rational design1–14 to library
based screening.15–18 However, they all rely on stable structural
motifs for the display of the functional groups. Much effort has
been put into the design of stably folded a-helical miniature
proteins. Several synthetic approaches have been developed for
the stabilisation of a-helices such as metal binding,19–22 lactam
bridging,23 introduction of non-proteinogenic amino acids24 or
hydrazone linkers,25 but the most robust scaffolds are based on
natural peptides such as the dimeric pancreatic polypeptides2–4,6


and the neurotoxic peptide apamin.26,27 The bee venom peptide
apamin is a component of the honeybee toxin with the ability to
cross the blood brain barrier.28,29 This 18-residue peptide forms
a remarkably stable three-dimensional structure comprising a
nine residue C-terminal a-helix connected through a 3-residue
reverse turn to an extended N-terminal region (Fig. 1).30 The
stability of this monomeric peptide relies on the formation
of two disulfide bonds between two cysteines (residues 1 and
3) in the extended region and cysteines 11 and 15 in the a-
helix. This crossed disulfide pattern confers high stability on
apamin which undergoes only small conformational changes on
exposure to 6 M guanidinium chloride, temperatures as high as
70 ◦C and pH values as low as 2 with the a-helix staying largely
intact.31,32 The elements of the sequence responsible for the
exclusive formation of the crossed disulfide pattern observed in
apamin seems to reside in the N-terminal extension.33 Residues
9–18 of apamin can be changed, with the exception of the two
cysteine residues, while retaining the folding geometry and the
disulfide arrangements. An apamin mutant, in which Lys 4 was
deleted, showed exclusively the parallel disulfide pattern found
in the vasoconstrictor peptide endothelin.33 The helical structure


† Electronic supplementary information (ESI) available: Validation
of the modelling procedures and summary of conformational con-
straints and statistics of the NMR analysis of NTH-18. See DOI:
10.1039/b513891d. Coordinates for the structure of NTH-18 have been
deposited in the Brookhaven Protein Data Bank.


Fig. 1 Comparison of the averaged solution structures of apamin and
NTH-18. The apamin structure is from its solution NMR structure,30


while the structure of crossed NTH-18 was calculated from simulated
annealing using NOE distance constraints. A sequence alignment of
apamin, reversed apamin and the designed crossed NTH-18 is also
indicated. The disulfide patterns are shown in yellow and the amino
acid substitutions to convert reverse apamin to NTH-18 are shown in
red.


of this deletion mutant resembled that found in apamin rather
than in endothelin.


The structural robustness together with its small size and high
stability make apamin an attractive scaffold for the generation
of miniature proteins. A hybrid between apamin and S-peptide
of RNaseA complemented S-protein to generate an active
ribonuclease,27 while the introduction of three lysine residues
into the solvent exposed face of apamin produced a miniature
oxaloacetate decarboxylase of high stability against changes in
pH, temperature and chemical denaturants.26 The addition of
an apamin-like peptide sequence to the N-terminal end of the
DNA recognition helix of the basic helix–loop–helix domain of
MyoD led to significant helix propagation and DNA binding
specificity.34 The hybrid protein was produced by conventional
recombinant expression methods followed by air oxidationD
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to produce the apamin-like extension. This disulfide-stabilised
helix served as a nucleus for an a-helix that extended for a further
ten residues leading to increased stability and specificity of the
DNA complexes of the apamin stabilised protein. The DNA
binding specificity, which was dependent on the redox state of
the hybrid protein was increased 10-fold when compared to the
bHLH domain of MyoD.


The availability of an apamin-like motif, in which a helix at
the N-terminus is stabilised by two crossed disulfide bonds from
a C-terminal extension, would be a useful tool with applications
in molecular recognition and protein engineering. In particular,
it would be possible to add the sequence for the motif to the
C-terminus of a protein. This would enable helix stabilization
of the C-terminus of a protein in a manner analogous to how
apamin can be used at the N-terminal end27,34 (indeed it might be
possible to use both extensions at the same time). To date no such
motif has been found to occur naturally.35 The closest candidates
are the long chain scorpion toxins such as AaH II where
an a-helix near the N-terminus is stabilised through crossed
disulfides with cysteines in an extended region.36,37 However,
this helix is preceded by a number of residues with a cysteine
residue participating in a third disulfide bond. In addition,
scorpion toxins are structurally much more complicated than
apamin in that they contain a three-stranded anti-parallel b-
sheet. Therefore the design of a peptide with the simplicity of
apamin would provide a useful tool and test our ability to create
de novo small peptides of defined structure.


We report here the design, synthesis and characterisation of
NTH-18, a peptide of high stability in which a N-terminal helix
is stabilised by two crossed disulfide bonds to a C-terminal
extension. The structure of this N-terminal helical foldamer was
solved by NMR-spectroscopy. CD spectroscopy showed that the
helical structure remained stable at temperatures up to 95 ◦C.


Experimental
Computer modelling


The entire sequence of NTH-18 was built as an a-helix using the
Sybyl 6.7 package (Tripos). The predicted helical residues were
then heavily restrained during energy minimisation (100 kcal
mol−1 Å−2) to prevent unravelling during the extensive energy
minimisation for the generation of a suitable starting structure.
Distance restraints were applied to align the disulfides into
the correct disulfide arrangement and to define the turn and
loop region. The energy of the system was minimised using
the AMBER package implementing the Amber force field and
parm99 parameter set. A dual minimisation procedure was used.
150 steps of steepest descent minimisation to rapidly unfold
residues not inherently helical and to reduce the worst steric
clashes were followed by a further 2850 steps of conjugate
gradient minimisation to refine and identify a low potential
energy conformation. In a subsequent minimisation the distance
restraints of the disulfides were removed and the disulfide
bonds created. This minimisation was composed of 100 steps
of steepest descent followed by 900 steps of conjugate gradient
minimisation. The helical restraints were then removed and
a final 1000 step minimisation generated a suitable starting
structure, which was analysed to determine the presence or
absence of helical residues. The starting structure was then
subjected to simulated annealing to determine the stability of
the helical residues with greater sampling of conformational
space. The simulated annealing protocol was composed of a
1 ps rapid heat to 700 K followed by a 14 ps slow cool. At
high temperatures the helical residues were restrained using
harmonic restraints (25 kcal mol−1 Å−2) but these were gradually
reduced as the temperature was lowered until no restraints were
applied. The resulting structure was re-minimised to generate a
low potential energy structure and the helical content analysed
with the program VMD. The procedure was validated using


the NMR structure of tertiapin38 and the X-ray structure of
endothelin.39


The data base searching for protein sequences with similarity
to NTH-18 was preformed at the Swiss Institute of Bioinformat-
ics using the BLAST network service.40


Peptide synthesis


NTH-18 was synthesised using Pioneer Perceptive Biosystems or
Applied Biosystems 433A automated peptide synthesisers and
standard Fmoc protocols. The Fmoc and side-chain protected
amino acids (Asn, Cys, Gln, His (trityl); Asp, Glu (OtBu);
Phe, Ser, Tyr, Thr (tBu); Lys (tert-butyloxycarbonyl) and
Arg (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl)) were
coupled to Fmoc-5-(4-aminomethyl-3,5-dimethoxyphenoxy)
valeric acid on a polyethylene glycol support. Prior to cleavage
and deprotection with 10 ml 2,2,2-trifluoroacetic acid (TFA)
: water : phenol : triisopropylsilane (88 : 5 : 5 : 2; v/v) per
gram of resin for two hours at room temperature, the peptide
was acetylated with acetic anhydride (0.5 M), diisopropy-
lethylamine (125 mM), N-hydroxybenzotriazole (15 mM) in
N-methyl-pyrrolidone using 2-(1H-benzotriazole-1-yl)-1,3,3,3-
tetramethyluronium hexafluorophosphate for activation. The
resin was removed by filtration and the soluble products
concentrated in vacuo and precipitated by washing with 3 ×
5 ml of ice-cold diethyl ether. The peptide was dissolved in
50 ml of 10% acetic acid followed by lyophilisation. The peptide
was then redissolved in 10 ml 0.05% TFA and purified by
reversed-phase HPLC on a LUNA 10 l C18 column (250 ×
21.2 mm). The peptide eluted in 25% acetonitrile in water (0.05%
TFA). Solvent was removed in vacuo followed by lyophilisation.
NTH-18 was identified by ESI-TOF mass spectrometry. The
experimentally determined mass was 1964.4, which agreed well
with the theoretical mass of 1964.8.


Air oxidation


NTH-18 was dissolved in potassium phosphate buffer (pH 8)
to a concentration of 0.5 mg ml−1 and stirred vigorously for
two hours in the presence of 2 equivalents of TCEP to ensure that
the cysteines were fully reduced. 10% (v/v) DMSO was added
to facilitate oxidation and the solution left for 24 hours to allow
complete oxidation, after which water was removed in vacuo
with gentle heating. Two products were identified and separated
by semi-preparative HPLC using a LUNA 10 l C18 column
(250 × 10 mm). HPLC analysis on an analytical LUNA 10 l
C18 column (250 × 4.6 mm) revealed the two isomers had been
fully separated. MALDI-TOF-MS revealed a mass of 1960.0 for
both peaks.


Orthogonal peptide synthesis


Orthogonally protected peptides were synthesised using trityl
(Trt) and S-acetamidomethyl aminoacetal (Acm) protection for
the thiol groups (crossed: Trt for Cys 4 and Cys 16, Acm for
Cys 8 and Cys 18; parallel; Trt for Cys 8 and Cys 16, Acm
for Cys 4 and Cys 18). Standard protecting groups were used for
all other amino acids. After capping of the N-terminal amino
group with acetic anhydride, the peptides were cleaved from
the resin using 10 ml TFA : water : phenol : triisopropylsilane
(88 : 5 : 5 : 2; v/v) per gram of resin for two hours at room
temperature. This treatment removes the trityl groups, but leaves
the Acm protected cysteines intact. The peptides were then
precipitated and washed with ice-cold diethyl ether (3 × 15 ml).
The first disulfide was formed by dissolving the peptide in
potassium phosphate buffer (5 mM, pH 8) at a concentration of
0.5 mg ml−1. Oxidation occurred overnight at room temperature.
After concentration in vacuo with gentle heating, the peptides
were purified by reversed-phase HPLC on a LUNA 10 l C18


column (250 × 21.2 mm) with linear gradients of water (0.05%
TFA) and acetonitrile (60%) in water (0.05% TFA) over 1 hour
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with a flow rate of 5 ml min−1. The Acm protecting groups
were removed with silver triflate (10 peptide equivalents) in
5 ml TFA for 1 hour at 4 ◦C. TFA was removed in vacuo with
gentle heating and the peptide precipitated and washed with
ice-cold diethyl ether (3 × 15 ml). The peptides were purified
by reversed-phase HPLC on a LUNA 10 l C18 column (250 ×
21.2 mm) with linear gradients from water containing 0.05%
TFA to acetonitrile (30%) in water (0.05% TFA) over 1 hour
with flow rates of 5 ml min−1. The second disulfide bond was then
formed by oxidation (vide supra) and the final product isolated
by HPLC on a LUNA 10 l C18 column (250 × 21.2 mm) with
linear gradients of water (0.05% TFA) to acetonitrile (30%) in
water (0.05% TFA) over 1 hour with flow rates of 5 ml min−1.
The identity of the products was confirmed by MALDI-TOF-
MS, which revealed masses of 1960.4 and 1960.3 for the crossed
and parallel versions, respectively, in good agreement with the
theoretical mass of 1960.8.


Coinjection of air oxidised NTH-18 with orthogonally
synthesised standards


HPLC analysis was performed on an analytical LUNA 10 l C18


column (250 × 4.6 mm) with a linear gradient of acetonitrile
(12%) in water (0.05% TFA) to acetonitrile (45%) in water over
40 minutes with a flow rate of 1 ml min−1.


Circular dichroism spectroscopy


CD experiments were performed using a Jasco J-810 spectropo-
larimeter in 5 mm cells with an N2 flow rate of 10 l min−1.
The temperature dependence of the CD-spectra of NTH-18
were studied with 10 lM NTH-18 between 10 and 95 ◦C
(5 mM potassium phosphate, pH 7). pH experiments were
performed with 10 lM NTH-18 in potassium phosphate (pH 7)
or unbuffered (pH 2). All spectroscopic analyses were performed
with HPLC-purified crossed and parallel NTH-18.


The a-helical content of peptides was estimated from the
measured mean residue ellipticity at 222 nm and the predicted
[h]R,222 for 100% helix:


[h]R, 100% helix = −(40 000(n − 4))/n.26


NMR Spectroscopy of crossed NTH-18


NMR spectroscopy was used to obtain almost complete assign-
ments of pure crossed NTH-18 at pH 4.6. A 0.8 mM sample in
90% H2O–10% of D2O was used for all NMR experiments.


All NMR spectra were recorded on a 800 MHz Varian INOVA
spectrometer using a 0.8 mM sample at pH 4.6 in a solution of
90% H2O–10% of D2O and 5 mM NaOAc. TOCSY and NOESY
spectra were recorded with 2048 points in the fast dimension and
1024 points in the incremented dimension, both with excitation
sculpting water suppression.41 Buildup curves of NTH-18 at
30 ◦C for mixing times between 150 and 600 ms showed hardly
any spin diffusion. The NOESY spectrum recorded at 30 ◦C
with a mixing time of 600 ms gave the most comprehensive peak
list and was therefore used for structure determination. In the
TOCSY spectrum a DIPSI-2rc mixing sequence was used with a
mixing time of 60 ms. At lower temperatures a similar NOESY
spectrum could be obtained while the TOCSY spectrum showed
only part of the resonances.


All data were processed in NMRLab42 and ARIA43 was used
for automated NOESY assignment and structure determination.
NOESY spectra were analysed using the CCPNMR analysis
software.44 NOESY signals were assigned and structures were
simultaneously calculated using the ARIA software.43


The initial NOE table containing 164 cross peaks with
multiple assignment possibilities was refined using ARIA in
8 iterations of iterative NOE assignment and structure calcu-
lations. In each iteration, 20 structures were calculated and
the energetically best 7 models were used to interpret the
NOEs in the following cycle. ARIA calculations and some


manual assignments led to 96 unique and unambiguous NOE
assignments and 12 ambiguous distance restraints.


Structures were calculated for the 2003 ARIA topology for
disulfide dihedral angles using a composite cosine series with
a large energy maximum corresponding to the Cb–S–S–Cb cis
conformation and much smaller maxima at ±120◦.45 Non-
specifically assigned prochiral groups were treated with the
floating chirality approach.46


The NOE assignment table together with the list of rejected
NOEs (due to the internal violation analysis scheme of ARIA)
were manually checked and corrected. The resulting list of
NOE distance restraints was subject to a final run of structure
calculations. Finally 200 structures were calculated using the
simulated annealing protocol of ARIA. The best 20 models were
finally subject to simulated annealing.


The solution structure of apamin was mainly calculated using
sequential NOEs, with only 13 mid-range and long-range NOEs
identified. However, comparisons can be made about the overall
fold.


HPLC-analysis after the completion of the NMR-
experiments with crossed NTH-18 indicated that the peptide was
stable and that no exchange between the two disulfide patterns
had occurred.


Results and discussion
Design of NTH-18


The starting point for the design of NTH-18 was a simple
reversal of the sequence of apamin (Fig. 1). Molecular modelling
studies using standard simulated annealing procedures sug-
gested that the a-helix of this peptide would be unstable.47 Several
amino acid replacements were therefore introduced into the
sequence of reversed apamin. Cysteine residues were maintained
in positions 4, 8, 16 and 18 (Fig. 1). This arrangement was
observed in scorpion toxins36,37 and should therefore allow the
formation of the desired crossed pattern of disulfide bonds
between cysteines 4 and 16 and 8 and 18, respectively. In
order to remove the unfavourable effects from a positively
charged amino terminus His 1 was changed to Asp and the
N-terminus was acetylated. NMR-experiments had suggested
that the three C-terminal amino acids of apamin did not adopt
an a-helical conformation.30 To ensure that the C-terminal end
of the helix in NTH-18 would be stable, Thr 11 was replaced
by a glycine to allow the formation of a reverse turn at the
C-terminal end of the helix. Ala 10 was left in its reverse
apamin position because of its high a-helical propensity48 and
Arg 9 was included to cap the C-terminal end of the helix.
Positively charged residues at the C-terminal end of helices have
been shown to stabilise the folded structure.49 A leucine and
an isoleucine residue were placed in positions 2 and 6 because
of their high helical propensity.48 The remaining residues (Arg-
Arg-Ala) in the a-helix of reversed apamin were reorganised to
avoid charge repulsion between positively charged side chains.
The final NTH-18 sequence differed from reverse apamin in
six out of the possible eight residues in the helical region that
were not required to be cysteines. Molecular modelling by a
combination of energy minimisations using the AMBER force
field and simulated annealing procedures suggested that, unlike
reverse apamin, the designed NTH-18 was stable (Fig. 2) (for
details see Experimental). An extensive search of the protein
data bank revealed no significant matches between the NTH-18
sequence and any known protein.


Solid phase peptide synthesis of NTH-18


NTH-18 was produced by solid phase peptide synthesis using
fluorenylmethoxycarbonyl (Fmoc) chemistry. The peptide was
purified by HPLC to greater than 98% purity and its identity
confirmed by ESI-MS. The experimentally determined mass was
1964.4, which agreed well with the theoretical mass of 1963.8 for
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Fig. 2 HPLC traces of the unpurified “mixed” disulfide pattern (black)
obtained from spontaneous air-oxidation of synthetic NTH-18 and
co-injections with samples of “crossed” (red) and “parallel” (blue)
NTH-18. Crossed and parallel NTH-18 were produced by polypeptide
synthesis using an orthogonal protecting group strategy. The structures
of crossed and parallel NTH-18 obtained from the molecular modelling
are shown.


the fully reduced, protonated peptide. Air oxidation of NTH-18
in 10% DMSO at pH 8 yielded 2 products that could be separated
by reversed phase HPLC (Fig. 2). MALDI-TOF MS revealed
that both peptides had a molecular mass of 1960.0 suggesting
that they were both oxidised forms of NTH-18.


Two versions of NTH-18, one with a crossed and the other
with a parallel disulfide pattern, were synthesised on a solid
support using an orthogonal protecting strategy (Fig. 3). To
produce crossed NTH-18, the thiols of Cys 4 and 16 were
protected with acid labile trityl groups, while S-acetamidomethyl
aminothioacetal (Acm) protection was used for Cys 8 and 18.
The trityl-groups were removed followed by air oxidation to
establish the disulfide bond between Cys 4 and 16. Subsequently,
the Acm groups were removed with silver triflate and the second
disulfide between Cys 8 and 18 introduced. Similarly, parallel
NTH-18 was produced by trityl-protection of Cys 4 and 16 and
Acm-protection of Cys 8 and 18. Crossed and parallel NTH-
18 displayed different retention times during reversed phase
HPLC. Coinjections of the air-oxidised peptides with crossed
and parallel NTH-18 indicated that the two products, which had
been formed in approximately equal amounts on air oxidation of
the fully reduced NTH-18, were indeed the crossed and parallel
peptides (Fig. 2). This was in contrast to air oxidation of reduced


Fig. 3 Strategy to produce “crossed” (left) and “parallel” (right)
NTH-18. Both peptides were synthesised on a solid support using
standard Fmoc chemistry and cleaved from the resin and partially
deprotected. After air oxidation to produce the first disulfide bond, the
Acm protecting groups were removed with silver triflate. Air oxidation
led to the formation of the second disulfide bond (for details see
Experimental).


apamin, which produced fully biologically active peptide with
only the crossed disulfide pattern.50 Air oxidation of endothelin
on the other hand, a peptide which naturally occurs with two
parallel disulfide bonds, is known to generate a mixture of
disulfide patterns on air oxidation.51


Characterisation of the secondary structure of crossed and
parallel NTH-18 by CD-spectroscopy


The secondary structure of NTH-18 was characterised by
circular dichroism spectroscopy. The CD-spectrum (Fig. 4) of
HPLC-purified crossed NTH-18 showed a minimum at 206 nm
with a mean residue ellipticity of −20 500 ± 400 deg cm2 dmol−1


residue−1 and a shoulder at 222 nm characterised by a [h]222,r of
−13 800 ± 200 deg cm2 dmol−1 residue−1. From the mean residue
ellipticity at 222 nm the a-helical content was estimated to be
44% suggesting the presence of just over 2 helical turns. The
estimated amount of a-helicity in crossed NTH-18 is therefore
similar to that calculated for apamin from its NMR structure,30,52


suggesting that the 2 peptides had similar secondary structures
at least with respect to their helices.


The high stability of apamin and other cysteine rich motifs
is known to be the result of their disulfide bonds.53 Similarly,
reduction of the disulfide bonds in crossed NTH-18 with


Fig. 4 CD-spectra (20 ◦C, 10 lM) of (A) crossed NTH-18 at pH 7
(red), pH 2 (green), in the presence of 50 mM TCEP (yellow) or 6 M
guanidinium hydrochloride (pink), (B) parallel NTH-18 in the absence
(blue) and presence (light blue) of 6 M G guanidinium chloride and,
(C) the mean residue ellipticity at 222 nm, [h]r,222, of crossed (red) and
parallel (blue) NTH-18 is given as a function of the temperature.
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tris-carboxyethyl phosphine (TCEP) led to a significant change
in the CD-spectrum. The mean residue ellipticity at 222 nm
was measured as −6800 deg cm2 dmol−1 residue−1 but there was
no hint of a minimum at that wavelength. The minimum at
206 nm observed for crossed NTH-18 was shifted to 203 nm.
The structure of crossed NTH-18 therefore depended on the
formation of the disulfide bonds. In their absence the peptide
adopted a largely unfolded conformation.


Measuring the CD-spectra as a function of temperature
indicated that the secondary structure of crossed NTH-18, like
that of apamin, was remarkably stable. Crossed NTH-18 was
highly resistant to thermal unfolding and only small changes in
the CD-spectrum were observed between 10 and 80 ◦C (Fig. 4).
Above 80 ◦C, the intensity of the CD-spectrum was reduced
slightly without a major change in its shape. This change was
gradual and might be the consequence of conformational change
of crossed NTH-18 in its entirety rather than a loss of a-helicity.
Crossed NTH-18 also showed significant resistance to changes
in pH. The CD-spectra of crossed NTH-18 at pH 2 and pH 7
were identical suggesting identical secondary structures under
both conditions (Fig. 4). In the presence of 6 M guanidinium
hydrochloride the CD-spectrum of crossed NTH-18 resembled
that of the peptide with parallel disulfide bonds. The reduction
in the secondary structure of crossed NTH-18 in the presence
of the denaturant suggested that, in the absence a hydrophobic
core, the native form was stabilised by hydrogen bonding.


For parallel NTH-18 the CD-signal at 222 nm was only a
shoulder of the minimum at 205 nm (Fig. 4). Such a spectrum
has been postulated to be more consistent with a 310-type helix
rather than a regular a-helix.54 The thermal stability of parallel
NTH-18 was similar to that of the peptide with the crossed
disulfide pattern in that only minor changes of the CD-spectrum
were observed between 5 and 80 ◦C. The resistance to chemical
denaturants was however reduced when compared to that of
crossed NTH-18.


Solution structure of crossed NTH-18


The solution structure of crossed NTH-18 was determined
by NMR spectroscopy using two-dimensional NOESY and
TOCSY spectra. An almost complete set of resonance assign-
ments for NTH-18 was obtained (Table 1).


The 20 best structures based on 96 uniquely and unambigu-
ously assigned NOESY signals and 12 ambiguously assigned
NOESY signals are shown in Fig. 5. The number of NOEs used
in this structure determination was almost twice that of the
original apamin structure,30 which is probably a consequence of
the higher magnetic field strength (800 vs. 500 MHz) combined
with improved NMR instrumentation. NOESY derived distance


Fig. 5 The 20 lowest energy structures of NTH-18 as calculated in Aria
from NOE distance constraints overlaid on all backbone heavy atoms
(A) (RMSD 1.33 Å) and for the backbone heavy atoms of residues
3–8 (B) (RMSD 0.33 Å), highlighting the well defined helix within this
region. C. Amino acid sequence of NTH-18 and a summary of all the
short-range NOEs involving the NH, CaH and CbH. The strength of the
NOEs is indicated by the thickness of the lines.


constraints (Fig. 5) defined the a-helix extremely well between
residues 3 and 8, where a RMSD of 0.13 Å was achieved for
backbone atoms and 0.81 Å for all heavy atoms. The high
definition of the a-helix was a consequence of the choice of
amino acids and of the stabilisation provided by the disulfides
from the C-terminal extension, since the reduced peptides did
not show significant structure in the CD-spectrum (Fig. 4). Only
slight fraying was observed for the two N-terminal residues of
the helix. Fraying of the helix terminus had been observed for
the three corresponding C-terminal residues in apamin.30 The
length of the a-helix was similar to that observed in apamin,
where the NOE based distance constrains indicated an a-helix
between residues 10 and 15.30 The N-terminal end of the a-helix


Table 1 Assignment of 1H-NMR resonances of NTH-18


Residue NH Ha Hb Other


Asp-1 8.183 4.553 2.600, 2.706
Leu-2 8.375 4.199 1.669 Qc 1.669, QQd 0.846, 0.905
Gln-3 8.380 4.194 2.109 Qc 2.349
Cys-4 8.329 4.504 2.975, 3.061
Ala-5 8.305 4.082 1.424
Ile-6 7.540 3.790 1.905 Qc 2 0.891, Hc12 1.594, Hc13 1.171, Qd1 0.837
Lys-7 7.946 4.068 1.834, 1.987 Qc 1.424, Hd2 1.576, Hd3 1.608
Cys-8 8.738 4.369 3.038, 3.067
Arg-9 7.701 4.200 1.662, 1.732 Qc 1.878, Qd 3.185, He 7.169
Ala-10 7.793 4.341 1.423
Gly-11 7.904 3.830, 4.050
Glu-12 7.824 4.728 2.013, 1.827 Qc 2.249
Pro-13 4.189 2.189, 2.193 Qc 1.922, Hd2 3.612, Hd3 3.615
Ala-14 8.381 4.125 1.409
Gln-15 8.521 4.341 2.213, 2.017 Hc2 2.332, Hc3 2.335
Cys-16 8.040 4.638 2.925, 2.909
Asn-17 8.613 4.747 2.708, 2.901 Hd21 6.815, Hd22 7.539
Cys-18 8.578 4.591 2.790, 3.275
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in NTH-18 was however better defined than the C-terminus of
the helix in apamin (Fig. 5) making NTH-18 an ideal vehicle for
helix stabilisation in chimeric proteins.


A higher level of disorder was observed for all residues
downstream of Arg 9 (Fig. 5). However, this region in itself
was still relatively well structured yielding an overall RMSD
of 1.33 Å for the entire peptide backbone. Whilst this value is
comparable to the resolution obtained for the original apamin
structure (1.34 Å),30 the definition of the a-helix of NTH-18
was higher than in apamin. The loop regions in NTH-18 were
however more flexible than had been observed for apamin.


The overall pseudoknot topology of the peptide is well defined
by 10 long-range distance constraints. Several of those link
the side chain of Cys 18 to that of Cys 8. There are also
some additional links between the side chains of Cys 4 and
18. These two cysteines are not linked through disulfide bonds
and the observed NOEs indicate a good definition of the relative
orientation of the two disulfide bonds in NTH-18. The side chain
protons of Cys 16 were relatively flexible resulting in only one
broad signal for the two Hbs, whereas all other diastereotopic
cysteine Hbs were resolved. This was reflected in a relatively
poorly defined disulfide bond between Cys 4 and Cys 16. The
side chain of Lys 7 showed NOE contacts to the side chains of
Gln 15, Cys 16 and Asn 17 suggesting that this lysine might be
an important link between the a-helix and the C-terminal loop
region.


Conclusions
In summary, NTH-18, an apamin-like N-terminal helical
foldamer, in which the a-helix, was stabilised through two
disulfide bonds to a C-terminal extension, has been designed,
synthesised and characterised. Its well-defined 3-dimensional
fold and its high stability over a wide pH-range and for
temperatures up to at least 80 ◦C were evidence of the structural
robustness of these small disulfide stabilised peptides. The
high definition of the N-terminal end of NTH-18 makes it
an ideal vehicle for the stabilisation of a-helical structures in
hybrid proteins thereby providing many opportunities for the
examination of the relationship between structure and function
of biologically active proteins.
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Nanosecond laser flash photolysis studies of the radical cation of 4-hydroxy-3-methoxystyrene show that the radical
cation reacts with neutral 4-hydroxy-3-methoxystyrene and non-phenolic styrenes with rate constants that range
from 1 × 108 to 5 × 108 M−1 s−1. Similar 4-vinylphenol radical cations such as the radical cations of isoeugenol and
coniferyl alcohol display reduced reactivity, presumably due to the presence of b-alkyl substituents. Overall, the
results show that the reactivity of 4-vinylphenol radical cations with neutral styrenes parallels the reactivity of
non-phenolic styrene radical cations, which are known to undergo efficient radical cation mediated dimerization
reactions to give lignan-like compounds. The possibility that the biosynthesis of some lignans may follow a radical
cation mediated mechanism is discussed.


Introduction
Coupling of propenylphenol derivatives is an important reaction
in a number of biosynthetic pathways, including the biosyn-
thesis of medicinally important lignans found in many plants.1


While several aspects of lignan biosynthesis are being actively
investigated,2–4 the coupling step for most lignans is widely
accepted to involve initial enzymatic oxidation of two substrates
containing a 4-hydroxystyrene (or 4-vinylphenol) framework to
give a pair of 4-vinylphenoxyl radicals that then combine to
produce a dimeric species.5 This dimer is then further processed
enzymatically to give the completed lignan.2,3,6


Some common lignans contain a carbon framework that
can readily be generated by initial 8,8′-coupling of two 4-
vinylphenoxyl radicals (Scheme 1). Interestingly, studies7–15 of
non-phenolic styrenes have shown that a similar 8,8′-coupling
occurs upon addition of oxidized styrenes to their corresponding
neutral form (R1 �= OH; Scheme 2). This radical cation mediated
dimerization reaction may be significant because it gives rise to
the possibility that the biosynthesis of lignans might, at least in
some cases, follow a pathway characterized by initial oxidation
of a 4-hydroxystyrene to its radical cation that then adds to a
second, neutral precursor to give a distonic radical cation dimer
that is subsequently further processed to give the lignan.


Scheme 1


Scheme 2


The radical cation mediated dimerization reaction of non-
phenolic styrenes (R1 �= OH; Scheme 2) has been firmly
established using both a product study-based approach8–10,12 and
a kinetic approach whereby radical cation reactivity is examined
directly.13,15,16 Using a product study-based approach to study the
same reactions of 4-vinylphenol radical cations is complicated


by the need to unambiguously rule out product formation via the
conventional phenoxyl coupling pathway. On the other hand, the
reactivity of 4-vinylphenol radical cations with neutral styrenes
can be examined unambiguously using a technique like laser
flash photolysis (LFP) where the radical cations can be observed
directly. This approach can lead to information needed to deter-
mine if the radical cation mediated dimerization is, in principle,
a feasible processs. In particular, measuring the lifetime of the 4-
vinylphenol radical cations as a function of the concentration of
neutral 4-vinylphenols or other styrenes can help to establish if
a dimerization reaction is occurring. Absolute rate constants
for the addition of 4-vinylphenol radical cations to styrenes
can also be obtained, and these rate constants can be used to
establish whether or not the addition reaction, kdim, (Scheme 3) is
competitive with the expected rapid deprotonation reaction, kdep.
In addition, by measuring rate constants for the formation of 4-
vinylphenol radicals by protonation of 4-vinylphenoxyl radicals,
kprot, under acidic conditions, the possibility that radical cation
mediated dimerization can be initiated by reprotonation of 4-
vinylphenoxyl radicals can also be investigated.


Scheme 3


In the present work, we have examined the dynamics for the
addition of radical cations of three 4-vinylphenol derivatives
(coniferyl alcohol, isoeugenol and 2-methoxy-4-vinylphenol)
to neutral styrenes, and have compared these results to those
obtained for other previously studied styrene radical cations
known to participate in dimerization reactions. Kinetic param-
eters for the protonation of 4-vinylphenoxyl radicals have also
been determined to explore the reversibility of 4-vinylphenol
radical cation deprotonation reactions.


Results
Generation and characterization of 4-vinylphenol radical cations


As described in previous work,17 the radical cations of isoeugenol
2a [1-(4-hydroxy-3-methoxyphenyl)propene, R = CH3] andD
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coniferyl alcohol 2b [1-(4-hydroxy-3-methoxyphenyl)propen-3-
ol, R = CH2OH] are readily generated by 308 nm laser-induced
photoionization of isoeugenol 1a and coniferyl alcohol 1b,
respectively, in acetonitrile [eqn. (1)]. Both radical cations have
a strong absorption band at 380 nm and a slightly weaker band
at 580 nm (Fig. 1a and 1b). For the isoeugenol radical cation,
both bands decay in acetonitrile in a first-order manner with a
rate constant of 9 × 105 s−1 (all data were collected at 22 ± 1 ◦C)
to give a new transient with an absorption maximum at 340 nm.
The transient at 340 nm can be identified as the 4-(1-propenyl)-3-
methoxyphenoxyl radical 3a generated by loss of a proton from
the 4-hydroxyl group of the isoeugenol radical cation17 [eqn.
(1)]. The radical cation of coniferyl alcohol also decays in a first-
order manner with a rate constant of 8 × 105 s−1 to give the
4-(3-hydroxy-1-propenyl)-3-methoxyphenoxyl radical 3b with a
maximum at 340 nm.


(1)


Fig. 1 Transient absorption spectra recorded (�) 0.2 ls, (�) 0.5 ls, and
(�) 3.0 ls after 308 nm laser irradiation of (a) isoeugenol, (b) coniferyl
alcohol, and (c) 2-methoxy-4-vinylphenol in acetonitrile.


Since both the isoeugenol and coniferyl alcohol radical cations
have b-alkyl groups that are known to substantially reduce the
reactivity of styrene radical cations with alkene nucleophiles,18


laser experiments were carried out to generate the radical cation
of 4-hydroxy-3-methoxystyrene 2c [eqn. (1); R = H] which is
unsubstituted at the b-position. Laser irradiation of 4-hydroxy-
3-methoxystyrene 1c led to the formation of a transient species
with absorption maxima at 360 and 560 nm. Both of these bands
decayed with the same rate constant of 2 × 106 s−1, giving rise to a
new transient with an absorption at 330 nm. These observations
are closely similar to those observed for the isoeugenol and
coniferyl alcohol radical cations, leading to the identification
of the transient at 360 and 560 nm as the radical cation of 4-


hydroxy-3-methoxystyrene, and the transient at 330 nm as the
4-vinyl-2-methoxyphenoxyl radical 3c.


All three radical cations could also be generated by pho-
toinduced electron-transfer according to the reaction sequence
shown in eqn. (2). Laser irradiation (355 nm) of chloranil gave
the chloranil triplet (kmax = 500 nm),19 which was quenched by
the vinyl phenol derivatives with second-order rate constants
near 1 × 1010 M−1 s−1. This rate constant is consistent with
a diffusion-controlled electron-transfer reaction between the
triplet chloranil and the vinylphenol derivatives. After complete
quenching of the triplet, the absorption spectra were dominated
by a band at 440 nm due to the chloranil radical anion,19 as well
as by bands in the 360–370 nm and 560–580 nm regions. These
latter bands match well with the bands of the radical cations
generated by photoionization, thus providing good evidence
that electron-transfer did occur and led to the formation of the
radical cations of the vinylphenol derivatives.


(2)


Reactivity of 4-vinylphenol radical cations toward
neutral precursors


As mentioned in the Introduction, one goal of the present work
was to determine if the radical cations of the 4-vinylphenol
derivatives can undergo reactions with their neutral precursors
as outlined in Scheme 3. This possibility can be probed kineti-
cally by measuring the decay of the radical cations as a function
of the concentration of the precursors to the radical cations.
In these experiments, the 4-vinylphenol radical cations were
generated by photoinduced electron-transfer using chloranil
excited with 355 nm laser irradiation; this method is compatible
with the use of relatively high concentrations of the precursors,
while direct photoionization using 308 nm laser irradiation is
more suitable for experiments using lower concentrations of the
precursors.


The 4-hydroxy-3-methoxystyrene radical cation generated by
photoinduced electron-transfer decayed in a first-order manner
at all concentrations of 4-hydroxy-3-methoxystyrene used. As
shown in Fig. 2 (closed circles), the observed rate constants
increased as a function of increasing precursor concentration
from 0.5 to 20 mM, indicating the presence of a reaction
between the radical cation and its precursor. Linear least squares
analysis of the relationship between observed first-order rate
constants and the concentration of the substituted styrene over


Fig. 2 (�) Relationship between observed rate constants for the decay
of the 4-hydroxy-3-methoxystyrene radical cation and the concentra-
tion of 4-hydroxy-3-methoxystyrene in acetonitrile. (�) Relationship
between the observed rate constants for the decay of the isoeugenol
radical cation and the concentration of isoeugenol in acetonitrile.
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the concentration range of 0.5 to 20 mM gave a second-order rate
constant of 4.3 × 108 M−1 s−1. Attempts were made to obtain data
at even higher concentrations of 4-hydroxy-3-methoxystyrene.
However, at these higher concentrations the solution became
increasingly deeply coloured, and it was not possible to obtain
accurate kinetic data.


Results from experiments carried out using isoeugenol are
also shown in Fig. 2 (open circles). As can be seen, the rate
constants for the decay of the isoeugenol radical cation remained
unchanged at ca. 1.5 × 106 M−1 s−1 over the entire concentration
range. As for the 4-hydroxy-3-methoxystyrene radical cation
described above, higher concentrations could not be studied
due to deep colouration of the solution. The same results were
obtained for the coniferyl alcohol radical cation whose decay
remained unchanged at all coniferyl alcohol concentrations
studied (0.001 to 0.01 M).


Reactivity of 4-vinylphenol radical cations toward other styrenes


The decay of the 4-vinylphenol radical cations was also
measured as a function of the concentration of styrene, 4-
methylstyrene and a-methylstyrene. In this case, the radical
cations were generated by photoionization using 308 nm laser
excitation. This method is useful for these experiments since
the three styrenes investigated have no detectable absorption at
308 nm and irradiation with 308 nm laser light selectively excites
the 4-hydroxystyrene derivative.


The observed rate constants for the decay of the radical cation
of 4-hydroxy-3-methoxystyrene in acetonitrile containing 0 to
10 mM 4-methylstyrene are shown in Fig. 3. As can be seen,
the rate constants increase significantly from 1.8 × 106 s−1


to 3.9 × 106 s−1 over this concentration range. Linear least
squares analysis gave a second-order rate constant of (2.5 ±
0.2) × 108 M−1 s−1 for the reaction of the radical cation with 4-
methylstyrene. The addition of a-methylstyrene and styrene also
increased the decay of the 4-hydroxy-3-methoxystyrene radical
cation, but the increases were smaller than those observed for
4-methylstyrene. The relationships between the observed rate
constants and concentrations of the styrenes were linear, with
linear least squares analysis giving slopes of (1.4 ± 0.2) ×
108 M−1 s−1 for quenching by styrene, and (1.0 ± 0.1) ×
108 M−1 s−1 for quenching by a-methylstyrene.


Fig. 3 Relationship between the observed rate constants for the decay
of the radical cation of 4-vinyl-2-methoxyphenol and the concentration
of 4-methylstyrene in acetonitrile.


Similar experiments were carried out to examine the reactivity
of the radical cations of coniferyl alcohol and isoeugenol with
the same three styrenes. The decays of both these radical cations
remained unchanged at styrene concentrations up to 0.02 M.


Reactivity of 4-hydroxy-3-methoxystyrene radical cation toward
a simple phenol


Quenching of the radical cation of 4-hydroxy-3-methoxystyrene
using a simple phenol, 4-isopropylphenol, was also examined
to determine the importance of a possible reaction between the
radical cation and a phenolic OH. No measurable quenching
was observed, even at concentrations as high 50 mM 4-


isopropylphenol. Given that the radical cation decays with
a rate constant of 2 × 106 s−1 in neat acetonitrile, the lack
of observable quenching at 50 mM phenol indicates that the
potential reactivity of the phenol towards the radical cation
must be less than 1 × 107 M−1 s−1, which is greater than one
order of magnitude smaller than the rate constant measured
for the reaction of the same radical cation with 4-hydroxy-3-
methoxystyrene.


Protonation of 4-vinylphenoxyl radicals


Laser irradiation (355 nm) of 10% di-tert-butyl peroxide in N2-
saturated acetonitrile rapidly induces the homolytic cleavage
of the di-tert-butyl peroxide to give two tert-butoxyl radicals
[eqn. (3)]. In the absence of added 4-vinylphenol, little change
in the absorption upon laser irradiation was observed, which is
consistent with the weak absorbance of the t-butoxyl radical
in the 320–700 nm spectral region.20 However, as shown in
Fig. 4a, a new transient species at 340 nm grew in after laser
irradiation of a di-tert-butyl peroxide/acetonitrile solution with
added isoeugenol. The absorption at 340 nm grew in with a first-
order rate constant that was dependent on the concentration
of isoeugenol [Fig. 4a (inset)]. This behaviour is consistent
with a hydrogen abstraction reaction in which the tert-butoxyl
radical removes a hydrogen atom from the phenolic OH of
the isoeugenol to give the vinylphenoxyl radical 3a [eqn. (4)].
Linear least squares analysis of the relationship between the
observed rate constant for growth of the 340 nm transient and the
concentration of isoeugenol gives a second-order rate constant
for this reaction of 1.4 × 108 M−1 s−1.


(3)


(4)


The magnitude of the rate constant is consistent with transfer
of a hydrogen atom from phenolic O–H to the photogenerated
tert-butoxyl.21 In addition, the location of the absorption
maximum is similar to those of other phenoxyl radicals.20


Furthermore, the decay of the transient at 340 nm in O2-
saturated solution is the same as that in N2-saturated solution.
All of these observations are consistent with identification of
the transient as the 2-methoxy-4-(1-propenyl)-phenoxyl radical
generated by hydrogen atom transfer from the OH of isoeugenol
to the photogenerated tert-butoxyl radical [eqn. (4)].


Similar results were observed using coniferyl alcohol or 4-
hydroxy-3-methoxystyrene instead of isoeugenol. In both cases,
355 nm laser irradiation of 10% di-tert-butyl peroxide in ace-
tonitrile with the added 4-vinylphenol derivative resulted in the
formation of a new transient at 340 nm with properties consistent
with identification as the corresponding vinylphenoxyl radicals
3b and 3c.


In acidic (1 mM HClO4) acetonitrile with 10% di-tert-
butylperoxide and 6 mM isoeugenol, the 2-methoxy-4-(1-
propenyl)-phenoxyl radical still grew in at 340 nm with the
same rate constant as that measured in the absence of acid.
However, two additional absorption bands at 380 and 580 nm
were also observed (Fig. 4b). The two absorption bands grew
in with a rate constant of 4.5 × 105 s−1 that was slightly smaller
than the rate constant for the growth of the radical cation at
340 nm. The location and relative intensities of these bands are
very similar to those for the isoeugenol radical cation generated
by photoinduced electron-transfer or by photoionization as
described above. Thus, the additional transient generated under
acidic conditions can be identified as the isoeugenol radical
cation.
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Fig. 4 Transient absorption spectra recorded (�) 0.18 ls, (�) 0.86 ls,
and (�) 4.5 ls after 355 nm laser iradiation of 10% di-tert-butyl
peroxide in acetonitrile with 6 mM isoeugenol and (a) 0 mM HClO4,
(b) 1 mM HClO4, and (c) 10 mM HClO4. The inset in (a) shows the
relationship between the rate constants for the growth at 340 nm and the
concentration of isoeugenol in 10% di-tert-butyl peroxide/acetonitrile
(0 mM HClO4).


As shown in Fig. 4c, the absorption bands due to the
isoeugenol radical cation at 370 and 580 nm were more intense as
the acid concentration increased to 10 mM, and the absorption
band due to the phenoxyl radical was considerably reduced. The
effect of increasing acid concentrations is more clearly illustrated
in Fig. 5a, which shows the time-resolved absorption changes
at 380 nm at several different acid concentrations. The growth
curves clearly show that the magnitude of the absorption due to
the radical cation increases dramatically as the concentration of


Fig. 5 Effect of concentration of HClO4 on (a) the maximum optical
density at 380 nm, and (b) the rate constant for growth at 580 nm upon
355 nm irradiation of di-tert-butyl peroxide in acetonitrile with 7 mM
isoeugenol.


perchloric acid is increased from 1.0 to 7.0 mM. In addition, the
rate constant for the growth of the radical cation increased with
acid concentration over the concentration range of 1.0–5.0 mM
(Fig. 5b). The relationship between the rate constants and acid
concentrations over this range is linear, and linear least squares
analysis gave a slope of (1.9 ± 0.2) × 108 M−1 s−1.


At a concentration of 6 mM, isoeugenol in acetonitrile has a
small absorption at 355 nm, the excitation wavelength used in
these experiments. To remove any possibility that the isoeugenol
radical cation at 370 and 580 nm might be generated by direct
excitation of isoeugenol, a solution of acidic acetonitrile (10 mM
HClO4) with 6 mM isoeugenol but no di-tert-butyl peroxide
was examined with 355 nm laser irradiation. No change in
absorption was detected after the laser pulse, indicating that
the radical cation was not generated in this way. Thus, the tert-
butoxyl radical generated by photoinduced homolytic cleavage
of di-tert-butyl peroxide is required to initiate radical cation
formation under these conditions.


Similar experiments could not be carried out using coniferyl
alcohol which decomposed in acidic acetonitrile. Presumably,
coniferyl alcohol is prone to acid-catalyzed elimination of the
b-OH group leading to formation of the unstable quinone
methide and subsequent products derived from the quinone
methide. Irradiation of t-butyl peroxide in the presence of 4-
hydroxy-3-methoxystyrene under acidic conditions also failed to
produce detectable amounts of the 4-hydroxy-3-methoxystyrene
radical cation. This inability to detect the radical cation 3c most
likely originates from its rapid dimerization reaction with 4-
hydroxy-3-methoxystyrene as described above. In particular, the
rate constant of 4.3 × 108 M−1 s−1 for the addition of radical
cation 3c to its neutral precursor 3a is greater than the rate
constant of 1.4 × 108 M−1 s−1 for hydrogen abstraction from 4-
hydroxy-3-methoxystyrene by the t-butyl peroxy radical. Thus,
the disappearance of the radical cation would be faster than
its formation due to the relatively slow rate constant for the
generation of the vinylphenoxyl radical.


Discussion
Reactivity of 4-hydroxystyrene radical cations with
neutral precursors


Of the three 4-hydroxystyrene derivatives examined in this work,
only the 4-hydroxy-3-methoxystyrene radical cation clearly
reacted with its neutral precursor, 4-hydroxy-3-methoxystyrene.
The second-order rate constant for this reaction was measured
to be 4.3 × 108 M−1 s−1, which is about one order of magnitude
slower than a diffusion-controlled process in acetonitrile. Unlike
other styrenes that only contain a nucleophilic vinyl group and
typically react with radical cations by 8,8′-coupling, 4-hydroxy-
3-methoxystyrene contains an additional reactive phenolic OH
group that could react as a nucleophile or a base with the 4-
hydroxy-3-methoxystyrene radical cation. Direct participation
of the phenolic OH can be ruled out upon consideration of
the reactivity of 4-hydroxystyrene radical cations with other
hydroxy-containing compounds. In particular, rate constants
for the reaction of simple alcohols with 4-hydroxystyrene radical
cations in acetonitrile17 are about one order of magnitude smaller
than the second-order rate constant of 4.3 × 108 M−1 s−1 mea-
sured in this work. Simple phenols are similarly less reactive, as
demonstrated in the present work by the absence of a noticeable
increase in the rate constant for the decay of the 4-hydroxy-3-
methoxystyrene radical in the presence of 4-isopropylphenol.


The magnitude of the rate constant for the reaction between
the 4-hydroxy-3-methoxystyrene radical cation and its neutral
precursor, k = 4.3 × 108 M−1 s−1, is similar to the rate constant
of 1.1 × 109 M−1 s−1 for the quenching of the 4-methoxystyrene
radical cation by neutral 4-methoxystyrene, a reaction which
is known to involve addition to give an 8,8′-coupling product.
Thus, on the basis of these comparisons, it is reasonable to
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Table 1 Second-order rate constants (M−1 s−1) for the quenching of the 4-hydroxy-3-methoxystyrene and 4-methoxystyrene radical cations by
substituted styrenes in acetonitrile (22 ± 1 ◦C)


4-Hydroxy-3-methoxy styrene radical cationa 4-Methoxystyrene radical cationb


4-Methoxystyrene — 1.1 × 109


4-Hydroxy-3-methoxystyrene 4.3 × 108 —
Styrene 1.4 × 108 1.3 × 107


4-Methylstyrene 2.5 × 108 7.8 × 107


a-Methylstyrene 1.0 × 108 1.2 × 108


a This work. b Refs. 16 and 18.


suggest that the quenching of the 4-hydroxy-3-methoxystyrene
radical cation with 4-hydroxy-3-methoxystyrene is also due to a
coupling reaction similar to that shown in Scheme 2.


Further evidence that the phenolic OH of 4-hydroxy-3-
methoxystyrene is not responsible for the observed quenching
of the 4-hydroxy-3-methoxystyrene radical cation comes from
results obtained upon reacting the 4-hydroxy-3-methoxystyrene
radical cation with non-phenolic styrenes. The 4-hydroxy-
3-methoxystyrene radical cation reacted with styrene, 4-
methylstyrene and a-methylstyrene with rate constants ranging
from 1.0 × 108 M−1 s−1 for a-methylstyrene to 2.5 × 108 M−1 s−1


for 4-methylstyrene. Since these styrenes contain only the
nucleophilic vinyl group, the second-order reaction must involve
a dimerization reaction that presumably leads to an 8,8′-coupling
product.


A comparison between the rate constants for the addition of
styrenes to the 4-methoxystyrene radical cation18 and the rate
constants for the reaction of the 4-hydroxy-3-methoxystyrene
radical cation with the same styrenes is shown in Table 1. The
data in Table 1 indicate that the reactivities of both radical
cations towards styrenes are overall quite similar, with the largest
difference being a 10-fold greater reactivity of styrene toward the
4-hydroxy-3-methoxystyrene radical cation compared with the
4-methoxystyrene radical cation.


Coniferyl alcohol and isoeugenol contain an additional alkyl
substituent at the b-position of the double bond, and the
radical cations from these two substrates showed no measurable
reactivity toward their neutral precursors, or towards the
other styrenes used in this study. A similar observation had
been made previously for the radical cation of anethole [1-(4-
methoxyphenyl)propene] which showed no observable reactivity
with anethole due to the presence of the additional b-methyl
group.13 While this lack of measurable reactivity may suggest no
reaction between anethole and its radical cation, product studies
have provided strong evidence that the addition reaction does oc-
cur to give 2,3-dimethyl-1,4-bis(4-methoxyphenyl)cyclobutane,
but with a rate constant of 2 × 106 M−1 s−1 that is too slow to
measure directly using LFP techniques.13


Protonation of vinylphenoxyl radicals


Increasing the acidity of the acetonitrile solution resulted in a
decrease of the observed yield of the 2-methoxy-4-(1-propenyl)-
phenoxyl radical, and a concomitant increase in the yield of
the isoeugenol radical cation. In addition, the rate constant
for the formation of the radical cation increased in a linear
manner with respect to the concentration of the acid. These
observations are consistent with the formation of the radical
cation via protonation of the initially formed radical [eqn. (5)].


(5)


Arene radical cations are known to be produced upon direct
irradiation of arenes under acidic conditions.22,23 However, the


isoeugenol radical cation was not generated upon 355 nm
laser irradiation of isoeugenol in acidic acetonitrile when di-
tert-butyl peroxide was withheld. This observation rules out
the possibility that radical cation formation took place by a
mechanism requiring direct excitation of isoeugenol.


According to the reaction in eqn. (5), the rate constant for the
decay of the radical is expected to increase in the same manner
as the rate constant for the formation of the radical cation.
This was not observed, presumably due to the close similarity
between the observed rate constant for the formation of the
radical by H• atom abstraction (1.0 × 106 s−1 when [isoeugenol]
= 7 mM) and the observed rate constant for protonation of
the radical (0.2 to 1.0 × 106 s−1 for [H+] = 1.5 to 5 mM). In
addition, the absorption spectra of the radical and the radical
cation overlap strongly at 340 nm; as a result, any decrease in
absorption intensity at 340 nm due to radical decay will at least
be partially compensated by an increase in absorption intensity
as the radical cation grows in. Nonetheless, despite our inability
to observe a distinct change in the rate constant for the decay at
340 nm as a function of acid concentration, the formation of the
radical cation under acidic conditions and the observations that
the yield and the dynamics for the growth of the radical cation
are affected by acid concentration provide strong evidence that
the radical cation is produced by protonation of the radical.


The slope of (1.9 ± 0.2) × 108 M−1 s−1 determined from the
relationship between the observed rate constants for the growth
of the radical cation and acid concentration should represent
the rate constant for protonation of the radical, kH+ . This rate
constant is large, and clearly shows that the isoeugenol radical is
sufficiently basic to be rapidly converted into its conjugate acid
under suitable conditions.


Implications for the biosynthesis of lignans


While definitive information about the mode of reaction between
the 4-hydroxy-3-methoxystyrene radical cation and neutral
styrenes cannot be obtained from kinetic studies alone, our
results are consistent with an 8,8′-coupling reaction as observed
previously for other styrenes. In particular, our results clearly
demonstrate that the 4-hydroxy-3-methoxystyrene radical cation
does undergo a rapid reaction with its neutral form, as well as
with other non-phenolic styrenes. Furthermore, the magnitude
of the rate constants are similar to those obtained with the
4-methoxystyrene radical cation, which is known to undergo
initial 8,8′-coupling upon reaction with styrenes. The other 4-
hydroxystyrene derivatives, isoeugenol and coniferyl alcohol,
investigated in this study showed no observable increase in
reactivity in the presence of neutral styrenes. However, these
two substrates contain b-alkyl substituents, which are known
to dramatically reduce the reactivity of styrene radical cations
toward neutral styrenes. In fact, the lack of reactivity parallels
that observed for other b-substituted styrene radical cations,
such as the anethole radical cation, which does react with
anethole to give an 8,8′-coupling product,10 but with a second-
order rate constant too slow to measure using LFP.
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The 4-hydroxystyrene radical cations all undergo a rapid
deprotonation reaction, but, as shown for the isoeugenol radical,
rapid reprotonation also takes place under moderately acidic
conditions in a non-protic, polar solvent. Thus, in a biological
system, 4-vinylphenol radical cations need not undergo a
dimerization event as soon as they are produced by enzymatic
oxidation; instead, the radical cations can be ‘stored’ in their less
reactive 4-vinylphenoxyl radical form, and then regenerated by
enzymatic protonation when dimerization is ready to proceed.


We acknowledge that at the present time, there is little
biochemical evidence to suggest that radical cations are involved
in the biosynthesis of lignans. Nonetheless, our results indicate
that radical cation mediated dimerization of 4-hydroxystyrenes
is, in principle, a viable pathway, and that this mechanism may
be helpful in understanding results as explorations into the
mechanism of lignan formation continue.


Experimental
Materials


Coniferyl alcohol, isoeugenol and 4-hydroxy-3-methoxystyrene
were purchased (Aldrich) and used as received. Acetonitrile was
spectroscopic grade (Omnisolve, BDH). All other materials were
the best available commercial grades, and used without further
purification.


Laser flash photolysis


The nanosecond laser flash photolysis system at Dalhousie
University has been described previously.24 A Lambda Physiks
excimer laser (308 nm, XeCl, 10 ns/pulse, <100 mJ/pulse) was
used as the excitation source for most experiments. In exper-
iments using chloranil or di-tert-butyl peroxide, a Continuum
Nd:YAG NY-61 laser (355 nm; 8 ns/pulse; < 35 mJ/pulse) was
used as the excitation source.


Solutions for kinetics experiments were prepared by the
addition of small aliquots (ca. 10 lL) of stock solutions of
the appropriate substituted 4-vinylphenol to 2.0 or 3.0 mL
of acetonitrile in 7 × 7 mm laser cells made out of Suprasil
quartz tubing. The absorption of the 4-vinylphenols in the
laser cells was approximately 0.4 at 308 nm, corresponding
to concentrations of ca. 0.1 mM. Measurements of quenching
rate constants were made by adding small amounts (1–20 lL)
of a stock solution with a known concentration of the quencher
dissolved in acetonitrile. Solutions for the experiments carried
out under acidic conditions were prepared by making a 0.010 M
HClO4 stock solution in acetonitrile, and then making appropri-
ate dilutions of this solution using acetonitrile. To minimize the
possibility of acid-catalyzed decomposition of coniferyl alcohol
or isoeugenol, these materials were added to the acidic sample
solutions just prior to performing the laser experiments. In
the chloranil-sensitized experiments, acetonitrile solutions were
prepared so that the absorption of chloranil at 355 nm was
approximately 0.4. Appropriate amounts of stock solutions with


known concentrations of the 4-vinylphenols were then added
to given final concentrations of 4-vinylphenols ranging from
0.1 mM to 1 mM.


For the measurement of absorption spectra, a flow cell system
was used to ensure that only fresh solution was subjected to each
laser pulse. Solutions were prepared as described above with the
compound to be excited having an absorption at the excitation
wavelength of 0.4.


Most laser experiments were carried out using aerated sam-
ples. When oxygen-free solutions were required, the samples
were bubbled with a slow stream of dry nitrogen for 20 min
prior to laser irradiation. All kinetics experiments were carried
out at room temperature (22 ± 1 ◦C).
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Forthcoming launch of new supplement Chemical Biology


We are delighted to announce that 2006
will see the launch of a new supplement
from the RSC—Chemical Biology.


Chemistry or chemical techniques are
now integral to the understanding of
biological processes at the atomic and
molecular level. The RSC has
recognised the significance and value of
the exciting research in this area and is
building on the success of its existing
chemical biology portfolio in this new
venture.


As the traditional boundaries
between biology and chemistry become
ever more blurred, the RSC is
committed to publishing significant
research at the interface between these
disciplines.


A companion publication to the
successful Chemical Science and
Chemical Technology supplements,
Chemical Biology will draw together
material from all RSC publications. It
aims to complement the news service
offered by the first two supplements,
providing a ‘snapshot’ of the latest


developments from the more biological
aspects of research.


From early in 2006 Chemical Biology
will be freely available online and as a
monthly supplement in the print issues
of Organic & Biomolecular Chemistry,
Molecular BioSystems, Natural Product
Reports and Photochemical &
Photobiological Sciences.


Latest news will be added to the
online version of the supplement ‘as it
happens’ ensuring access to the most
up-to-date information. Extra content
will be available to online readers and all
of the news items will link directly to the
original research articles which will be
free to access forever.


Chemical Biology will be intimately
related to the successful Chemical
Biology Virtual Journal
(www.rsc.org/chembiolvj) which was
launched back in 2002. Together they
will assist the chemical biology
community by drawing together the
significant amount of relevant work


published across all RSC journals. The
new supplement will highlight the very
best and most newsworthy articles from
the Virtual Journal.


This year has seen the launch of
Molecular BioSystems, a high quality
interdisciplinary journal publishing
novel and challenging chemical biology
research. This journal has a particular
focus on the interface between chemistry
and the -omic sciences and systems
biology. ChemComm, Organic &
Biomolecular Chemistry, Natural
Product Reports, Photochemical &
Photobiological Sciences and other
established RSC journals will also
continue to attract and publish excellent
chemical biology of relevance to the
scope of each journal. Why not submit
your latest research today via
www.rsc.org/ReSourCe?


We look forward to the forthcoming
launch of Chemical Biology and hope
that it will be an invaluable tool which
highlights the most exciting advances in
the field. Look out for the supplement
which will be included in this title from
January 2006. Why not visit the
Chemical Biology homepage
(www.rsc.org/chembiology) today to
catch a glimpse of what is to come in the
New Year?


With kind regards,


Kathryn Sear, Editor,
Chemical Biology


Caroline Evans, Editor,
Molecular BioSystems and the
Chemical Biology Virtual Journal


Vikki Allen, Editor,
Organic and Biomolecular Chemistry
and Natural Product Reports


Sarah Ruthven, Editor, Photochemical
& Photobiological Sciences
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