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Many kinds of radicals are stable enough to isolate, handle, and store without any special precautions.
The diversity in molecular architectures of these stable radicals is sufficiently large that the common
factors governing radical stability/persistence, geometric and electronic structure,
association/dimerization preferences, and reactivity have generally not been well articulated or
appreciated. This review provides a survey of the major classes of stable or persistent
organic/organomain group radicals with a view to presenting a unified description of the
interdependencies between radical molecular structure and properties.


1 Introduction


Radicals are subvalent compounds: they have one less bond
than expected based on simple valency considerations. The
highly reactive, often transient nature of radicals is a reflection
of the fact that their major reactivity pathways—dimerization,
hydrogen abstraction, disproportionation—are strongly favoured
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thermodynamically, and these reactions typically occur with little
to no activation barrier.


Many radicals exist whose properties defy the dogma espoused
above. There are examples of molecules with unpaired electrons
that have sufficiently long lifetimes to be observed by conventional
spectroscopic methods. Other radicals can be isolated as pure
compounds, and a few of these are even unreactive to air and water.
The notion that radicals can be stable and isolable is still news to
much of the chemical community, as evidenced by the continuing
stream of publications trumpeting the discovery of new molecules
that are radicals and yet can be isolated.1,2 However, stable radicals
have been recognized for just over a century, and some were in
fact synthesized over 150 years ago. It is also evident that certain
kinds of molecular architectures provide a versatile template that
can support stability in open-shell molecules; there are families of
stable radicals, many of which have been around for decades.


Much of the current interest in stable radicals probably arises
from their status as “novelty acts” and, more substantially, from
the fundamental structure and bonding issues that naturally arise
with this class of compounds. However, there are many areas of
chemistry that take advantage of the properties afforded by the
specific combination of open-shell configuration and chemical
stability. Firstly, stable radicals have long been used as reporter
molecules to obtain structural, dynamic, and reactivity informa-
tion using electron paramagnetic resonance (EPR) spectroscopy.
Techniques such as spin labelling3 and spin trapping4 and, more
recently, EPR imaging5 can provide a wealth of information on
systems into which stable radicals have been introduced. Second,
there have been widespread efforts aimed at developing new
materials with technologically relevant properties (magnetism,
conductivity) for which stable radicals are excellent building
blocks simply by virtue of having unpaired electrons.6,7 Third,
stable radicals do in fact have a very rich chemistry, but of a
much more selective and controllable nature than the reactivity
of reactive radicals. Certain kinds of stable radicals are widely
used as (co)catalysts for the oxidation of alcohols to carbonyl
compounds,8 while other radicals are exploited for their ability to
act as antioxidants;9 the transition metal coordination chemistry
of radicals has been an active area of interest to inorganic chemists
for three decades;10–12 and polymer synthesis has received a
significant boost from the development of stable-radical-mediated
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living radical polymerization processes.13 Radical reactions are
implicated in a huge range of biological processes, and stable
radicals are often key players—from simple inorganic radicals
such as NO and O2 to tyrosyl14,15 and flavin16-based radicals. Stable
radicals have even been incorporated into the interior of golf balls
(!),17 demonstrating that the range of uses for these molecules is
limited only by one’s imagination.


Space limitations do not permit further discussion of these
applied areas; instead, the vast array of applications in which
stable radicals are employed provides a context for discussion
of what kinds of stable radicals exist. More fundamentally, a
number of reviews have appeared dealing with specific types of
stable radicals, but the last broad-based review of organic stable
radicals was Forrester et al.’s book published nearly 40 years
ago.18 A comprehensive review on inorganic main group element-
based stable radicals appeared in 2003;19 “organic” radicals—
those based on C, N, O, and S, which, by and large, are the classes
of radicals which are utilized in the applications described above—
were deliberately excluded.


This Perspective focuses on organic (including “organomain
group”) stable radicals, and as such is complementary to the afore-
mentioned 2003 review of inorganic-based radicals. The terms
“stable” and “persistent” are used very subjectively within the
genre; we adopt Ingold’s pragmatic (but not universally followed)
definition of a stable radical as one that can be isolated and handled
as a pure compound, whereas radicals that are sufficiently long-
lived to be observed using conventional spectroscopic methods but
cannot be isolated are classified as persistent.20 For the most part
emphasis is placed on isolable radicals, although there is in realty
a continuum of reactivity/stability, necessitating some discussion
of radicals that qualify as persistent as a matter of context. The
main emphasis of this Perspective is to highlight the relationships
between molecular structure and stability/reactivity of the major
classes of stable radicals. For space limitation reasons, radical
ions21 are not included, nor are di-, tri-, and polyradicals except in
cases where the merger of two or more odd-electron fragments has
important consequences for the gross electronic structure of the
aggregate molecule. Space constraints also preclude discussion
of the synthesis of all of these radicals. Finally, a few classes of
radicals are given shorter treatment than they might otherwise
deserve based on the overall volume of literature available. Space
considerations are again a prime consideration, coupled with the
fact that, for certain classes of radicals, there have been few or no
new developments for over 25 years. Thus, discussions of some of
the more venerable and well-studied stable radicals, e.g. phenoxyls,
nitroxides, are summarized, and readers are referred to key reviews.
Pyridinyl radicals will not be discussed because Kosower’s 1983
review22 is the definitive (and, so far, final) word on this subject.


2 Hydrocarbon-based radicals


2.1 Triphenylmethyl and related radicals


Gomberg’s synthesis of the triphenylmethyl (trityl) radical 1 was
a landmark discovery as it marked the beginning of organic
free radical chemistry.23 Despite the historical importance of
these species, there has not been a general overview/review of
triarylmethyl radicals. A historical account of the nearly 70-year
controversy surrounding the nature of the triphenylmethyl dimer24


is available, as is an essay concerning the question of why Gomberg
never received the Nobel Prize for his seminal discovery.25


Triphenylmethyl 1 and its derivatives are best described as
persistent rather than stable radicals: in dilute, carefully deoxy-
genated solution, 1 is in equilibrium with dimeric species 2 and
the radical cannot be isolated. The dimer consists of a r bond
between the central carbon of one radical and a para carbon
of another. The intradimer bond of 2 is weak, with a bond
dissociation enthalpy of only ∼11 kcal mol−1.26 Nonetheless, under
anaerobic conditions, 1 is highly persistent, as are most of its
simple substituted derivatives. This stability is ascribed largely
to steric protection of the central carbon, where the bulk of the
radical spin density is found, by the three phenyl groups which
adopt a propellor conformation, with the rings twisted by ∼30◦


with respect to the plane containing the central carbon and the
three ipso phenyl carbons.27,28 However, some spin density resides
on the phenyl substituents, as evidenced by EPR spectroscopy.26,29


As an odd alternant hydrocarbon, the p SOMO of 1 has atomic
orbital contributions from every other carbon atom—in this case
the ortho and para carbons in addition to the central (methine)
C. The presence of spin on the phenyl rings, coupled with the steric
problems associated with hexaphenylethane, provide a rationale
for the formation of 2. There is smaller, negative spin density on
the meta (and ipso) carbons arising from spin polarization effects.


Heteroaromatic analogues of 1 in which one or more of
the phenyl groups is replaced by, e.g., pyridyl,30 thienyl,31 or
benzotriaozlyl32 do not show dramatically different stability from
the parent compound. The tendency to dimerize can be attenuated
and, in some cases, shut down through substituent effects. Para
substitution on all three phenyl rings (i.e. 3) renders these radicals
monomeric, although still very air sensitive.28,33 The perchlorinated
triphenylmethyl 4 is not only stable but essentially chemically
inert,34 only undergoing reactions under extremely harsh condi-
tions or outer sphere electron transfer. The main source of this
extraordinary stability is the complete shielding of the central
carbon by the six ortho chlorine atoms. The steric bulk increases
the twist angle in the propeller-like structure to ∼50◦,35 which
renders these radicals even more localized than the unsubstituted
species,36 but the steric effects block any sort of dimerization or
small molecule reactivity.


Radical 4 is the prototype of what has become a large number of
polychlorinated triphenylmethyl (PTM) radical derivatives which
display outstanding stability.37 More recent work on partially
chlorinated derivatives such as 5 and 6—both of which are
essentially as stable as 4—reveals that not all of the chlorine
substituents in 4 are necessary; the six chlorines in the ortho
positions appear to be sufficient and necessary for radicals of this
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type to be exceptionally stable.38 This feature is demonstrated by
the relative stabilities of perchlorinated tris(thienyl)methyl radicals
7 and 8.39 The 2-thienyl derivative 7 only has three ortho-chlorine
groups and is not particularly persistent, decomposing within
minutes. In contrast, compound 8, with the full complement of
six ortho chlorines, enjoys comparable stability to that of 4.


Ortho substituents other than chlorine can also attenuate
the reactivity of triarylmethyls. The tris (2,6-dimethoxyphenyl)
methyl radical 9 is monomeric and relatively unreactive to air,
though it does react slowly with oxygen in solution to form an
unusual peroxide.40 Interestingly fused compound 10 is completely
associated to form a presumed r dimer of unknown structure.41


Clearly the gain in resonance delocalization in 10 by enforcing a
planar orientation of the phenyl groups is offset by the lack of
steric barrier to radical dimerization.


A family of heavily substituted triphenylmethyls 11 (X = O, S;
R = Me, Na) have been studied as candidates for EPR imaging
probes.42,43 The complete substitution at all of the ortho carbons
renders these quite persistent, although the ester derivatives
degrade over a period of several days. The carboxylate-based
radicals are, however, indefinitely stable and insensitive to oxygen.
The spin distributions in these radicals were compared to that in
the parent triphenylmethyl (1) through density functional theory
calculations.43 As is the case for the chlorinated radicals (see
above), the increased twist angle of the aromatic groups leads
to an increase in spin density at the methine carbon (from 0.56 in
1 to ∼0.62 in derivatives of 11) and a decrease in spin density on
the aromatic carbons (∼0.115 in 1 and 0.06–0.08 in 11).


There has been some interest in employing suitably substituted
triphenylmethyl radicals as paramagnetic ligands for metal com-
plex chemistry. One such example is the series of compounds of
structure 12,44 nitrogen-containing analogue of Koelsch’s radical


13 (the latter being a long-known very stable hydrocarbon
radical).45 The bipyridine-like moiety present in 12 harkens to
the possibility of forming metal complexes, but the results of
preliminary studies to this end were inconclusive.


Perchlorinated triphenylmethyl radicals with one to three car-
boxylate groups in the para positions (14; x = 0–2)46 are as stable
as the parent perchlorinated triphenylmethyls. The possibility of
linking these radicals via coordination or non-covalent interac-
tions has been extensively explored by Veciana. The carboxylate
groups bind to transition metals in discrete complexes47 as well
as metal-organic frameworks,48 and can also be employed as
supramolecular synthons in the generation of hydrogen bonded
networks.49 The extended structures based on these radicals exhibit
interesting magnetic and nanoporous properties.


2.2 Phenalenyl and related radicals


The phenalenyl radical 15 was prepared by Reid50 and inde-
pendently detected by Calvin51; in both instances the radical
was derived from phenalene oxidation. A number of simple
derivatives have been generated52,53 and the older literature has
been reviewed.54 Most of the early examples are very oxygen
sensitive and in equilibrium with a r-bound dimer (15)2; the dimer
decomposes further to form highly fused polycyclic aromatic
hydrocarbons. Nonetheless, in dilute deoxygenated solutions most
phenalenyl radicals persist indefinitely, despite the lack of an
appreciable steric barrier to association. In this context phenalenyl
radicals demonstrate the beneficial (from a stability perspective)
consequences of electron delocalization in hydrocarbon-based
radicals.


The spin density in 15 is predominantly found on the six a
carbon atoms (three of the six resonance structures are depicted
by 14a, 14b, and 14c). The spin density at the three peripheral
(b) carbons is much smaller and it arises from spin polarization
effects. The spin distribution can be understood on the basis of
the singly occupied molecular orbital (SOMO) 16, a p orbital with
coefficients only on the a carbon atoms. Importantly, the SOMO
also suggests no spin density on the central carbon—this can also
be understood in valence bond terminology, as resonance structure
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15x would consist of a methyl type radical inside an antiaromatic
12p periphery. Thus 15x is not an appropriate representation of
this radical.


In the past 20 years a number of new phenalenyl-based radicals
have been reported. The body of experimental and computational
data on a variety of substituted derivatives of 15 have led to
significant new insights into the stability and association of
these radicals. Most simple phenalenyls weakly and reversibly
dimerize via r bond formation.53–55 High-level computational
studies suggest a weak (bond dissociation enthalpy of ∼16 kcal
mol−1) and long (d(CC) ∼1.59 Å) intradimer bond. The calculated
bond length is in excellent agreement with the only structurally
characterized phenalenyl r dimer—a spirobiphenalenyl derivative
(see below) with a CC inter-radical bond of length 1.599 Å.56


Placement of t-butyl groups at the three b (2-, 5-, and 8-) carbons
(17) effectively shuts down the r dimerization pathway, resulting
in an alternative dimeric structure, that of a p dimer (17)2—a
common fate for many flat, delocalized p-radicals (see subsequent
sections). The first phenalenyl p dimer structure was reported by
Nakasuji57 and has been subsequently studied in some detail by
Kochi.55,58 The two radicals are stacked face-to-face approximately
3.2 Å apart—significantly less than the non-bonded p stacking
distance of ∼3.4 Å—and antiparallel with respect to one another
to minimize steric interactions between R groups. As is the case
with the more conventional r dimer, p dimerization in solution is
weak (∼10–15 kcal mol−1) and reversible. In addition to its distinct
structural characteristics, the p dimer is evidenced in solution by
long wavelength (∼600 nm) electronic transitions that are absent
in r dimer structures; the dimer can also be detected by NMR and
MS techniques.59


The nature of the bonding within the phenalenyl p dimer
structure has received considerable attention (as have p dimers
of many other radicals, see below). The dimer is held together
by a two-electron “bond”, but one in which the two orbitals
involved in the bond are the delocalized p SOMOs 16 of the two
radicals. The antiparallel arrangement of phenalenyl radicals in
the dimer structure still permits direct overlap between the 2p
orbitals of the a carbons which dominate the SOMO. As a result
the orbital overlap is substantial, the spin pairing between two
radicals is quite strong, and the dimer is diamagnetic at room
temperature.60 The electronic transition (see above) ascribed to


the p dimer structure is a HOMO–LUMO transition involving the
two linear combinations of the p-SOMOs.


Other substituents on the phenalenyl periphery such as chlorine
(18)61 or sulfur (19)62 render phenalenyl radicals completely
monomeric in solution. No structural information is available for
19, but 18 is monomeric in the solid state, forming antiparallel
columnar stacks separated by 3.78 Å; the rather long stacking
repeat arises from the buckled nature of the phenalenyl skeleton,
which in turn originates from repulsive interactions between peri
chlorine substituents.


Haddon has developed an extensive series of phenalenyl-
based radicals 20 (X, Y = O, NR; NR, NR; O, O) in which
two phenalenyl moieties are attached to a tetrahedral boron
center. These formally zwitterionic species have spin and charge
delocalized over both phenalenyl moieties through a resonance-
stabilized spiroconjugation mechanism.63 These radicals are highly
oxygen-sensitive but isolable in crystalline form, and display a
diverse array of structures. A few of these are monomeric, with
no evidence for association in the solid state.64 Many possess a p
dimer structure in which only one of the two phenalene rings of one
molecule associates with a neighbouring molecule.56,65 Some of the
dimeric species have two different phases: a “diamagnetic p dimer”
in which the spins involved are completely paired (cf. the p dimer of
17) and the interplanar separation between p systems in the dimer
is ∼3.1 Å; and a “paramagnetic p dimer” consisting of significantly
longer interplanar separations (3.3–3.4 Å) and incomplete spin
pairing (based on magnetic measurements). The paramagnetic
form dominates at room temperature, but upon cooling the dimers
convert to their diamagnetic form. Other derivatives assemble
into extended one-dimensional p stacks showing exceptionally
high electrical conductivity,66 and one spirobiphenalenyl can be
crystallized in either a paramagnetic p dimer form or a r dimer
structure (see above) depending on the absence of light during the
crystallization process.56 All of these materials display very unusual
solid state electrical and magnetic properties. From a more funda-
mental perspective, the rich variety (in some cases unprecedented)
modes of association (and their lack of correlation with the size or
nature of the substituents X and Y) is evidence that the interactions
between radicals in these molecules is subtle indeed.


The phenalenyl skeleton has been subjected to heteroatom
perturbation. 2,5,8-Tri-tert-butyl-1,3-diazaphenalenyl 21 was pre-
pared by Nakasuji as a nitrogen-containing analogue of 17 (R =
tBu).67 The former appears to decompose significantly more slowly
in air than the latter. Detailed EPR and computational studies
show the spin distribution in 21 to be predictably altered by
the lower symmetry of this compound compared to 17; the
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two nitrogens have substantially less spin density than the four
remaining a carbons, whereas in 17 all six a carbons carry the
same spin density. This desymmetrization of spin density appears
to have consequences for the solid state structure of 21, which
adopts an antiparallel p dimer (21)2 whose structure differs in
important ways from (17)2. The two radicals in (21)2 are twisted
by 60◦ relative to one another, as is the case for (17)2. However, the
two phenalenyl rings in (21)2 are tilted with respect to each other,
creating a range of atom–atom contact distances. The shortest
of these distances is only 2.15 Å. The putative hexazaphenalenyl
analogue 22, for which spin density would reside dominantly on
nitrogen (cf. 16) does not appear to be accessible from the stable
(closed shell) anion; electrochemical studies on the anion do not
show any oxidation processes at all.68


Rubin has introduced nitrogen atoms at the b positions of the
phenalenyl skeleton. 2-Azaphenalenyl 23 possesses an electronic
structure (as probed by EPR and computational studies) that is
only modestly perturbed compared to the parent hydrocarbon
radical.69 To a first approximation this might be expected as the
nitrogen atom in 23 does not occupy a site with very much spin
density. However, some key differences arise in the dimerization
behaviour: in solution 23 shows no tendency to dimerize at all
whereas 15 does, despite the lack of steric protection in both
and the otherwise general similarities in their electronic structures.
Attempts to coordinate 23 to copper(II) leads to a monometallic
complex containing a r dimer of 23 bound as a bidentate ligand.
A chlorinated version of the triazaphenalenyl 24 is stable and
monomeric, although the synthesis of this radical requires care to
avoid formation of an unusual CC double bonded dimer (24)2.70


Nakasuji has prepared a series of of ‘oxophenalenoxyl’ radicals
25–27 which can be considered hybrids of phenalenyls and
phenoxyl radicals.71 These radicals appear to be qualitatively
somewhat less stable than the phenalenyl radicals: derivatives of
25 with small R groups (R′ = H, CH3) decompose in solution
over a period of hours, while various tert-butyl substituted
species are longer lived, though not indefinitely so, and all are
oxygen sensitive. EPR and computational studies suggest that
the introduction of the oxygen atoms significantly alters the spin
distributions (represented for radicals 25–27 as 28–30 respectively;
shaded and open circles represent positive and negative spin
density respectively), which are distinctly non-phenalenoid in


nature and less symmetrically distributed. In all three cases the
spin density lies predominantly along a single conjugated bond
path between the two oxygens.


2.3 Cyclopentadienyl radicals


Substituted cyclopentadienyl [Cp•] radicals 31 enjoy vary-
ing degrees of stability. This is evident even with relatively
small substituents: bis(pentamethyl-cyclopentadiene) dissociates
at high temperatures (>360 K) in solution into pentamethyl-
cyclopentadienyl radicals 31a. Variable temperature EPR analyses
reveal a very weak inter-ring (dimer) CC bond enthalpy of
19 kcal mol−1.72 Larger substituents such as phenyl 31b73,74 or
isopropyl 31c75 render the resulting radicals isolable as monomeric
(but highly air-sensitive) species. Structural and EPR studies
on these compounds indicate that steric factors dominate the
stabilization of these radicals, although hyperconjugation may
also be prevalent in the pentaisopropyl compound 31c. The
pentakis(triisopropylsilylethynyl)-radical 31d is intriguing because
the steric bulk of the TIPS groups is relatively remote from the
Cp ring; despite this structural feature, this radical is monomeric
and air stable (unlike all other stable Cp• radicals).1 The only
other isolable cyclopentadienyl radical is the bis-homoadamantyl-
annelated compound 32, whose stability derives from a combina-
tion of steric and conformational constraint effects.76


It is tempting to ascribe some of the stability of cyclopentadienyl
radicals to delocalization of the spin around the five positions of
the ring (as represented canonically by structure 31). However,
the fully delocalized, symmetric (D5h) structure of the parent
cyclopentadienyl radical is known to be unstable with respect
to a first order Jahn–Teller distortion. Two possible distorted
states both have C2v symmetry (Fig. 1); one of these (B1) is
essentially a localized radical while the other (A2) state can be
described as an allyl-type radical.77 The crystal structure of 31b
(R = Ph)74 was not high enough in quality to be subjected to


Fig. 1 Electronic states of the cyclopentadienyl radical before (left) and
after (right) Jahn–Teller distortion.
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detailed bond length analysis. Radical 31c75 consists of essentially
(within experimental crystallographic error) symmetric (D5h) Cp
rings. However, this structure may represent a dynamic average
because the barrier to interconversion between distorted structures
is low and the magnitude of the distortion may just be within the
crystallographic error limits. Interestingly, the X-ray structure of
32 shows a distinctly localized Cp ring: the two “double bonds”
depicted in 32 average 1.385 Å, the two “single bonds” flanking
the radical site are nearly identical at 1.45 Å and the remaining
single bond is 1.48 Å. Computational studies accurately reproduce
the X-ray structure and suggest that the radical is in a distorted
2B1 state with the allyl moiety centered at the t-butyl substituent
position, creating an essentially localized cyclopentadienyl radical.


2.4 Phenoxyl radicals


Phenoxyls 33 are a venerable class of radicals; a comprehensive,
and still largely valid, review on their synthesis, properties, and
chemistry appeared in 1967.78 Ongoing interest in these radicals
is largely focused on their chemical biology, e.g. studies on
phenoxyl radicals engaged in hydrogen bonding79 or coordinated
to metal ions12,80 as structural and functional models for tyrosyl
radicals in living systems,14,81 and the role of phenoxyl radicals
and their corresponding phenols as antioxidants.82 From a sta-
bility perspective, it has long been known that ortho and para
substituents—particularly relatively bulky groups such as tert-
butyl—are required for stability; in the absence of large groups
radical reactivity patterns indicative of carbon-centered as well
as oxygen-centered radicals emerge. This can be understood most
simply by the canonical resonance structures shown in Fig. 2.
High level computational studies indicate that the oxygen atom
carries only marginally more spin density than the ortho and
para carbon atoms.83 Electron-rich aromatic groups attached as
substituents to the para carbon (R′) can possess as much spin
density as the phenoxyl residue itself.84 Thus although these are
nominally represented and described as oxygen-centered radicals,
their reactivity and spin distributions suggest that they should
alternatively be considered as carbon centered radicals.


Fig. 2 Phenoxyl radical resonance structures.


The galvinoxyl radical 34 (Coppinger’s radical85) merits special
mention in this section. This species has attracted interest because
of it exceptional stability (it can be isolated in pure form and
is essentially insensitive to oxygen) and its unusual solid state
magnetic properties.86 Computational studies show that, like
simple phenoxyls, there is substantial spin density on the para
carbon atoms in 34, leading to an alternate representation of
galvinoxyl and related species87 as delocalized allyl-type radicals
35.88


Closely related to 34 is “Yang’s biradical” 36,89 a stable triplet
(S = 1) diradical. The three benzenoid rings of this molecule are
twisted by ∼34◦ in a propellor-like arrangement,90 similar to the
structures of simple triarylmethyl radicals. The three “arms” of
the diradical are structurally equivalent within experimental error.
The spins are delocalized in a manner reminiscent of the spin
distribution in phenoxyl monradicals; EPR and ENDOR studies
as well as computational work90 indicate that nearly 50% of the
total spin density (shown in 38) lies on the three carbons directly
adjacent to the central carbon. Thus although 36 is canonically
represented and often described as a phenoxyl-based diradical, res-
onance structure 37—which is a more accurate representation of
the spin density—suggests that Yang’s biradical could alternatively
be categorized as a delocalized version of trimethylenemethane 39,
the prototypical triplet organic biradical.91


3 Radicals based on nitrogen and/or oxygen


Many of the most stable radical types have a substantial portion of
spin density on nitrogen and/or oxygen. Simple inorganic radicals
such as O2, NO, and NO2 can be viewed as prototypes of the many
different organomain group radicals described in the sections to
follow.


3.1 Aminyl radicals


Most simple aminyl radicals [R2N•] are short-lived species, rapidly
dimerizing to hydrazines or undergoing other radical reaction
pathways (H atom abstraction, disproportionation).18,92 With only
two substituents on the nitrogen atom, rendering aminyl radicals
stable enough to be isolated requires extreme steric bulk: the
perchlorodiphenylaminyl radical [(C6Cl5)2N•] can be isolated and
is indefinitely air stable in the solid state, although in solution
it abstracts hydrogen from toluene.93 Grützmacher has cleverly
designed a rhodium(I) amide complex which is oxidized not at
the metal but instead at the amide center to afford an isolable
cationic complex containing a coordinated aminyl radical 40.94
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The stability of the aminyl center arises from a combination
of steric effects and conformational constraints on the radical
imposed by metal coordination and the design of the aminyl
substituents.


Aminyl radicals tied into a cyclic, p-conjugated framework
exhibit somewhat enhanced stability. There are several examples
of isolable phenazinyl radicals 41.95 In all of these cases R �=
H and the aromatic groups also have electron withdrawing (CN,
NO2) and/or bulky (tBu) substituents. Most stable phenazinyls
are predominantly monomeric in solution at room temperature
but associate upon cooling, most likely via p dimer formation.
Crystal structures of several derivatives of 41 have been obtained,
most of which show the radicals forming p-dimers or p-stacked
structures in the solid state. Bulky substituents on either the
aromatic periphery or on the trivalent nitrogen favour antiparallel
cofacial p dimers (akin to the antiparallel structures seen for
substituted phenalenyl radicals 17 and 21) in which the dominant
intermolecular (intradimer) contacts are between the two nitrogen
atoms which carry most of the spin density. Interplanar separa-
tions are under 3.3 Å and the absorption spectra contain low
energy absorption maxima not seen in the monomeric species—
both features being evidence for strong electronic coupling in the
p dimer structure. Interestingly, the related phenoxazinyls and
phenothiazinyls (obtained by isolobal replacement of the NR
group in 41 by O or S, respectively) are generally quite short-
lived species except for derivatives 4296 and 4318 for which steric
factors are a major stabilizing factor.


3.2 Hydrazyl radicals


N,N ′-Diphenyl-N ′-picrylhydrazyl (DPPH) 44 has been known for
decades as a stable radical and as an EPR reference compound.18


Interestingly, from a stability perspective, 44 is almost unique
amongst hydrazyl radicals [R2NNR•]. In general, hydrazyl radicals
are only persistent, and often are not very long-lived, in solution.
For example, closely related analogues of 44 in which only the p-
nitro or one of the o-nitro groups is removed are not stable, despite


their otherwise close structural resemblance to DPPH. Stable
hydrazyls benefit in part from strong electron withdrawing groups
on the divalent nitrogen, presumably to enhance charge separated
resonance contributions (Fig. 3). However, torsional twisting
about the NN bond attenuates these affects and can localize the
spin on the divalent nitrogen, rendering these radicals more like
conventional aminyl radicals. There have been no significant new
developments in fundamental hydrazyl chemistry for quite some
time.


Fig. 3 Resonance structures for hydrazyl radicals.


A number of stable radical families contain the hydrazyl moiety
built into a cyclic and/or delocalized skeleton. Constraining
the hydrazyl group into a ring optimizes (enforces) p orbital
overlap between the nitrogen (and possibly other) atoms. For
example, dihydro-triazolyl radicals 45 are generally sufficiently
stable enough to be isolated provided the R′ substituents are
aromatic residues and R �= H. A few derivatives have been
crystallographically characterized, all of which are monomeric
in the solid state; temperature dependent solution studies also
indicate that these radicals show no tendency to dimerize.97 The
spin distribution in these radicals (as probed by EPR, ENDOR,
and NMR spectroscopy indicates some spin density) suggests
that these are still mainly hydrazyl-like radicals, but with non-
negligible spin density also on the imine nitrogen. In a similar
vein, the benzotriazinyl radicals 46 have substantial spin density
on all three nitrogen atoms as well as appreciable spin into the
annelated benzene ring; notably the proton hyperfine coupling
constants to the annelated ring protons are 2–3 times larger than
the hfc’s found on aromatic substituents (R,R′).98,99


Delocalization of spin from the hydrazyl moiety into the
annelated phenyl ring has consequences for systems in which two
triazinyl rings are fused onto a common benzene spacer. Putative
“diradical” 47•• is EPR silent, has a well-behaved NMR spectrum,
and displays unusual solvatochromism.100 Computational studies
point to a closed shell electronic structure best represented
by a charge-separated, dual-cyanine-like ground state (47+-).
Replacement of the central benzo unit by pyridine (48) does
not alter the fundamental (closed shell) ground state electronic
structure.101


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 1321–1338 | 1327







3.3 Resonance delocalized hydrazyls: tetraazapentadienyl,
tetrazolinyl and verdazyl radicals


Conjugation of a hydrazyl radical with a second, closed shell
RNNR2 group permits the unpaired electron to be delocalized
between two chemically equivalent subunits, i.e. a resonance-
delocalized radical. Simple acyclic resonance-delocalized tetraaza-
pentenyl radicals 49 can be isolated as monomeric radicals
and show no tendency to associate in solution. However they
decompose within days in solution in a complicated array of
reactions, probably because of conformational flexibility problems
which are known to plague the parent hydrazyls.102 Tetrazolinyl
radicals 50 can be regarded as cyclic analogues of 49 in which
the two outermost nitrogen atoms are directly attached to one
another.103,104 The stability of these radicals appears to improve
with electron withdrawing substituents (e.g. R = p-nitrophenyl)
on the nitrogen atoms.104


Verdazyl radicals are another class of resonance-delocalized
hydrazyls. Verdazyls of general structure 51 were discovered over
40 years ago,105 while closely related “6-oxoverdazyls” 52 were
first synthesized in the 1980s.98,106 Both classes of verdazyls are
among the most robust of all stable radicals. There are dozens of
derivatives not requiring steric bulk which can be isolated, stored,
and handled without decomposition, and in addition verdazyls are
air- and water-stable. Verdazyls of structure 51 have N-aromatic
substituents, while oxoverdazyls 52 can be made with N-aryl or N-
alkyl substituents. The latter show substituent-dependent stability;
derivatives of 52 with R = Me show behaviour ranging from
indefinitely stable to modestly (hours) persistent. Recently it has
been shown that verdazyls with N-isopropyl groups are generally
much more robust than their N-methyl counterparts.107


Verdazyls are 7p cyclic radicals with p SOMOs as shown in 53;
the nodal planes in this orbital prevent spin delocalization (but
not polarization) onto the C-substituents. These radicals do not
associate or dimerize, but Hicks has recently reported a ferrocene-
bridged verdazyl diradical 54 which contains an intramolecular p
dimer in the solid state.108 The p dimer structure is not retained
in solution, suggesting that the dimerization enthalpy is very
low and the solid state structure may arise at least in part from
intermolecular packing effects in the solid state.


A few verdazyl radicals have been reported containing an
inorganic element in place of one of the two skeletal carbon
atoms, though their electronic structures suggest that they are
not significantly different from their all-organic analogues 51 and
52. Phosphaverdazyls 55109 and 56109,110 have electronic structures
that are, for the most part, reminiscent of the parent systems.
However, the few derivatives which have been studied are persistent
for days in solution and the solid state but ultimately decay to
diamagnetic products. A persistent, but highly air-sensitive, boron-
containing verdazyl radical anion 57 has recently been reported.111


It is not clear whether the negative charge plays a role in the higher
reactivity of 57 compared to its isolobal counterpart 51.


3.4 Oxoaminyl radicals


Oxoaminyl radicals [RNOR′]• are isoelectronic with hydrazyls
[RNNR2


′]• and, like hydrazyls, are generally persistent but not
isolable. As is the case with other acyclic radicals, the lack of
conformational constraints facilitates electron localization on the
divalent nitrogen, creating a more reactive aminyl-like radical. The
few examples of isolable oxoaminyls have general structure 58 in
which Ar is a very bulky aromatic group.112


3.5 Nitroxide radicals


Nitroxides [R2NO]• are easily the most well-known class of stable
radicals. The first nitroxide—an “inorganic” derivative, Fremy’s
salt 59—is over 150 years old, and the first “organic” nitroxide 60
was discovered very shortly after the triphenylmethyl radical at the
beginning of the 20th century. Nitroxide chemistry has a long and
rich history, and there are many, many derivatives which are stable
with respect to air, water, dimerization, and other radical-based
reactions. The versatility of these radicals is further enhanced by
the fact that a fairly diverse range of organic chemistry can be
carried out on remote sites of molecules carrying a nitroxide group
without affecting the radical site itself. Nitroxide radical chemistry
has been compiled in a number of books and reviews,18,113 the
most recent of which was Keana’s review nearly 30 years ago.114


The discussion below summarizes the salient features concerning
nitroxide radical stability.


Nitroxides have substantial spin density on both N and O. Each
possibility can be represented by one of two resonance structures
61 and 62. In the language of molecular orbital theory, the electron
resides in an NO p* orbital, as does the spin in the relatively
reactive oxoaminyls 58 (see above). It is interesting to contrast the
stability of these two tautomers. Reactivity in the oxoaminyls,
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as with other acyclic radicals, arises from the conformational
flexibility which inhibits electron localization; twisting about
the NO bond attenuates p overlap between N and O, thereby
localizing the spin. The NO bond in nitroxide does not suffer from
conformationally-driven destabilizing effects because the oxygen
carries no substituent.


As mentioned above, there are many examples of isolable
nitroxides. However there are also plenty of nitroxides that are
not truly stable. Ultimately the stability (or lack thereof) of
nitroxides depends on the nitrogen substituents; in all of the
known nitroxide literature, symmetric nitroxide dimers of the type
R2NOONR2 have never been observed, demonstrating the basic
inherent stability of the R2NO• radical framework. Rather, it is the
substituents which provide decomposition/reactivity pathways,
for example, alkyl nitroxides in which there are a hydrogens can
decompose to nitrones by transferring H• to another nitroxide
molecule, giving the hydroxylamine as a second decomposition
product (i.e. disproportionation). Nitroxides with two quaternary
carbon-based substituents are quite robust, e.g. di-t-butyl nitroxide
63 and TEMPO 64. Several nitroxides of this sort are commercially
available, often with a remote functional group suitable for
modification for spin-labelling applications.


Nitroxides with simple p-conjugated substituents (alkenyl,
phenyl) are generally not sufficiently stable to isolate. The de-
localization of spin from the NO moiety onto the carbon-based p
system creates new decomposition pathways, typically involving
coupling of the oxygen center of one radical with the para-
carbon atom of another (not unlike the dimerization mode for
triphenylmethyl radicals). For example, diphenyl nitroxide initially
dimerizes to form structure 65 en route to fragmenting to give
66 and diphenylamine. Substitution at the para-carbon positions
shuts down this decomposition pathway and can render these
radicals isolable. Multiple substitution at the ortho positions can
also stabilize diaryl nitroxides, though in this case the substituents
enforce twisting of the aromatic substituents out of the plane of
the NO group, thereby limiting conjugation and spin density on
the Ar groups.


It should be noted that the decomposition rates of diaryl
nitroxides vary greatly and the relationship between nitroxide
structure—namely the substituents on nitrogen—and level of
persistence/stability is not always clear. As one example, pyridine-
based t-butyl nitroxide 67 cannot be isolated, but the bipyridine
analogue 68 has recently been reported to be stable in solution and
in pure form for months.115


Nitroxide radicals in which the NO group is conjugated to
a C=N moiety, so-called “imino nitroxides” 69, are generally
stable enough to be isolated and do not undergo the sorts of
bimolecular decomposition reactions that plague other conju-
gated nitroxides.116 EPR spectroscopy, neutron diffraction, and
computational studies indicate spin on the nitroxide nitrogen
is substantially larger than that on the imino nitrogen, though
the latter nitrogen does possess substantial spin density.116,117


Interestingly the sp2 carbon does not contribute to the radical
SOMO despite the lack of a nodal plane (cf. nitronyl nitroxides,
see below) but does have some negative spin density from
polarization effects. The coordination chemistry of these radicals
has been explored extensively, predominantly in derivatives where
an additional donor atom on the substituent R creates a chelating
binding site involving the imine nitrogen.118


3.6 Nitronyl nitroxide radicals


a-Nitronyl nitroxides 70 are cyclic, resonance-delocalized nitrox-
ides. Ullmann first reported nitronyl nitroxides nearly 40 years
ago;119 these radicals continue to receive a great deal of attention as
building blocks for organic magnetic materials, but the fundamen-
tal aspects of their electronic structure were well-established early
on and summarized in a 1991 review.11 These radicals incorporate
the necessary features for stability (e.g., no ahydrogens) established
for nitroxides, and can thus be made with a wide variety of R
groups. The stability of nitronyl nitroxides generally rivals the most
stable examples of nitroxides. The p SOMO (71) spans both NO
groups and has a nodal plane passing through the central carbon
atom; as a result the spin distribution is symmetrically disposed
about the two NO groups and is not affected by the substituent
R. EPR spectra are typically dominated by the five-line pattern
generated by coupling to two equivalent nitrogen atoms, with a(N)
values approximately half the typical values found for nitroxides.


a-Nitronyl nitroxide radicals based on other structural tem-
plates are known. Rey has recently developed the synthesis
of pyrimidinyl nitronyl nitroxides 72,120 whose electronic struc-
tures are generally quite similar to those of the more familiar
imidazoline-based nitronyl nitroxides 70. Benzannelated ana-
logues 73 have not yet received much attention,121 though recent
experimental and computational studies indicate that there is at
least partial delocalization of spin from the ONCNO moiety onto
the annelated ring.122
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4 Radicals with spin density on nitrogen and sulfur:
thiazyls


Heavy main group elements do not commonly support inherently
stable radicals, i.e. radicals in which steric bulk is not required
for stability. The lone and dramatic exception to this is sulfur, an
element that has proven to be quite versatile in stable odd-electron
compounds. Almost invariably the sulfur is divalent and catenated
to itself and/or nitrogen, and normally other elements (usually
carbon) figure into a p-conjugated framework. Collectively the
body of work on thiazyl radicals is impressive in breadth and
depth. Several reviews focusing on specific classes,123 properties,124


or applications7 of thiazyl radicals are available. More general
overviews125 are somewhat dated—not because they were written
very long ago but because there have been many new developments
in this branch of stable radical chemistry.


Given that oxygen and sulfur both belong to Group 16, one
might expect to find analogous families of stable radicals in which
S simply replaces O. This turns out not to be the case, as the
differences in properties of the two chalcogens (sulfur is larger
and more polarizable than oxygen) and the resulting E–N bond
(polarized towards nitrogen (Sd+Nd−) instead of oxygen (Od−Nd+))
produce far more differences than similarities. As a simple
example, thionitroxides 74—sulfur analogues of nitroxides—exist
at room temperature mainly as their disulfide dimers 75, although
dissociation into moderately stable radicals takes place at elevated
temperatures and the SS bond is a relatively weak one (DHdiss


∼30 kcal mol−1).126


4.1 Thioaminyl radicals


Thioaminyl radicals 76—tautomers of thionitroxides and the
sulfur analogues of oxoaminyls—have been extensively studied
by Miura. Similarly to the thionitroxides, thioaminyls appear to
enjoy a minimal level of persistence regardless of the substituent,127


but reversibly form dimers which are assumed to be hydrazine-like
species (i.e., NN sigma bond formation).128 Bulky substituents on
the nitrogen center (e.g. triphenylmethyl,129 substituted pyrenyl,130


and particularly 2,4,6-trisubstituted phenyl128,131) are needed to
make these radicals stable enough to be isolated. The role of
the R′ group on sulfur is less well understood but typically is a
substituted (hetero)aromatic. The most stable of these radicals
are typically described as insensitive to oxygen. Related to these
are aminyl radicals bearing two SR substituents. The few known
acyclic derivatives (77) are long-lived (1 week) in solution and are
not oxygen sensitive.132 A number of cyclic analogues in which
the SNS fragment is fused to a norbornane group (78) also
show excellent persistence in solution, though none have been
isolated as pure compounds.133 Thioaminyl and related radicals


are mainly nitrogen-centered, with lesser amounts of spin density
on the sulfur and on any aromatic substituents that may be
present. Variable temperature EPR studies reveal that derivatives
of 78 reversibly dimerize in solution; the nature of the dimer is
not known. A few studies of the decomposition behaviour of
thioaminyls suggest that even the nominally “stable” species are
thermally sensitive, decomposing to non-radical products at 80 ◦C
in degassed benzene.134 There are no reports of isolation of any
(RS)2N• based radicals.


Kaszynski has explored cyclic thioaminyls 79 which can be
viewed as derivatives of 76 in which R and R′ are part of a
common ring system. In general these radicals do not exhibit
enhanced stability compared to analogous acyclic species lacking
in steric bulk. Sealed degassed samples of cyclic thioaminyls based
on the biphenyl core 80 (R,R = H,H or –N=N–) decompose
over several days to non-radical products,135 while annelated
thiadiazinyl radicals 81 are generally only persistent at low
temperatures—although derivatives with perhalogenated benzan-
nelated groups are stable enough to be isolated.136 Computational
studies indicate that the spin distributions in derivatives of 80 and
81 are remarkably similar to acyclic, N-aromatic thioaminyls in
that they are predominantly nitrogen-centered radicals and the
modest amount of spin delocalization tends to be on an aromatic
group pendant to the nitrogen.


Radicals 82 are resonance-delocalized thioaminyls. A few of
these derivatives have been detected as intermediates but do
not appear to be very persistent.137 The specific substrates did
not posses bulky substituents, so in this regard the inability to
isolate these radicals is in accord with simple thioaminyl stability.
Oakley has described 83 as a resonance-stabilized analogue of 81.
This radical is air stable and has been isolated and structurally
characterized in the solid state as a monomeric species. EPR and
calculations indicate that the spin density is essentially equally
shared among the four outer nitrogen atoms.138


4.2 Dithiadiazolyl radicals


1,2,3,5-Dithiadiazolyl (DTDA) radicals 84 were among the first
major class of heterocyclic thiazyl radicals to be discovered. They
are indefinitely stable in oxygen-free solution and in the solid
state, and are also extremely thermally stable—many are purified
by high-temperature, high vacuum sublimation. These radicals
can be viewed as resonance delocalized thioaminyls, i.e., cyclic
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analogues of species 82 (see above), a notion which is supported
by the symmetric spin distribution and p-SOMO 85. Similarly to
several other p radicals, this SOMO has a nodal plane which
passes through the lone carbon, thereby precluding resonance
interactions between the substituent R and the radical.


In solution the radicals are in equilibrium with dimers, and all
of the early derivatives of these radicals adopt p-dimeric structures
in the solid state. The steric requirements of the substituent R lead
to a number of different kinds of p dimer (Fig. 4). The 4-phenyl-
1,2,3,5-DTDA structure adopts a cis-cofacially aligned structure
(Fig. 4a), and notably was the first structurally characterized
p-dimer of any radical;139 many other derivatives with simple
aromatic substituents also have this dimeric structure.140–142 The
closest contacts within the dimer are between sulfur atoms and
are 3.0–3.1 Å, in between an SS covalent bond (∼2.1 Å) and a van
der Waals contact (3.6 Å). Other, mostly non-planar substituents
(CF3, Me, NMe2, Cl, adamantyl) give rise to a cofacial but
twisted p dimer structure (Fig. 4b) which still permits significant
SOMO–SOMO overlap.143 Semiempiricial calculations suggest
small energetic differences between these two dimeric structures,
and perhaps not surprisingly there are a few other associative
modes seen in exceptional cases, e.g. Fig. 4c140 and 4d.144 A number
of DTDA derivatives have been made which do not associate at
all, most of which are based on fluorinated phenyl substituents.145


Fig. 4 Structural classification of dimers of 84: (a) cis-cofacial, (b) twisted
(gauche), (c) trans-antarafacial, (d) trans-cofacial. Adapted from ref. 7.


1,2,3,5-Diselenadiazolyl radicals 86—the selenium variants
of 84—are also stable. In solution and the solid state these
radicals associate, forming cis-cofacial p dimers (Fig. 4) almost
exclusively.140,146 The Se–Se contacts between radicals within the
dimers are longer, ranging from 3.2–3.3 Å, though calculations
suggest the intradimer binding energy is stronger than in the sulfur
counterparts.141 Two of these radicals adopt an unprecedented
T-shaped dimeric structure 87; strong orbital overlap between p
SOMOs in a spiroconjugative manner 88 leads to complete spin
pairing and a resulting diamagnetic dimer.


1,3,2,4-Dithiadiazolyls 89 are isomers of the 1,2,3,5-radicals.147


The former are less stable thermodynamically than the latter,
and the 1,3,2,4-isomers convert to the corresponding 1,2,3,5-
derivatives in solution and in the solid state.148 This rearrangement
is bimolecular and has been proposed to proceed through an
antiparallel p dimer intermediate 90 (Fig. 5). Bond rearrangement
leads to a 1,2,3,5-dithiadiazolyl trans-antarafacial p dimer 91
(analogous to the structurally characterized dimer depicted in
Fig. 5c) which can then dissociate into the 1,2,3,5-radicals.
Spectroscopic evidence for 90 in solution has been put forth,149 and
the lone structurally characterized 1,3,2,4-dithiadiazolyl radical
possesses exactly this p dimeric structure (the solid also slowly
converts to the 1,2,3,5-isomer).150


Fig. 5 Conversion of 1,3,2,4-dithiadiazolyl radicals 89 to 1,2,3,5-dithia-
diazolyls 84.


4.3 Dithiazolyl radicals


Like the dithiadiazolyl radicals described in the previous section,
there are two isomers of radicals based on dithiazolyl (C2NS2)
rings. Many early examples of 1,3,2-dithiazolyls 92 were studied
by EPR151 and several have since been structurally characterized.
These radicals are stable in solution though somewhat reactive to
air; solid forms of the radicals are indefinitely stable and typically
air stable. In contrast, diselenadiazolyls 93 are rare and are
unstable due to facile extrusion of nitrogen, leading to (nonradical)
Se/C based rings.152 Similar to the 1,2,3,5-dithiadiazolyls 84, there
is some diversity in the solid state structures of dithiazolyls,
although in derivatives of 92 substituent/annelation electronic
effects are more important because the radical p-SOMO 94 per-
mits spin delocalization onto the rest of the molecule. Simple 4,5-
disubstituted radicals adopt cofacial p-dimer structures 95 (R =
CN,153 CF3


154), whereas the benzannelated radical dimerizes in a
centrosymmetric fashion 96.155,156 In both cases the characteristic
intradimer distances are between sulfur atoms, between 3.1–3.2 Å.
Other derivatives are monomeric in the solid state, e.g. 97 (X =
CH or N)157 and the benzobis(dithiazolyl) diradical 98158 (although
interestingly, the radical cation of 98 forms a cofacial p dimer akin
to 95).159
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EPR155 and computational154 studies suggest that the enthalpy
of dimerization is very low (in solution and the gas phase, re-
spectively). The subtleties of intermolecular association energetics
in these radicals leads in some cases to very unusual solid state
properties. The structure of the tricyclic fused 1,3,2-dithiazolyl 99
is temperature-dependent:160 at room temperature the radicals are
monomeric and pack in evenly spaced p stacks, while the 150 K
structure consists of cofacial p dimers. The transition between
dimeric and monomeric structures is hysteretic in nature, i.e. the
dimer-to-monomer (increasing temperature) transition temper-
ature is about 190 K while the monomer-to-dimer (decreasing
T) phase transition takes place at about 120 K. Thus in the
temperature range between the two transition temperatures these
radicals exhibit a form of solid-state bistability, i.e., they can exist
in either monomeric or dimeric form depending on sample history.
Other 1,3,2-dithiazolyl derivatives 100161 and 101162,163 possess
analogous temperature-dependent and cooperative (hysteretic)
properties. The structural and mechanistic basis for this bistability
has been elegantly delinated by Oakley.163,164


1,2,3-Dithiazolyl radicals 102 are isomers of the 1,3,2-
derivatives. Early EPR studies were reported on a variety of benzo-
fused derivatives but these radicals were only modestly persistent
in solution. In the past decade many isolable 1,2,3-dithiadiazole
compounds have been developed by Oakley. Structural richness
once again appears in the solid state characteristics in these
radicals: four “simple” substituted or annelated 1,2,3-dithiazolyls
have been structurally characterized, and each one has a different
solid state structure. The naphtho fused derivative 103 adopts the
common cofacial p dimer structure,165 tricyclic fused compound
104 exists as a cofacial but antiparallel (centrosymmetric) p
dimer,166 105 has a twisted (‘gauche’) p dimer structure167 similar
to that seen in a few 1,2,3,5-dithiadiazolyl radicals (cf. Fig. 5b),
and thiazole-substituted radical 106 is monomeric.168 Finally, the
seemingly subtle modification of replacing the thiadiazole fused
ring in 100 by a benzo group, i.e. 107, renders this radical persistent
but not isolable.169 In the three dimeric examples, the intradimer
distances range from 3.0 to 3.3 Å, somewhat longer than in other
thiazyl radical p dimers. EPR and computational studies show that
the spin density in these radicals is quite a bit more delocalized,
particularly in the fused ring compounds, so it is perhaps not
surprising that the variety of structural possibilities is sensitive to
the electronic (and steric) structure of each particular derivative.
The few forays into selenium analogues of 102 that have been
reported have not led to isolable radicals.165


Oakley has also developed “dithiazolodithiazolyl”, or
resonance-delocalized 1,3,2-dithiazolyl, radicals 108 (R1 = H,
Me, Et, Pr; R2 = H, Cl, Me, Ph). These highly delocalized
radicals are generally monomeric in solution and the solid
state.170, 171 However, one derivative (R1 = Me, R2 = Ph) has short
(<3.3 Å) intermolecular S–S contacts in the solid state but not
between p stacked radicals. Instead the contact is a lateral one
between neighbouring molecules lying side by side, leading to
the suggestion that this intermolecular contact is an incipient
S–S bond.170 Pyrazine-based radical 109 also adopts an S–S r
bonded dimer b-[109]2 in the solid state, with an even shorter
d(SS) (2.82 Å).172 Interestingly 109 can be obtained in a second
crystalline phase which contains the first example of a thiazyl
radical which dimerizes by r bond formation between two carbon
atoms, a-[109]2. The CC dimer can be rationalized by the presence
of substantial spin density on the carbon atoms that are part of
the dimer bond. The same can, of course, be said about the sulfur
atoms participating in the bond in the b phase structure.


Very recently the family of resonance-delocalized 1,2,3-
dithiazolyls has been expanded by replacement of some/all of the
sulfur atoms by selenium. Unlike the selenium analogues of simple
1,2,3-dithiazolyls which are not isolable, examples of each of the
resonance delocalized analogues 110–112 have been successfully
isolated and characterized. Solid-state structures consist either of
monomeric radicals or Se–Se r bound dimers analogous to the
structure of (b-109)2.


There is a variety of putative bis(1,2,3-dithiazolyl) “diradical”
structures which are actually closed shell compounds. A triplet
ground state is predicted for the (yet to be synthesized) diradical
113, but the simple replacement of a central carbon atom by
nitrogen produces 114 which has been shown (experimentally
and computationally) to possess a zwitterionic ground state173


analogous to “diradicals” 47 and 48. Alternative “diradicals”
created either by placing the nitrogens at the para positions of
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a central aromatic,174 e.g., 115, or by connecting two C2NS2 rings
by exocyclic double bonds,175 e.g., 116—instead produce closed
shell ground state quinoidal species.


4.4 “Thiazinyl” radicals


Some of the earliest developments in heterocyclic C/S/N rad-
ical chemistry concerned six membered ring radicals. 1,2,4,6-
thiatriazinyls 117 and their selenium analogues 118 are highly
stable radicals, and both form cofacial p dimers 119 in the solid
state.176,177 In the dimer structures there is an appreciable bowing
out of the rings within the dimer, such that the E–E distances
(2.66 Å for E = S, 2.79 Å for E = Se) are considerably shorter
than the distances between the other atom pairs, and also shorter
than typical intradimer S–S distances in other thiazyl radicals (see
above). This is partly a reflection of the spin distribution in these
radicals, for which a substantial fraction of spin density is found
on the chalcogen (as evidenced by the p SOMO 120). Thus dimer
structure 119 could be interpreted either as p dimer or a nascent
SS r bond.


In the C2N3E rings described above, both EPR and com-
putational studies indicate that all three nitrogen atoms carry
nearly the same amount of spin.176,178 Replacement of the ring
carbon atoms in 117 and 118 by phosphorus leads to substantial
changes in both spin and charge distribution. The phosphorus
centers in phosphathiatriazinyls 121 (E = S) and 122 (E =
Se) are accurately described as phosphonium cations, with the
corresponding negative charge distributed over the remainder of
the p conjugated part of the ring; spin density is particularly
concentrated on the chalcogen and nitrogen adjacent to it and
the phosphorus.179,180 Consequently, the zwitterionic structure 123
is a better representation of the spin and charge density in these
radicals. The solid state structures of the sulfur and selenium
analogues differ: the former exists as an S–S bound antarafacial
dimer 124 with an SS bond length (2.49 Å) only moderately longer
than a covalent SS bond. In contrast the selenium radical dimerizes
by a Se–N “bond” (1.99 Å; there is also a secondary Se–N contact
at 3.1 Å, well within the van der Waals contact distance) to give
125. The differences between these structural preferences have
been ascribed to a subtle competition between homodimerization
enthalpies and electrostatic (charge-transfer) driven associations
brought on by the strong spin/charge polarization.180 Thus 124
can be thought of as arising from radical SOMO–SOMO overlap,


whereas 125 is the result of a formal redox disproportionation
between two of radicals 122 followed by bond formation between
Se+ and N− centers.


The all-heteroatom-based radicals 126/127 complete the series
begun by the progression from 117/118 to 121/122; as shown
below, the cyclic P2N3E radicals are best represented as internal
salts, with negative charge—and spin—confined to the NSN
fragments.180,181 The structure of the selenium variant 127 is not
known, but the sulfur-based radical cannot be isolated as such
and instead rearranges/dimerizes to form bicyclic fused structure
128.182 Subsequent work on intermolecular substituent scrambling
in acyclic sulfur diimide radical anions [RN=S=NR]•− have pro-
vided a clear mechanistic basis for the dimerization/rearrangment
of 116 to 128.183


Kaszynski has described attempts to prepare a different isomer
of the thiatriazinyl ring 129.184 This radical does not appear
to be very persistent, although the difficulties in generating the
radical cloud the issue somewhat. There have been just a few
reports of thiazyl radicals in rings with more than six atoms.
Benzo-dithiadiazepinyls 130 have been identified spectroscopically
but have eluded isolation.185 Eight-membered ring radical 131
reversibly associates at low temperatures in solution. The EPR
spectrum of this radical supports an internal salt formulation
analogous to that described for 126 and 127.186 The EPR spec-
troscopy of this compound is further complicated by apparent
conformational flexibility in solution.


5 Discussion


5.1 What makes stable radicals stable?


There are a number of molecular structural features which can
contribute to radical stability, most of which have been appreciated
to some extent for as long as stable radicals have been around.
Steric protection—the incorporation of bulky substituents—is
probably the most universally reliable means of providing kinetic
and thermodynamic stability to an otherwise reactive moiety,
and this remains a popular approach in stabilizing many kinds
of radicals.19 However, it should be noted that many of the
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“applications” which rely on stable radicals require the spin of
the stable radical to interact with other molecules—chemically,
magnetically, etc. In this context, using steric protection to stabilize
radicals may ultimately be counterproductive, as the method for
making the radical stable enough in the first place also prevents
that radical from interacting with its environment.


Other stabilizing features can be described as purely electronic
in origin. Virtually all stable radicals described here are p-radicals,
which offers the possibility of the spin to be delocalized over
any portion of the radical that is part of the same p system.
Delocalization certainly seems to generally be an effective means
of reducing reactivity, as the spreading of spin density over more
atomic centers should dilute the amount of spin on any one atom,
which in turn should correlate with attenuated reactivity at that
site. The best example of radicals which are stabilized due to
delocalization are the phenalenyl radicals (section 2.2) but many
of the stable radicals described in this Perspective enjoy some
degree of delocalization. It is also evident that cyclic p systems
are generally superior to acyclic ones because p delocalization
is maximized in the former. However, the notion that “more
delocalization is better” is probably an oversimplification as it
ignores the differential reactivity at different atomic centers. For
example, spin density in many simple, stable, nitroxide radicals
(section 3.5.) is “delocalized” only over the two heteroatoms,
whereas spin delocalization onto N-aromatic groups in diaryl
nitroxides actually lowers the nitroxide stability.


Many of the most stable of stable radicals are heteroatom-
based. In particular, nitrogen, oxygen and sulfur are effective
carriers of spin density in stable radicals. The origins of this
are twofold. Firstly, these atoms can be described as “lone pair
rich”, a feature which produces lone pair repulsions when two
or more these atoms are catenated. This effect is well-known to
contribute to the anomalously low r bond strengths in peroxides,
hydrazines, and even F2. The hypothetical r dimer of a nitroxide
radical—a peroxide-like species R2NOONR2—would consist of
four consecutive lone-pair-rich atoms; the lone pair repulsions in
this (unknown) molecule override any possible thermodynamic
gain from the r bond formation. Perhaps not coincidentally, these
heteroatoms are all among the most electronegative, a feature that
probably makes these kinds of radicals considerably less reactive to
molecular oxygen—in contrast to nearly all of the carbon-centered
radicals.


Other molecular structure–stability relationships have received
somewhat less attention but are no less important. Obviously
the spin distribution of a radical is a prime determinant of
many of its properties. Far less frequently articulated is that the
charge distribution can also play a major role as well. This facet
of stable radical chemistry has in fact been articulated nicely
to understand reactivity–association trends in (hetero)thiazinyl
radicals (section 4.4) and can be at least superficially appreciated
in radicals where resonance structures require formal charges
(e.g. nitronyl nitroxides, section 3.6). However, in general there
seems to be room for expansion on the interplay between spin and
charge distribution in stable radical chemistry. In this context, the
electronic (conjugative, inductive) effects of substituents should
be expected to have a marked effect on radical stability. For
some classes of stable radical there have not been many different
derivatives from which substituent effects could be elucidated, but
other less stable (persistent) radicals have been analysed in terms


of donor or acceptor substituents (particularly when both donor
and acceptor are present, cf. captodative stabilization182) and one
would expect to be able to use substituent effects to optimize
stability.


All of the preceding discussion concerning radical stability
should be digested with two caveats concerning the word ‘stability’.
The subjectiveness of this term has already been alluded to. But
stability, in addition to being a relative descriptor, is also a multi-
faceted one: stability with respect to what? The molecules described
in this Perspective show a broad range of relative stabilities with
respect to the many reactions open to radicals—dimerization,
hydrogen abstraction, disproportionation, oxidation–reduction,
etc. From a practical perspective, Ingold’s “put it in a bottle”
concept is a useful working definition, but context is important
too, for example, those interested in in vivo EPR imaging would
not consider any radical which is air- or water-sensitive to be stable
enough.


5.2 Concluding remarks


From Gomberg’s seminal report of the triphenylmethyl radical at
the turn of the 20th Century up to relatively recent times, essen-
tially every new stable/persistent radical class was an accidental
discovery which typically catalyzed fundamental research into the
synthesis and properties of that class. In parallel—but not in
concert—with these fundamental studies were the development
of useful applications (e.g. spin labelling, organic and polymer
chemistry) of stable radicals (usually nitroxides) which curiously
did not involve much in the way of optimizing radical properties
beyond stability.


In the past 20–25 years there has been an explosion on the
number and variety of stable radicals. The diversity in molecular
structures found in the array of stable radicals is impressive. One
of the goals of this Perspective was to unite two general classes of
stable radicals that are often treated separately from one another—
the “organic” radicals found in sections 2 and 3 and the thiazyl
based radicals from section 4, normally labelled as “inorganic”
molecules. I hope that this review highlights the fact that the
broad similarities between these compounds far outweigh their
differences.


Concomitant with the growth of stable radical activity has been
an evolution in the approach to making and studying them. This
is by no means universal, but there is now a distinctly rational
approach to synthesizing and examining new stable radicals. This
is particularly true in some of the modern “applications” such as
conducting and magnetic materials. Perhaps the future will bring
even more of a rational approach to stable radical science and also
an appreciation that these molecules are much more than esoteric
species.


Note added in proof


A few stable but sterically unhindered nitroxides reversibly dimer-
ize in solution and in the solid state. The solid state structures
consist of centrosymmetric dimers of nitroxides, shown in 132,
with intermolecular N · · · O distances of ca. 2.28 Å. The structural
aspects of these dimers are consistent with p-dimer formation.187
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A new reaction of 4-arylidene-3-methylisoxazol-5(4H)-one or 4-arylidene-2-phenyloxazol-5(4H)-one
with 2,6-diaminopyrimidin-4(3H)-one is described and a number of new pyrido[2,3-d]pyrimidine-4,
7-dione derivatives are synthesized. This protocol has the advantages of good yields, broad substrate
scope and simple work-up.


Introduction


For small organic molecules, simple nitrogen-containing hetero-
cycles receive a large amount of attention in the literature, as a
consequence of their exciting biological properties and their role as
pharmacophores of considerable historical importance. Of these
heterocycles, the synthesis, reactions and biological activities of
pyridine containing molecules stands as an ever expanding area
of research in heteroaromatic chemistry and this structural motif
appears in a large number of pharmaceutical agents and natural
products.1


Pyrido[2,3-d]pyrimidine systems are of great interest because
of their dihydrofolate reductase inhibiting, anticancer,2–4 anti-
viral,5,6 anti-inflammatory7 and insecticidal activity.8 Due to their
diverse range of biological properties, interest in pyrido[2,3-
d]pyrimidine derivatives has increased dramatically in recent years,
and numerous efforts have been directed towards the preparation
of pyrido[2,3-d]pyrimidines. Studies indicated that various sub-
stituents in different positions of the pyridine or pyrimidine ring
display different biological and pharmacological activities.9–15 To
the best of our knowledge, however, the pyrido[2,3-d]pyrimidine-
4,7-dione with a hydroxyiminoethyl or benzamido group in the
6-position has seldom been investigated.


In the context of our long-standing interest16 in the design and
development of heterocyclic compounds of biological importance
and to expand the libraries of pyrido[2,3-d]pyrimidine for biomed-
ical screening, we herein report a novel and efficient route for
the synthesis of a new type of pyrido[2,3-d]pyrimidine-4,7-dione
derivatives.


Result and discussion


The starting material 4-arylidene-3-methylisoxazol-5(4H)-ones 4
were easily obtained by the reaction of aldehyde 1, hydrox-
ylamine 2, and ethyl acetoacetate 3 under microwave irradi-
ation (MWI). Treatment of 4 with an equimolar amount of
commercially available 2,6-diaminopyrimidin-4(3H)-one 5 in the
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presence of DMF and acetic acid under MWI afforded the
target compound 2-amino-6-(1-hydroxyiminoethyl)-5,6-dihydro-
5-arylpyrido[2,3-d]pyrimidine-4,7(3H,8H)-dione 6 in excellent
yield (Scheme 1).


Scheme 1


In order to optimize the reaction conditions, different organic
solvents, such as ethanol, glycol, acetic acid, DMF and mixed
DMF–HOAc (HOAc acts as both solvent and catalyst) were tested
in the synthesis of 6a at 90 ◦C. Table 1 shows that the reactions in
mixed DMF–HOAc (preferred volume ratio: 2 : 1) gave the best
results (entry 7 of Table 1).


Moreover, to further optimize the reaction temperature, reac-
tions using 4-(4-fluorobenzylidene)-3-methylisoxazol-5(4H)-one
4a and 5 were carried out in the range of 90 to 160 ◦C in
increments of 10 ◦C each time in mixed DMF–HOAc (volume
ratio: 2 : 1) under microwave irradiation (initial power 150 W,
maximum power 240 W). The results are shown in Table 2. When
the temperature was increased from 90 ◦C to 140 ◦C, the yield
of product 6a was improved. However, no significant increase in
the yield of product 6a was observed as the reaction temperature


Table 1 Solvent optimization for the synthesis of 6a at 90 ◦C under MWI


Entry Solvent Time/min Yield (%)


1 EtOH 12 26
2 Glycol 10 40
3 HOAc 9 44
4 DMF 9 41
5 DMF–HOAc (4 : 1)a 8 48
6 DMF–HOAc (3 : 1)a 8 51
7 DMF–HOAc (2 : 1)a 8 61
8 DMF–HOAc (1 : 1)a 8 53


a Volume ratio.
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Table 2 Temperature optimization for the synthesis of 6a under MWI


Entry T/◦C Time/min Yield (%)


1 90 8 61
2 100 8 64
3 110 8 71
4 120 8 78
5 130 7 82
6 140 7 89
7 150 7 83
8 160 7 80


was raised from 140 ◦C to 160 ◦C. Therefore, the temperature of
140 ◦C was chosen for all further microwave-assisted reactions


Under these optimized conditions [140 ◦C, DMF–HOAc (2 :
1)], a series of new type of pyrido[2,3-d]pyrimidine-4,7-dione
derivatives were synthesized via reactions of 4 and 5 under
microwave irradiation (Table 3, entries 1–14). In order to examine
the applicability of this cascade reaction, we employed naphthalen-
2-amine 7 instead of 5 to react with 4 in similar conditions
(Scheme 2). The reaction proceeded smoothly. To our delight,
a series of compounds 8 were obtained in good yields (Table 3,
entries 15–22).


To further expand the scope of the application of this cascade
reaction and enlarge the libraries of pyrido[2,3-d]pyrimidine-4,7-
diones, the 4-arylidene-2-phenyl-5(4H)-oxazolones 9, which were
conveniently prepared according to our reported procedure,17


were employed instead of 4 as precursor to synthesize another


Scheme 2


new type of pyrido[2,3-d]pyrimidine-4,7-dione derivatives. To our
delight, the reaction of 5 and 9 proceeded smoothly under the
aforementioned conditions and gave a series of N-(2-amino-4,7-
dioxo-5-aryl-3,4,5,6,7,8-hexahydropyrido[2,3-d]pyrimidin-6-yl)-
benzamides 10 (Scheme 3) in good yields (Table 3, entries 23–31).


Scheme 3


All the products were characterized by IR, 1H NMR spectra
and elemental analyses. The structure of 8e was also determined
by X-ray crystallography (Fig. 1).18


Regarding the structure of 8 the assignment of 8e is described.
1H NMR showed two singlets at d 5.21 (s, 1H, CH), 4.22 (s, 1H,
CH) assigned to C2 and C3 (Fig. 1). Calculation based on the


Table 3 Synthesis of products 6, 8 and 10 under MWI


Entry Product 5 or 7 4 or 9 Ar Time/min Yielda (%) Mp/◦C


1 6a 5 4a 4-FC6H4 7 89 256–258
2 6b 5 4b 4-ClC6H4 7 87 274–276
3 6c 5 4c 4-BrC6H4 7 85 278–280
4 6d 5 4d 2,4-Cl2C6H3 8 89 286–288
5 6e 5 4e 2-ClC6H4 7 78 252–254
6 6f 5 4f 3-NO2C6H4 8 83 285–286
7 6g 5 4g C6H5 9 89 260–262
8 6h 5 4h 3,4-(CH3O)2C6H3 8 87 243–244
9 6i 5 4i 3,4,5-(CH3O)3C6H2 10 83 245–246


10 6j 5 4j 4-CH3OC6H4 8 88 256–258
11 6k 5 4k 4-OH-3-NO2C6H3 7 82 >300
12 6l 5 4l 4-CH3C6H4 8 90 255–257
13 6m 5 4m 3,4-(OCH2O)C6H3 9 89 270–271
14 6n 5 4n 2-Thienyl 10 78 258–259
15 8a 7 4b 4-ClC6H4 7 86 220–221
16 8b 7 4c 4-BrC6H4 7 87 229–231
17 8c 7 4d 2,4-Cl2C6H3 6 85 250–252
18 8d 7 4e 2-ClC6H4 8 81 268–270
19 8e 7 4f 3-NO2C6H4 6 82 246–248
20 8f 7 4g C6H5 8 80 250–252
21 8g 7 4h 3,4-(OCH3)2C6H3 8 81 248–250
22 8h 7 4l 4-CH3C6H4 7 76 245–247
23 10a 5 9a 4-FC6H4 7 91 >300
24 10b 5 9b 4-ClC6H4 7 90 >300
25 10c 5 9c 4-BrC6H4 6 89 >300
26 10d 5 9d 2,4-Cl2C6H3 7 88 >300
27 10e 5 9e 3,4-Cl2C6H3 7 88 >300
28 10f 5 9f 4-NO2C6H4 6 86 >300
29 10g 5 9g 3,4-(CH3O)2C6H3 9 83 >300
30 10h 5 9h 4-CH3OC6H4 8 89 >300
31 10i 5 9i 4-OH-3-NO2C6H3 6 85 >300


a Isolated yields.
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Fig. 1 ORTEP diagram of 8e.


crystal data of 8e showed that the torsion angle of H2–C2–C3–H3
is 80.10◦ which explains why the coupling constants of C2–H2 and
C3–H3 cannot be measured. The reaction may give two possible
diastereoisomers: trans-isomer and cis-isomer but only the trans-
isomer was isolated. It is particularly noteworthy that the 1H NMR
spectrum of 6 also showed two singlets at d 3.97–3.28 pm and d
4.12–4.57 pm assigned to C5 and C6, respectively, a possible reason
is similar to that of 8e.


Although the detailed mechanism of the reaction has not been
established in an experimental manner, the formation of 6 could
be explained by a reaction sequence presented in Scheme 4. We
propose that the reaction proceeds via a sequence of Michael
addition, cyclization and ring opening. In this reaction, glacial
acetic acid acts as both solvent and catalyst.


Scheme 4


Conclusion


In summary, we have developed a simple and efficient method
for the synthesis of a series of new pyrido[2,3-d]pyrimidine-4,7-
dione derivatives by a novel cascade reaction. This method has
the advantages of shorter reaction time and higher yields as
well as convenient operation. Most importantly, this series of
pyrido[2,3-d]pyrimidine-4,7-dione derivatives may provide new
classes of biologically active compounds for biomedical screening.
An extension of this work is currently under investigation.


Experimental


All reactions were performed in a monomodal EmrysTM Creator
from Personal Chemistry, Uppsala, Sweden. Melting points were
determined in open capillaries and are uncorrected. IR spectra
were recorded on an FT-IR-tensor 27 spectrometer. 1H NMR
spectra were measured on a DPX 400 MHz spectrometer using
TMS as an internal standard and DMSO-d6 as solvent. Elemental
analysis was determined by using a Perkin-Elmer 240c elemental
analysis instrument.


General procedure for the synthesis of compounds 6 with
microwave irradiation


In a 10 mL reaction vial, the 4-arylidene-3-methylisoxazol-5(4H)-
one 4 (1 mmol), 2,6-diamino-pyrimidin-4(3H)-one 5 (1 mmol),
DMF and HOAc (2 mL) (2 : 1, V/V) were mixed and then
capped. The mixture was irradiated at 240 W (initial power
150 W, maximum power 240 W) at 140 ◦C for a given time.
The reaction mixture was cooled to room temperature and
poured into water (50 mL), filtered to give the crude product,
which was further purified by recrystallization from mixed DMF–
EtOH to give pure 2-amino-6-(1-hydroxyiminoethyl)-5,6-dihydro-
5-arylpyrido[2,3-d]pyrimidine-4,7(3H,8H)-dione 6 (Table 3).


2-Amino-6-(1-hydroxyiminoethyl)-5-(4-fluorophenyl)-5,6-
dihydropyrido[2,3-d]pyrimidine-4,7(3H ,8H)-dione (6a)


IR (KBr m, cm−1): 3478, 3340, 3198, 2944, 1687, 1649, 1508, 1480,
1358, 1312, 816, 773, 622; 1H NMR (DMSO-d6) (d, ppm): 10.84 (s,
1H, OH), 10.57 (s, 1H, NH), 10.23 (s, 1H, NH), 7.24–7.21 (m, 2H,
ArH), 7.14–7.10 (m, 2H, ArH), 6.52 (br s, 2H, NH2), 4.23 (s, 1H,
CH), 3.30 (s, 1H, CH), 1.88 (s, 3H, CH3);13C NMR (DMSO-d6) (d,
ppm): 169.7, 161.7, 156. 6, 155.2, 151. 7, 143.7, 130.7, 129.5, 128.4,
90.2, 56.1, 35.8, 13.1; Anal. calcd for C15H14FN5O3: C, 54.38; H,
4.26; N, 21.14. Found: C, 54.15; H, 4.07; N, 21.44%.


General procedure for the synthesis of compounds 8 with
microwave irradiation


In a 10 mL reaction vial, the 4-arylidene-3-methylisoxazol-5(4H)-
one 4 (1 mmol), naphthalen-2-amine 7 (1 mmol), DMF and HOAc
(2 mL) (2 : 1, V/V) were mixed and then capped. The mixture was
irradiated at 240 W (initial power 150 W, maximum power 240 W)
at 140 ◦C for a given time. The reaction mixture was cooled to room
temperature and poured into water (50 mL), filtered to give the
crude product, which was further purified by recrystallization from
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mixed DMF–EtOH to give pure 1-aryl-2-(1-hydroxyiminoethyl)-
1,2,3,4-tetrahydro-3-oxobenzo[f ]quinolines 8 (Table 3).


1-(3-Nitrophenyl)-2-(1-hydroxyiminoethyl)-1,2,3,4-tetrahydro-3-
oxobenzo[f ]quinolines (8e)


IR (KBr m, cm−1): 3364, 3234, 3041, 2943, 2861, 1674, 1541, 1431,
844, 765, 647; 1H NMR (DMSO-d6) (d, ppm): 11.40 (s, 1H, OH),
11.04 (s, 1H, NH), 8.10 (d, 1H, ArH, J = 8.4 Hz), 8.00–7.90 (m,
3H, ArH), 7.72 (d, 1H, J = 8.4 Hz, ArH), 7.63 (t, 1H, ArH,
J = 8.0 Hz), 7.54 (d, 1H, ArH, J = 7.6 Hz), 7.46–7.37 (m, 3H,
ArH), 5.21 (s, 1H, CH), 4.22 (s, 1H, CH), 1.54 (s, 3H, CH3);
13C NMR (DMSO-d6) (d, ppm): 166.9, 152.0, 138.2, 136.3, 132.4,
131.1, 130.4, 129.4, 129.3, 129.0, 128.5, 128.0, 127.7, 126.8, 124.3,
121.9, 117.1, 115.1, 53.5, 37.2, 18.7; Anal. calcd for C21H17N3O4:
C, 67.19; H, 4.56; N, 11.19. Found: C, 67.36; H, 4.35; N, 11.37%.


General procedure for the synthesis of compounds 10 with
microwave irradiation


In a 10 mL reaction vial, the 4-arylidene-2-phenyl-5(4H)-
oxazolone 9 (1 mmol), 2,6-diaminopyrimidin-4(3H)-one 5
(1 mmol), DMF and HOAc (2 mL) (2 : 1, v/v) were mixed and
then capped. The mixture was irradiated at 240 W at 140 ◦C
for a given time. The reaction mixture was cooled to room
temperature and poured into water (50 mL), filtered to give the
crude product, which was further purified by recrystallization from
mixed DMF–EtOH to give pure N-(2-amino-4,7-dioxo-5-aryl-
3,4,5,6,7,8-hexahydropyrido[2,3-d]pyrimidin-6-yl)benzamides 10
(Table 3).


N-(2-Amino-5-(4-fluorophenyl)-3,4,5,6,7,8-hexahydro-4,7-
dioxopyrido[2,3-d]pyrimidin-6-yl)benzamide (10a)


IR (KBr m, cm−1): 3453, 3339, 3201, 2904, 1702, 1652, 1508, 1487,
1375, 874, 794, 705; 1H NMR (DMSO-d6) (d, ppm): 10.72 (s, 1H,
NH), 10.59 (s, 1H, NH), 7.83 (d, 1H, NH, J = 6.4 Hz), 7.75 (d,
2H, ArH, J = 8.0 Hz), 7.56–7.43 (m, 3H, ArH), 7.09–6.98 (m,
4H, ArH), 6.66 (br s, 2H, NH2), 5.06 (t, 1H, CH, J = 7.2 Hz),
4.49 (d, 1H, CH, J = 7.6 Hz); 13C NMR (DMSO-d6) (d, ppm):
169.3, 166.9, 161.5, 156.2, 155.5, 143.7, 133.9, 131.7, 131.1, 130.6,
128.8, 128.6, 127.3, 92.0, 54.0, 37.6; Anal. calcd for C20H16FN5O3:
C, 61.07; H, 4.10; N, 17.80. Found: C, 61.21; H, 4.23; N, 17.95%.
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The combination of synthetic polymers and DNA has provided biologists, chemists and materials
scientists with a fascinating new hybrid material. The challenges in preparing these molecular chimeras
were overcome by different synthetic strategies that rely on coupling the nucleic acid moiety and the
organic polymer in solution or on solid supports. The morphologies and functions of the bioorganic
block copolymers can be controlled by the nature of the synthetic polymer segment as well as by the
sequence composition and length of the DNA. Recent developments have expanded the scope and
applications of these hybrid materials in a number of different areas including biology and medicine, as
well as bio- and nanotechnology. Their usage ranges from gene delivery through to DNA detection to
programmable nano-containers for DNA-templated organic reactions.


Introduction


Hybrids are a combination of dissimilar components arranged
at the nanometric and molecular level.1,2 Throughout evolution,
nature has evolved a large variety of hybrid materials, if one
thinks of the post-transcriptional modifications of proteins,
where peptidic structures are functionalized with carbohydrates
or lipids,3 and the process of biomineralization,4,5 which com-
bines organic and inorganic materials within biological systems.
Natural hybrids containing nucleic acids as a major class of
biomacromolecules are also known. One important example is
the ribosome which consists of an RNA structure into which
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proteins are interdispersed by non-covalent bonds.6 Especially
the complex function of this entity, i.e. the catalysis of protein
biosynthesis, underlines the importance and potency of such
biological hybrids. Involved in this process is another type of
molecular chimera, the so-called tRNAs. They consist of RNA
covalently linked to small organic molecules, the amino acids.7


Beside these naturally occurring examples, chemists have created
artificial nucleic acid hybrid structures. DNA has been combined
with inorganic materials like gold nanoparticles but also with
small organic moieties like organic dyes or electrochemically
active units.8,9 With such DNA hybrids, new detection strategies10


and nanoelectronic structures,11,12 as well as nanomechanical
devices,13 have been realized. In recent years a new type of nucleic
acid hybrid has emerged, which consists of the combination of
synthetic oligonucleotides (ODNs) and organic polymers. As a
consequence of joining these two classes of materials, DNA block
copolymers (DBCs) are formed that maintain the special features
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of the biomacromolecule DNA and at the same time represent
polymeric block type architectures that have attractive material
properties in their own right.


The special features of DNA that are important in regard to
the corresponding polymeric hybrids are the following: 1) Solid-
phase organic synthesis methods allow the preparation of single-
stranded (ss) DNA with almost any desired sequence of more
than 100 bases.14 2) Hybridization of complementary sequences
leads to the formation of a helical, semiflexible double-stranded
(ds) polymer with a diameter of about two nanometres and a
pitch of about 3.4–3.6 nm in the B-form. 3) In addition to the
famous double helix,15,16 DNA can adopt other superstructures
such as triple helices, quadruplexes and sophisticated artificially
created 2D and 3D nanostructures.17–20 4) Finally, enzymes allow
site specific modifications of the DNA strands.


In contrast, synthetic block copolymers usually self-assemble
into well-ordered periodic structures, a phenomenon called mi-
crophase separation.21 This process is driven by the enthalpy of
demixing of the constituent components of the block copolymers,
whilst the macroscopic separation is hindered by the connectivity
of the two blocks. Hence, the domain size of the ordered structures
is of similar magnitude to that of the molecular dimensions.
The morphologies which are adopted range from spherical,
through cylindrical and gyroidal, to lamellar structures, and
can be controlled by the block length ratio of the constituent
components. Besides the formation of nanostructures in bulk,
block copolymers also form nano-objects in solution. This is the
case when one of the blocks dissolves in the solvent, while the
other block is insoluble (selective solvents). Polyelectrolyte block
copolymers, which combine structural features of polyelectrolytes,
block copolymers, and surfactants, in particular show a rich


association behaviour. The formation of micelles, strings, and
networks of sometimes quite complicated topology has been
described.22 This class of polymers is important to mention in
the context of DNA block copolymers since DNA from a polymer
chemist’s point of view represents a polyelectrolyte.


DNA and synthetic polymers were combined to bring out or
enhance advantageous chemical and biological behaviours and at
the same time to reduce or wholly suppress undesirable properties.
An additional target is the evolution of entirely new material
behaviours.


In this review, we first describe the different routes to prepare
DNA block copolymers. Special attention will be paid to the
synthesis of linear topologies and graft architectures where ODNs
are attached as side chains to a synthetic polymer backbone.
Common to all of these structures is that the nucleic acid segments
and the organic polymer moieties are connected by covalent
bonds. There is a considerable amount of literature describing
electrostatic complexes of DNA with various polycations,23,24 but
this is beyond the scope of this review. In the second part we focus
on the properties of these materials and discuss their applications
in the fields of biology, biotechnology and nanoscience. Finally,
some of the remaining challenges of these new bioorganic hybrid
materials are highlighted.


Synthesis of DNA block copolymers


For the generation of linear DNA block copolymers, one end
of an ODN needs to be coupled to a terminal functionality of
an organic polymer block. This synthetic goal is achieved by
grafting strategies, either by connecting the biological and the
organic polymer segments in solution (Fig. 1A) or on a solid


Fig. 1 The synthesis of linear DBCs by grafting onto in solution (A) and on the solid support (B).
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support (Fig. 1B). Three different coupling reactions in solution
have been reported: amide25–28 and disulfide bond formation29 as
well as Michael addition.29 When a peptide bond is formed to
join both segments, terminally amino-functionalized ODNs were
coupled to active ester-containing polymers. Several activating
reagents including N,N ′-dicyclohexylcarbodiimide (DCC), N-
hydroxysuccinimide ester (NHS) or N-(3-dimethylaminopropyl)-
N ′-ethylcarbodiimide (EDC) and sulfo-N-hydroxysuccinimide es-
ter (sulfo-NHS) were used for the coupling reaction. The forma-
tion of a disulfide bridge between DNA and the polymer required
a terminal thiol-modification at the ODN as well as at the polymer,
which were reacted under slightly alkaline conditions in an aque-
ous phase. In the case of the Michael addition, thiol-functionalized
ODNs were reacted with a malimido-functionalized polymer at
neutral pH. Attaching the biological and organic segments in
solution is an easy procedure and does not require an expensive
DNA synthesizer. Amino- or thiol-functionalized ODNs are
available from commercial sources, which makes DBCs available
to conventionally equipped laboratories. This coupling strategy
proceeds with high yields as long as water-soluble polymers such
as poly(ethylene oxide) (PEO) and poly(N-isopropylacrylamide)
(PNIPAM) are employed.28,30–38 However, the yields are drastically
lower when hydrophobic polymers are used. A reason for poor
coupling efficiencies is the incompatibility of the hydrophilic DNA
and the hydrophobic polymers in the solvent. To overcome these
synthetic difficulties, solid-phase synthesis was employed success-
fully for the preparation of amphiphilic DBCs by several groups,
including ours (See Fig. 1B).39–43 The grafting approach on the
solid support started with hydroxyl-terminated polymers that were
reacted with phosphoramidite chloride to yield the corresponding
phosphoramidite–polymer derivatives. This key reagent was then
coupled to the detritylated 5′ hydroxyl-end of the ODN on the
solid support using a DNA-synthesizer. After liberation from the
solid support, removal of the protecting groups and purification
by polyacrylamide gel electrophoresis (PAGE) or by HPLC the
DBCs were obtained in high yields. This synthetic route offers


two advantages in regard to the preparation of amphiphilic DBCs.
First, the incompatibility of the biological and the synthetic moiety
is avoided because the coupling step is carried out in organic
solvents in which the organic polymer is readily soluble. Second,
the amphiphilic DBCs are produced fully automated in a single
process. This is possible because phosphoramidite chemistry was
employed for both the building of the ODN as well as for the
coupling reaction of the polymer. Alternatively, the coupling of
the organic polymer to the ODN can be carried out manually
by the so-called “syringe synthesis technique”.44,45 The latter
method might have some drawbacks because high reproducibility
and efficient exposure of the phosphoramidite polymer to the
solid phase is not guaranteed to the same extent as in a DNA
synthesizer.


Another structurally important class of DBCs consists of graft
architectures where several ODNs are attached to the polymer
backbone to form a comb-like topology (Fig. 2). Three different
synthetic routes were developed to realize these structures. In the
first approach, the synthetic polymer was prefabricated, and in a
subsequent grafting step the ODNs were coupled in solution. One
way to attach the ODNs to the synthetic backbone is amide bond
formation. Therefore, during the synthesis the polymer backbone
was equipped with active ester groups that were reacted with
terminal amino-modified ODNs.46 As in the previous procedure,
a covalent bond between the organic polymer and the nucleic
acid units was realized with the help of amino-modified ODNs.
They were reacted with an alternating copolymer consisting of
ethylene and maleic anhydride units representing the backbone.47


A second route for the preparation of graft architectures relies on
coupling the synthetic polymer to the ODN on a solid support.
This procedure is similar to the one described above for the
fabrication of linear amphiphilic DBCs using phosphoramidite
polymers. A major difference was that several phosphoramidite
groups along the polynorbornene backbone served as attach-
ment points for the ODNs.44,45 A third variant for the prepa-
ration of DNA side chain polymers is based on polymerizable


Fig. 2 The covalent attachment of terminally functionalized ODNs to a synthetic polymer backbone.
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ODN-macromonomers. An acrylamide monomer was function-
alized via an alkyl spacer with a phosphoramidite group that can be
reacted with the 5′-end of an ODN. This polymerizable nucleic acid
moiety was transformed into a graft architecture by copolymer-
ization with acrylamide.48,49 The multimerization of nucleic acid
segments along a single organic macromolecule offers important
advantages in some applications, including DNA detection and
DNA hydrogels, which are discussed later in this review.


DBCs as a new gene delivery system


A wide variety of antisense oligonucleotides (ASOs) have at-
tracted considerable attention due to their specific interaction
with cytoplasmic mRNA, and therefore the blocking of specific
gene products. ASOs are not only a useful experimental tool in
protein target identification and validation for drug development,
but also a highly selective therapeutic strategy for diseases with
dysregulated protein expression.50 Practical applications of ASOs
as therapeutic agents encounter two important problems: poor
cellular uptake and enzymatic hydrolysis.51 This is the point where
DBCs come into play because cellular uptake of ODNs can be
enhanced and nuclease activity on ODN substrates can be reduced.


Park and co-workers have addressed the issue of poor cellular
uptake by employing micellar aggregates of different DBCs as
ASOs delivery systems. They prepared a DNA-b-poly(D,L-lactic-
co-glycolic acid) (PLGA) block copolymer by reacting amine-
terminated ASO with an activated PLGA. This amphiphilic DBC
formed micelles readily in aqueous solution with PLGA segments
as a hydrophobic core and ODN segments as a surrounding
hydrophilic corona. Atomic force microscopy (AFM) and dynamic
light scattering (DLS) analysis revealed spherical micelles with
a diameter of 80 nm. The in vitro uptake studies with NIH3T3
mouse fibroblast cells showed that the micelles were transported
into the cells more efficiently than the pristine ODN. Due to the
biodegradable nature of the organic polymer, these micelles could
release the ASO in a controlled manner.52 The use of micelles as
ASO carriers encouraged the same group to extend their delivery
system to biocompatible DNA-b-PEO block copolymer systems.
In this case, nanoscopic aggregates were prepared by complexation
with polycations such as the positively charged fusogenic peptide
KALA,53 and polyethyleneimine (PEI).30 Both electrostatic com-
plexes exhibited a core containing the charged moieties, whereas
the corona was composed of PEO. The effective hydrodynamic
diameter of both micelle aggregates was around 70 nm, with a
very narrow size distribution. In the first conjugate, the ODN was
coupled to PEO via an acid-cleavable linkage (phosphoramidate)
so that the ODN could be released in the acidic endosomal
environment and could interact with the target mRNA sequence
to inhibit protein expression. In particular, the cellular uptake
behaviour and antiproliferation effects of the c-myb antisense
ODN-containing polyion complex micelles on smooth muscle cells
were investigated. It was shown that the micelles were incorporated
into the cells far more efficiently than the non-polymer-modified
ODN. Alternatively, the PEI cationic polymer was complexed with
DNA-b-PEO that codes for c-raf antisense, and the corresponding
electrostatic aggregate was applied to tumour-bearing nude mice.
Significant antitumour activities against human lung cancer were
measured. Interestingly, the polyion complex micelles showed a
higher accumulation level in the tumour cells than the pristine


ODN. Kataoka et al. have synthesized electrostatic complexes
of DNA-b-PEO and polycationic moieties such as PEI and
poly(L-lysine) (PLL).33,38 The micelle systems containing PEI
were designed in such a fashion that the ODN can be released by
hydrolysis from the PEO segment. Moreover, the stability of the
DNA-b-PEO within the polyion complex micelles against deoxy-
ribonuclease (DNase I) was demonstrated. Important findings in
regard to design effective antisense ODN delivery systems were
made with the electrostatically trapped micelles bearing PLL as
the polycation. Structural features of the DNA block copolymer
also included an acid labile linker between the PEO and the
nucleic acid moiety, and a lactose-targeting moiety attached to
the PEO segment. A significant antisense effect against luciferase
gene expression was observed. Micelles with a targeting unit
showed a more pronounced antisense effect than control
complexes without the lactose unit. The acid-labile linkage was
found to be crucial for high antisense activity, since control
experiments with a non-cleavable control DNA block copolymer
showed decreased performance.


Besides targeting mRNA, recently so-called antigene ODNs
that interact with ds DNA have been developed. These ODNs are
designed to bind to polypurine–polypyrimidine sequences through
triple helix formation and, thus manipulate gene function.54–62 A
comprehensive study using DNA-b-PEO conjugates as antigene
ODN delivery systems for inhibiting the expression of the Ki-ras
gene and the proliferation of pancreatic cancer cells was carried
out by Xodo and co-workers.36 A high molecular weight PEO
was conjugated to a G-rich oligonucleotide as previously reported
by the same group.63,64 The uptake of DNA-b-PEO, which was
supposed to form a triplex with the promoter region of the Ki-
ras gene, was investigated by FACS and confocal fluorescence
microscopy, showing that the cells harboured the conjugate at a
concentration 6–7 times higher than the pristine ODN (Fig. 3). Of
equal importance is that the DNA-b-PEO efficiently inhibited the
transcription of Ki-ras mRNA, and the proliferation of pancreatic
cancer cells was reduced by 50%. It is important to mention that
the ODN-PEO conjugate itself did not promote any inhibition of
transcription by the anticipated interaction with the ds DNA. In-
stead, the antiproliferative activity was induced by binding of the
DNA-b-PEO to a nuclear factor recognizing the Ki-ras promotor
sequence by an aptameric mechanism. In this regard, the study
introduced a new antiproliferative strategy based on the use of
aptamers against nuclear proteins. On the other hand, this was the
first report of an aptamer consisting of a DNA block copolymer.


DBCs used in purification of biomaterials


An important class of DBCs consists of the DNA-b-PNIPAM
conjugates, which are used for purification of biomacromolecules
employing a thermal stimulus. It is well-known that PNIPAM
exhibits a remarkable phase transition in aqueous media in re-
sponse to changes in temperature and therefore exhibiting a lower
critical solution temperature (LCST).65,66 This fully reversible
temperature-responsive behaviour has found application in the
purification of bioconjugates from reactants and other solutes em-
ploying small temperature increases above the LCST.26–28,31,32,67–72


In an important report, Freitag and co-workers synthesized a
DNA-b-PNIPAM conjugate, of which the nucleic acid segment
was capable of recognizing a sequence of plasmid DNA by triple
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Fig. 3 Cellular uptake of pristine ODNs (20-mer) and DBCs consisting
of a PEO and a nucleic acid block (20-mer). (a) FACS analysis of Panc-1
cells untreated and treated with 5 lM ODN and MPEO-b-ODN. Cells were
analyzed by FACS 48 hours after the oligonucleotides were delivered to the
cells. Peak i, untreated cells; peak ii, cells treated with ODN-fluorescein
(F); peak iii, cells treated with MPEO-b-ODN-F. (b) Confocal images
of Panc-1 cells treated for 24 hours with 5 lM ODN-F (panels i, ii, iii)
and MPEO-ODN20-F (panels iv, v,vi). Panels i and iv show the nuclei of
Panc-1 cells stained in red with propidium iodide; panels ii and v show the
green fluorescence emitted by the fluorescein-conjugated oligonucleotides;
panels iii and vi are superimposed views obtained from i + ii and iv +
v. (c) Confocal views of a Panc-1 cell showing that MPEO-b-ODN20-F
is harboured in the nucleus. Note the presence of the conjugate in the
nucleoli. The x–z panel shows a cumulative projection of x–z cross-sections
corresponding to the line depicted in the magnified cell. Reprinted with
permission from Nature Publishing Group (ref. 36).


helix formation (Fig. 4). After complexation below the LCST, the
plasmid target DNA could be precipitated quantitatively from the
solution by raising the temperature to 40 ◦C. After redissolution
at lower temperatures, DNA-b-PNIPAM was released from the
plasmid by changing the pH of the solution. The target DNA
molecule was obtained in yields of 70 to 90% in good purity.71


Plasmid DNA offers an attractive way to deliver therapeutic genes
for gene therapy and genetic immunization due to its simplicity


Fig. 4 Purification of pharmaceutical-grade plasmid DNA by triplex-he-
lix affinity precipitation procedure. LCST: Lower critical solution temper-
ature. Reprinted with permission from Wiley Interscience (ref. 71).


and excellent safety profile.73,74 However, the dosage which has
been used in gene therapy is high,75–77 and the current purification
techniques will probably not meet the demands if these drugs
are routinely administered in the future. The triple-helix affinity
precipitation of plasmid DNA by DNA-b-PNIPAM conjugates
could serve as a practical system to provide large amounts of
pharmaceutical-grade plasmid DNA.


Besides the isolation of plasmid DNA, DNA-b-PNIPAM conju-
gates have been applied to the affinity precipitation and separation
of DNA-binding proteins.70 For that purpose, PNIPAM terminally
functionalized with a psoralene group was photochemically
crosslinked with ds DNA to form a graft architecture. When
this side chain polymer containing a ds DNA backbone was
enzymatically ligated to a non-PNIPAM-modified DNA segment
encoding the so-called TATA-box, the corresponding TATA-box-
binding protein could be selectively separated from a protein
mixture by thermal affinity precipitation. In the future, this elegant
approach might be extended to the detection of unknown DNA
binding proteins such as transcription factors from cell lysates.


DBCs used in sensitive DNA detection


Sensitive DNA detection is important in the fields of gene analysis,
tissue matching, and forensic applications. The key challenge is to
develop a material that efficiently senses the presence of ss or ds
DNA and converts it to a detectable signal, either electrochemi-
cally or by means of fluorescence. A first approach towards using
DNA block copolymers as probes for DNA detection was un-
dertaken by Haralambidis and co-workers.78 The rationalization
behind the use of employing a block copolymer architecture was
that the nucleic acid part is needed for molecular recognition,
while the polymer block allows the incorporation of multiple
labels along the backbone. A synthetically challenging method
was developed for achieving the linkage between the ODN and
the organic polymer segment, since the polyamide was attached to
the base of the nucleotide at the 5′-end.78 The polyamide unit was
synthesized employing standard Fmoc chemistry. This allowed the
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incorporation of several pyrenylated amino acid building blocks
into the peptide segment.79 Significant excimer fluorescence from
the DNA-b-polyamide was detected due to the close proximity
of the chromophores. The multimerization of labels resulted in
an increase of the emission intensity, proving the concept of
a polylabel strategy. Hybridization of DNA-b-polyamide with
complementary sequences doubled the luminescence intensity of
the probe. This was possibly due to less pronounced stacking
interactions of the pyrene residues with nucleobases in the ds
DNA compared to the ss DNA. However, real DNA detection
was not realized.


Instead of DNA diblock copolymers, we developed a triblock
architecture for DNA detection. This novel structural concept is
based on fluorescence dequenching upon hybridization (Fig. 5A).
The so-called “twin probe” consists of a central fluorene deriva-
tive as fluorophore to which two identical oligonucleotides are
covalently attached.80 This probe architecture was applied in a ho-
mogenous hybridization assay with subsequent fluorescence spec-
troscopic analysis. The bioorganic hybrid structure was well-suited
for sequence specific DNA detection, and even single-nucleotide
polymorphisms (SNPs) were identified with high efficiency. The
covalent attachment of two single-stranded oligonucleotides leads
to strong quenching of the central fluorescence dye induced by the
nucleobases, whereas when one oligonucleotide is coupled to the
fluorophore no dequenching upon hybridization occurs. The twin


Fig. 5 DNA block copolymers used in sensitive DNA detection. A) The
twin probe is applied for DNA detection by means of fluorescence in a
homogenous hybridization essay (adapted from ref. 80). B) Electro-
chemical detection of DNA by graft architecture (adapted from ref. 45).
C) Triblock architecture for the reagentless DNA detection (adapted from
ref. 40).


probe is characterized by supramolecular aggregate formation
accompanied by red-shifted emission and broad fluorescence
spectra. In the future, the central emitter unit will be extended
to oligomeric conjugated materials with the aim of increasing the
sensitivity of the probe.


In contrast to linear structures, a graft architecture for sensitive
DNA detection was realized by Mirkin and co-workers, who re-
ported the electrochemical detection of DNA by polynorbornene–
DNA hybrids (Fig. 5B).44,45 Two kinds of DBCs with either
ferrocenyl or dibromoferrocenyl groups as well as ODNs were
prepared by ring-opening metathesis polymerization (ROMP).
With these DBCs, target concentrations as low as 100 pM could
be detected, which is one order of magnitude more sensitive than
the previously reported system based on ferrocene-containing
oligonucleotides.81


A structural alternative to graft architectures of DBCs used for
electrochemical DNA detection is a linear topology (Fig. 5C).
Grinstaff et al. prepared an A-B-A type triblock copolymer
containing two DNA strands linked via a small, flexible PEO
linker.40 The capture strand was functionalized with a terminal
thiol for immobilization on a gold electrode. The probe strand
contained a 5′-terminal redox-active reporter group, ferrocene.
Upon binding of the target strand to the immobilized capture
strand the distance between the 5′-terminal ferrocene and the
electrode surface was decreased, resulting in an electrochemical
signal. This DNA triblock copolymer gives rise to a sensitive
reagentless electrochemical assay which is ideally suited for the
continuous, rather than batch, monitoring of a flow of analyte.82


Compared to the above described graft architecture, the estimated
detection limit of the assay was 200 pM of DNA.


DBCs in nanoscience


Nanotechnology has been one of the fastest developing research
areas in recent years. One of the key objectives in this fascinating
multidisciplinary field are nanoparticles, which most commonly
exhibit sizes in the range of 10–100 nm and size-dependent
properties different from the bulk materials. These objects can
either be composed of inorganic83–85 or organic materials.86


Synthetic chemists have been extremely creative in finding new
methods for the preparation of nanoparticles. The chemical
synthesis techniques can, in principle, be divided into two general
strategies: 1) the mechanical milling of raw material down to
nanosized particles and 2) the conversion of the products or
educts dissolved in suitable solvents into nanodispersed systems
by precipitation, condensation or chemical synthesis. Especially,
within the chemical routes towards nanoparticles, polymers are
often involved, if one considers the preparation of polymer
dispersions87–89 and dendrimers90,91 or the aggregation of block
polymers.22,92 When the solvent environment of a linear block
copolymer system is a selective solvent for one of the segments
and the other polymer unit is insoluble, spherical micelles of
nearly uniform size and shape are typically obtained, which can
be regarded as nanoparticle systems.93


Translated into the context of amphiphilic DNA block copo-
lymers, this means that nanoparticles containing a hydrophobic
polymeric core and a ss DNA corona are obtained. In a previous
paragraph, the advantages of such systems containing a hydro-
phobic core of PLGA and a shell of ss nucleic acids have been
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discussed in regard to delivery of antisense ODNs. However,
amphiphilic DBC systems with polystyrene (PS)39 and poly-
(propylene oxide) (PPO)42,94 have also been synthesized.


The organic segment of DNA-b-PS polymers exhibited an Mn of
5600 g mol−1 while the lengths of the ODNs were adjusted to be a 5-
mer, a 10-mer and a 25-mer. The diameter of the resulting micelles
was measured by AFM and DLS, which are important tools for
the characterization of superstructures formed from amphiphilic
DBCs. The different lengths of the DNA segments resulted in
tailorable diameters of the micelles ranging from 8–30 nm. The
AFM measurements, carried out in tapping mode on a mica sur-
face in air, were consistent with the DLS data. These well-defined
block copolymer micelles were employed to build up sequence-
specific aggregates with DNA-modified gold nanoparticles. The
aggregates could be reversibly disassembled by heating them above
the melting temperature of the double-stranded DNA. This result
paves the way to higher-ordered nanostructures defined by the
recognition properties of DNA and the hydrophobic–hydrophobic
interactions of the water insoluble polymer segments. In such a
fashion, hybrid structures consisting of three classes of materials—
organic polymers, biological entities and inorganic moieties—
were realized. We believe that in the future various functions will
evolve from these materials, especially when the organic polymer
bears additional features like luminescent or semiconducting
properties.


The amphiphilic DBCs mentioned so far contain a hydrophobic
block with high glass transition temperature (TG), thus hindering
the easy dissolution of the amphiphilic structures and investigation
of the micellar properties because the so-called “frozen” micelles
hardly reach a state of thermodynamic equilibrium.22 To overcome
these drawbacks, our group has prepared DNA-b-PPO polymers
in which the synthetic polymer block exhibits a low TG (−70 ◦C),
which allows easy preparation of the micelle aggregates by just


dissolving the DBCs in an aqueous medium.42 Moreover, the or-
ganic PPO segment has proven to be biocompatible with different
cell types, which might be of importance if such structures are
employed in living systems.95 The DNA-b-PPO formed spherical
micelles, which were characterized in detail by AFM and DLS. In
contrast to the work mentioned above, the AFM visualization
was conducted in buffer by soft-tapping mode. The height of the
micelles ranged from 6 to 18 nm, which was consistent with the
DLS measurements. These nanoparticles were introduced as a
novel template for DNA-templated synthesis (DTS).


DTS has emerged as a tool for nucleic acid sensing, small-
molecule discovery, and reaction discovery with the help of trans-
lation, selection, and amplification methods previously available
only to biomacromolecules like nucleic acids and proteins.96 Based
on the effective molarity approach, complex small molecules and
polymer products were generated employing multistep DTS.


As templates, ss DNA strands representing one-dimensional
objects are commonly employed to assemble the reactant
DNA. However, there is also one report in which a two-
dimensional template, a trisoligonucleotide, was used.97 We ex-
panded the scope of DTS to three-dimensional templates using
spherical aggregates of DNA-b-PPO polymers as a platform to run
sequence-specific organic transformations.42 Several organic reac-
tions proceeded in a programmable manner either at the corona of
the micelles or at the interface between the biological and organic
polymer blocks (Fig. 6). The yields of the reactions (isoindole
formation, Michael addition and amide bond formation) were
equivalent or better than for existing templates. Furthermore,
hydrophobic reactants can accumulate within the core to produce
higher yields. These templates composed of amphiphilic DBCs
are of great importance for DNA-templated chemistry because
it might allow sequence-specific programmable reactions to occur
while being protected from the environment, as in a cellular system.


Fig. 6 Schematic representation of DNA-templated synthesis applying DNA block copolymers. The micelles resulting from these polymeric architectures
consist of a hydrophobic core and a shell of DNA. Single-stranded micelles can be either hybridized with oligonucleotides which are equipped with
reactants at the 5′- and 3′-ends. The subsequent chemical reaction proceeds at the rim of the micelle (A) or at the hydrophobic/hydrophilic interface (B),
respectively (ref. 42).
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Besides spherical morphologies, amphiphilic block copolymers
self-assemble into a large number of different supramolecular
aggregates of various shapes which have recently been reported
and pioneered by Eisenberg98–100 as well as by other research
groups.101,102 These morphologies are important because of their
specific applications in controlled drug delivery, encapsulat-
ing agents for catalysis, emulsifying agents, and in separation
systems.103 The micelle sizes and shapes can be manipulated by the
chemical nature of the polymer104 or by changing environmental
conditions like salinity, pH and solvent composition.105 However, it
is still a challenge to perfectly control the morphologies and dimen-
sions of these aggregates. In our group, this aim was approached
by employing DBCs and exploiting the self-recognition properties
of the nucleic acid segments. DNA-b-PPO micelle morphologies
were altered by hybridization, transforming the ss nucleic acid shell
into ds DNA.94 While hybridization of DNA block copolymer
aggregates with complementary short DNA has no significant
impact on the structural properties, base pairing with long DNA
templates induced a transformation from spherical into rod-like
micelles (Fig. 7). The Watson–Crick motif aligned the hydrophobic
polymer segments along the DNA double helix, which resulted
in selective dimer formation. The length of the resulting rod-like
micelles could even be adjusted precisely by varying the number of
nucleotides in the templates. Salient features of this novel strategy
are the sequence specificity and the structural uniformity of the
resulting micelle aggregates. This study, for the first time, demon-
strated that DNA nanostructures, which are usually generated
using base pairing of complementary ss ODN sequences,17,18,106–110


can be built up by employing hydrophobic interactions, adding
a new tool to the field of DNA nanotechnology with respect to
structure formation.


Fig. 7 Schematic representation of hybridization of ss DNA-b-PPO
micelles with different DNA molecules. (a) Base pairing with a short
complementary sequence yields micelles with a ds corona almost main-
taining the structural properties of the ss aggregates. (b) Hybridization
with long DNA templates results in rod-like micelles consisting of two
parallel aligned double helices (ref. 94).


DNA hydrogels based on DBCs


In general, hydrogels are defined as crosslinked polymer networks.
Two different network architectures containing DNA are known.
The first class of DNA hydrogels was built up by chemically
crosslinking ds DNA strands.111 As a crosslinking agent, ethylene
glycol diglcidyl ether was employed. Such DNA gels showed a
discontinuous volume transition when acetone was added to the
network that was swollen in aqueous medium. At a concentration
of 63% acetone, the volume of the gel fell by a factor of
15, and the process was proven to be reversible. Such phase
transitions are one reason why polymer networks have attracted
the attention of many researchers. Recently, several groups have
investigated synthetic polymer hydrogels and tried to induce phase
transitions by external stimuli.112 Gels can expand or contract
when triggered by tiny changes in temperature, light, solvent
composition, or when target molecules are bound. The ability
of the gels to undergo huge but reversible changes in volume
allows unique new systems to be created mainly for the purpose of
encapsulating and releasing materials. Since the synthetic polymer
chains of the gels cannot bind with the target molecules selectively,
conjugates of the receptors and the chain are needed. In contrast,
DNA has inherently a unique chain structure able to bind with
specific bio- and synthetic molecules.111,113 At this point, the
second class of DNA networks is introduced. The characteristic
of these structures is that the crossing points, not the polymer
network, consist of DNA. Nagahara and co-workers prepared
two different kinds of DBCs. Poly(N,N-dimethylacrylamide-co-
N-acryloyloxysuccinimide) was reacted with either an amino-
terminated 10-mer ODN exclusively containing adenine (oligoA)
or thymine bases (oligoT) to form graft architectures.46 A first hy-
drogel was realized by hybridizing the side chain polymer carrying
oligoA with the conjugate containing oligoT. In a second route,
a hydrogel was formed by hybridizing two oligoT-derivatized
copolymers with a 20-mer adenine crosslinking strand. Nagahara
et al. prepared films of these hydrogel materials and characterized
the hybridization behaviour by UV-monitored melting curves. The
material exhibits two important properties. First, gel formation is
reversible and the temperature of dissociation can be controlled
by the composition and length of the ODN. Second, during the
gelation process, which can be carried out at room temperature,
the target molecule remains intact because of the mild and selective
hydrogen bond formation between complementary DNA strands.
Release of the target molecule might be achieved by denaturing
the double-stranded DNA crosslinks. Inspired by this approach,
Langrana et al. prepared DNA gels by adding a crosslinking strand
to a mixture of two DNA-polyacrylamide graft architectures.48,49


This DNA sequence was designed in such a fashion that it
was complementary to both ODNs of the DNA graft polymers.
As described for the previous example, hydrogel formation was
thermoreversible. But it was also possible to dissociate the DNA
crosslinks without a thermal stimulus. This was achieved by
introducing a toehold at the crosslinking strand or so-called
fuel strand consisting of an additional ss DNA segment that
does not hybridize with the DNA sidechains attached to the
polyacrylamide. When a so-called removal strand that is a full
complement to the fuel strand was added, the crosslinks could be
efficiently disintegrated. This change in the degree of crosslinking
was accompanied by a switch of the mechanical properties of the
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hydrogel. It needs to be pointed out here that all environmental
parameters such as temperature and buffer conditions remained
constant, so just the addition of a DNA strand induced a change
in the stiffness of the network. These kind of sequence-responsive
materials with modifiable bulk properties might be promising
candidates for biotechnology applications.


Outlook and perspectives


The combination of DNA and synthetic polymers in a covalent
fashion leads to engineered material properties of the hybrids that
cannot be realized with the polymer or the nucleic acid as single
entities. Several synthetic routes and coupling strategies are now
available to produce ss DNA di- and triblock architectures. These
methods especially allow one to vary the nature of the organic
polymer to exhibit hydrophilic and hydrophobic properties, as
well as thermoresponsive characteristics. However, a synthetic
limitation remains regarding the nucleic acid segments. So far,
the length of the DNA blocks is limited to around 40 nucleotides,
which is rather small in comparison to naturally occurring nucleic
acids like genomic or plasmid DNA. In the future, new synthetic
strategies need to be explored that allow researchers to overcome
this restriction. This could possibly be achieved by combining
polymer synthetic methods with procedures that are applied
in molecular biology. Since ss DNA block copolymers have
been prepared almost exclusively up to now, another remaining
synthetic task is the preparation of DNA multiblock structures
that might be realized by hybridization of already existing ss DNA
block copolymer building blocks.


DBCs have found promising applications in the field of antisense
and antigene delivery, DNA detection, and in nanoscience. In the
future more efforts must be devoted to optimize these applications
and broaden their use in the fields of bio- and nanotechnology.
With the use of DBCs in the context of nucleic acid delivery, a
promising research direction, namely investigating the interaction
of these materials with living cells, has been started. We believe
that these materials are highly promising in this regard, especially
in exploring the interactions of nanoparticles with natural systems.
Morphologies, sizes and surface charges can already be tailored
in micelle systems consisting of amphiphilic DBCs. Now it is
time to study uptake and transport properties of the systems in
cells and through biological barriers in regard to their physical
parameters. Once these relations are understood, one could even
consider using DNA block copolymer micelles for drug delivery.
The high modularity of this micelle platform with regard to
functionalization by just “clicking in” different components by
hybridization has already been demonstrated in the test tube. This
multifunctionalization might allow the targeting and release of
drugs in desired tissues with a precision not yet achieved.
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The effect of macrocycle size on the structure–property relationships was studied for inclusion
compounds of tert-butylcalix[n]arenes (n = 4,5) with volatile organic guests having various molecular
size and group composition. Vapor-sorption isotherms, guest-inclusion stoichiometry and Gibbs energy,
thermostability parameters and decomposition enthalpies were determined for host–guest compounds
(clathrates) obtained using saturation of solid calixarene powder with guest vapor. The increase of the
host macrocycle in the studied calixarene pair changes the observed structure–property relationship
from the guest-binding selectivity mostly seen in inclusion Gibbs energy to the high sensitivity for guest
structure in inclusion stoichiometry. The host with the larger macrocycle has more clathrates with
stepwise formation and decomposition. Specific types of guest binding with solid hosts are discussed.


Introduction


The ideal supramolecular receptor is a “lock” fitted for a “key”
substrate. This can be reached for multifunctional substrates in
liquid solutions using multiple H-bonding per guest molecule.1


For volatile compounds having no more than one functional
group, one option is a solid receptor having packing restrictions
on the guest size and shape.2,3 The receptors of choice for volatile
substrates are the solid calixarenes, forming stable inclusion
compounds with complicated structure–property relationships. In
such compounds, the major factor for host–guest interaction and
binding selectivity is the size of the preorganized cavity in the re-
ceptor lattice, which depends on the size of the host macrocycle.4,5


For sensor applications, the highest host–guest affinity is
desirable for better sensitivity together with the lowest stability of
binding product for the sensor reversibility. The ratio of these pa-
rameters also depends on the size of the calixarene macrocycle. For
example, tert-butylcalix[4]arene, forming rather stable clathrates
with toluene,6,7 remains practically insensitive to toluene vapors
in quartz crystal microbalance (QCM) sensors2,8 despite its high
binding affinity for toluene.9 tert-Butylcalix[6]arene, having less
stable clathrates and lower binding affinity for this guest,5 shows
much higher sensitivity for toluene vapors in QCM sensors.2,8


One cannot extrapolate rather simple structure–property rela-
tionships found for clathrates of tert-butylcalix[4]arene10 and tert-
butylthiacalix[4]arene4 to those of larger calixarene macrocycles,
because even these two hosts with very close structures have very
different selectivity patterns.4


The structure–property relationships for calixarene inclusion
compounds are not easy to reveal because of a number of


aInstitute of Chemistry, Kazan State University, Kremlevskaya 18, Kazan,
420008, Russia. E-mail: Valery.Gorbatchuk@ksu.ru; Fax: +7 843 2927418;
Tel: +7 843 2315309
bA. E. Arbuzov Institute of Organic and Physical Chemistry, KSC RAS, ul.
Akad. Arbuzova 8, 420088, Kazan, Russia
† Electronic Supplementary Information (ESI) available: Additional TG–
DSC data for pure tert-butylcalix[4]arene and tert-butylcalix[5]arene and
their clathrates. See http://dx.doi.org/10.1039/b701082f/


cooperative effects such as guest-binding threshold,11–14 enhanced
stability (even of gas clathrates),15,16 memory effects after the low-
temperature decomposition of host–guest inclusion compounds,13


the dependence of inclusion stoichiometry on temperature17,18


and small impurities.10,19 Hence, the choice of the standard
conditions for the initial host preparation and host–guest binding
is important.


In this paper, the effect of the host macrocycle size on the guest-
inclusion parameters, thermal stability and structure–property
relationships was studied for clathrates of tert-butylcalix[4]arene
(1) and tert-butylcalix[5]arene (2) prepared under comparable
conditions in solid host–guest vapor systems. These systems model
the guest binding–release by calixarenes in sensors.


Experimental


tert-Butylcalix[4]arene (1)20 was purified as described elsewhere4.
tert-Butylcalix[5]arene (2)21 was purified from nonvolatile impu-
rities using multiple recrystallizations from hexane, and from
volatile impurities by heating for 8 hours at 200 ◦C in a vacuum
(100 Pa). This high temperature treatment, also conducted on 1,
was used to remove possible host memory of previous clathrate
packing. The calixarene powder did not change its white color
during this procedure, which was used as a criterion of host purity.
The absence of volatile impurities was checked by a headspace GC
method: 3–5 w/w% of methanol was added to the host sample in
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a hermetically closed vial, and its headspace was analyzed after
24 hours of equilibration. The purified calixarenes had no less
than 99% purity, estimated using thin-layer chromatography.


Calixarene 2, prepared as written above, was characterized by
X-ray powder diffraction (XRPD) studies, see the Electronic Sup-
plementary Information (ESI)†. According to the diffractogram
obtained, the guest-free form of host 2 used in vapor-sorption
studies in the present work has the same packing as the dense form
of this guest-free host prepared elsewhere by prolonged heating of
its toluene clathrate at 160 ◦C.22 The diffractogram for host 1,
prepared as for the present studies, was published earlier.23 This
diffractogram coincides with that calculated from monocrystal X-
ray data for self-included dense form of host 1, crystallized from
tetradecane solution at 70 ◦C.24 In the same paper,23 the product
of host 1 saturation with toluene vapor at 298 K was shown to
have the same packing as 1 : 1 clathrate crystallized from toluene
solution.25 Purified guests 26 had at least 99.5% purity.


The vapor-sorption isotherms were determined using the static
method of headspace GC analysis.5,12 For this, the equal portions
of purified host (80 mg) were equilibrated with different amounts
(1–49 ll) of guest for 72 h at 298 K (24 h for dichloromethane)
in hermetically closed 15 ml vials, and then their headspace
was analyzed. Using this method, the relative vapor pressure
(≈thermodynamic activity) of guest P/P0 and the guest uptake A,
in moles of guest per mole of host, were determined, where P and
P0 are the partial vapor pressures of guest in the studied system and
of pure liquid guest, respectively. The error in P/P0 determination
varied from 5% (for P/P0 > 0.5) to 10% (for P/P0 < 0.1). Nearly
half of this error is systematic and corresponds to the error of
headspace analysis for a sample of pure liquid guest. The error of
the guest uptake determination was 5%. The sorption isotherms
for the most studied host–guest systems were determined 2–4 times
for the same host samples purified from the bound guest as
described above.


The composition of clathrates, prepared from the equilibration
of host powder with saturated vapor of guest at 298◦, as
mentioned above, was determined using thermogravimetry (TG)
with microthermoanalyzer MGDTD-17S (Setaram) For this, the
clathrate samples of 10–15 mg were studied at static atmospheric
pressure in 280 ll aluminium crucibles with holes of 4 mm in
diameter. The registration of their weight began in less than 2
minutes after the vial with the host–guest system was opened. The
rate of temperature increase in this experiment was 4 K min−1. For
each clathrate, its stability was checked in a TG experiment for at
least 1 h at 20 ◦C without heating. For clathrates unstable under
these conditions, the temperatures scanning was performed only
after the stable weight had been reached.


Simultaneous thermogravimetry and differential scanning
calorimetry (DSC) was performed using an STA 449 C Jupiter
thermoanalyzer (Netzsch) with a temperature rate of 4 K min−1


in an argon atmosphere with a total flow rate of 20 ml min−1. For
this, 5 mg samples of host–guest clathrates were prepared through
vapor saturation, as written above, in aluminium crucibles (40 ll)
with lids having 3 holes, each of 0.5 mm in diameter. Combined
TG–DSC analysis began 15–20 minutes after the clathrates were
removed from the system with saturated guest vapor, giving the
composition value of clathrates stable at room temperature.


The error in the TG experiments with both methods is 2–5%
depending on the clathrate stability. Initial hosts are stable in the


air up to 230 ◦C (1) and 220 ◦C (2). Under an argon flow, both
pure hosts practically do not lose mass up to 260 ◦C, but above
230 ◦C host 2 changes its color, and at 260 ◦C becomes brown. TG
curves for pure hosts, determined under static air conditions, are
given in Electronic Supplementary Information (ESI)†.


Results and discussion


Vapor-sorption isotherms


The sorption isotherms obtained for the guest partition between
vapor and solid tert-butylcalix[5]arene (2) at 298 K are shown in
Fig. 1. The isotherms for tert-butylcalix[4]arene (1) determined
earlier under the same conditions4,9,12 are also given for compari-
son.


In most cases, the observed sorption isotherms have a one-step
shape with a steep increase of binding from zero level near the
threshold guest activity P/P0 (Fig. 1). They have a saturation part
at higher guest activities. This isotherm shape corresponds to the
phase transition from the initial host without guest to the host–
guest inclusion compound (clathrate).4,10,11 Such isotherms were
fitted using the following equation:27


A = SC(P/P0)N/(1 + C(P/P0)N) (1)


where S = inclusion stoichiometry (mole of guest per mole of
host), C = sorption constant, and N = cooperativity parameter.


The sorption isotherms of cyclohexane and propionitrile on host
2 have two steps, and the chloroform isotherm for this host has
three steps (Fig. 1a,c,d). These isotherms were fitted by generating
a version of eqn (1) for each step and summing them. Only
points with P/P0 < 0.85 were included in the calculation for all
isotherms obtained because above this activity level, the capillary
condensation of the guest between the host powder particles may
be significant. The fitting procedure was described elsewhere.9


The fitting parameters of the isotherms obtained are given in
Table 1. The inclusion threshold values a0.5S, corresponding to the
guest activity at the 50% saturation of host for each inclusion step,
are given instead of sorption constants C:


a0.5S = exp(−(lnC)/N) (2)


Host 2 powder does not sorb methanol vapors. The guest
uptake in this system is below the level of experimental error at
P/P0 < 0.85. The sorption isotherm of ethanol on this host has no
pronounced saturation part. For its approximation, the arbitrary
chosen stoichiometry value S = 1 was used.


For one-step isotherms or separate inclusion steps described by
eqn (1), the threshold activity value a0.5S relates to inclusion Gibbs
energy, or Gibbs energy of guest transfer from a standard state of
pure liquid to the saturated clathrate:


DGc = RT


1∫


0


ln(P/P0)dY = RT ln a0.5S (3)


where Y = A/S is the host-saturation extent. For multi-step
sorption isotherms, the total inclusion Gibbs energy DGc is the
weighted average of DGc


(i) values for separate inclusion steps:


DGc =
∑


SiDG(i)
c∑


Si


(4)
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Fig. 1 Vapor sorption isotherms of (a) propionitrile (—) and ethanol (—), (b) benzene (—) and toluene (—), (c) chloroform (—) and tetrachloromethane
(—), (d) cyclohexane (—) and dichloromethane (—) on tert-butylcalix[4]arene (1) and tert-butylcalix[5]arene (2). The data for host 1 are from ref. 4,9,12.


Table 1 Parameters of sorption isotherms on solid tert-butylcalix[4]arene (1) and tert-butylcalix[5]arene (2) in binary systems with guest vapors at D =
298◦a


N DGc/kJ mol−1 S


Guest a0.5S 2 d 1b 2c 1b 2d


EtOH 0.74 69 0.06 −2.3 −0.7 1.10 —f


EtCN 0.41; 0.63e 70; 9e 0.02 −5.2 −1.7 (−2.23; −1.15) 0.91 1.99 (1.01)
CH2Cl2 0.23 12 0.04 −8.9 −3.6 0.99 1.31
CHCl3 0.015; 0.38; 0.72e 80; 4.0; 66e 0.02 −2.3 −2.9(−10.4; −2.4; −0.83) 1.07 4.13 (0.59; 1.77)
C6H6 0.16 12 0.04 −7.3 −4.6 1.08 1.65
CCl4 0.30 13 0.02 −3.9 −3.0 1.2 2.83
c-C6H12 0.32; 0.63e 5.1; 72e 0.04 −5.5 −2.4 (−2.86; −1.14) 1.20 2.91 (2.06)
C6H5CH3 0.32 3.2 0.20 −5.6 −2.8 0.99 1.81


a Parameters of methanol sorption isotherm on solid host 1 are DGc = −1.2 kJ mol−1 and S = 1.9112; host 2 does not bind methanol vapors; d is standard
deviation. b Data from Ref. 4,9,12. c In brackets, the DGc values of separate inclusion steps are given. d In brackets, the guest mole numbers added in the
first or first and second inclusion step are given. e Parameters of separate inclusion steps for isotherms fitted using a sum of 2 or 3 versions of eqn (1).
f Stoichiometry was not determined.
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Fig. 2 The data of simultaneous TG–DSC experiment for saturated
clathrates of tert-butylcalix[5]arene (2) with cyclohexane (a), pyridine (b),
toluene (c) and benzene (d).


where Si is the guest mole number included in the i-th step of
clathrate formation. The calculated DGc and DGc


(i) values are given
in Table 1.


Host 2 has higher inclusion threshold values a0.5S, and higher
inclusion Gibbs energies DGc than host 1 for all studied guests


except for chloroform, Table 1. The higher a0.5S and DGc values
may be caused by smaller pre-organized cavities per bound guest
molecule in the initial guest-free state of calixarene 2. Being an
H-donor, chloroform probably overcomes this barrier in host 2,
which can bind guests interstitially.22,28–31


Thermostability and stoichiometry of host–guest inclusion
compounds


The results of TG experiments for the studied clathrates for
inclusion compounds prepared through saturation of host powder
with guest vapor are given in Table 2. For inclusion compounds
with a one-step TG curve, the mass loss Dm (%) for the complete
decomposition of clathrate, and corresponding stoichiometry
values STG were calculated, Table 2.


While all clathrates of host 1 are stable at room temperature,
clathrates of host 2 with pyridine, CH2Cl2, CHCl3, 1,2-C2H4Cl2,
C2HCl3, and C2Cl4 lose guest partially at room temperature, 20 ◦C,
Table 2. Also, clathrates of 1 with toluene and of 2 with pyridine
and cyclohexane have TG curves with two steps above 30 ◦C. The
mass loss Dm, inclusion stoichiometry STG, and temperature of
DTG peaks, Tmax, for each decomposition step are given in Table 2.
The other characteristic temperatures are given in ESI†.


The number of decomposition steps for clathrates studied do
not generally coincide with the number of formation steps for the
same clathrates at 298 K (Fig. 1, 2). An exception is 2·3c-C6H12


clathrate, which has 2 steps for both formation and decomposition.
The clathrates having TG curves with more than one guest-


elimination step and several other clathrates were also studied
using simultaneous TG–DSC analysis (Fig. 2), Table 2. For each
guest-elimination step, the molar enthalpies DH i were calculated,
Table 3. These data help to find out whether any thermally
induced transitions without mass loss take place in clathrate
decomposition. Such a phenomenon was observed for 1·C6H5CH3


clathrate at 230 ◦C (Fig. 3). The data for this clathrate generally
reproduce the separately determined TG6 and DSC7 curves for the
same host–guest system. The observed DSC endothermic peak at
230 ◦C is a result of phase transition to the less tight head-to-head
packing of host 1.7 The studied clathrates of 2 do not have such
transitions below 230 ◦C. At higher temperatures, host 2 becomes
chemically unstable.


Fig. 3 The data of simultaneous TG–DSC experiment for saturated
clathrate of tert-butylcalix[4]arene (1) with toluene.
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Table 2 Data from TG analysis for clathrates of tert-butylcalix[4]arene (1) and tert-butylcalix[4]arene (2) prepared using saturation of host powders with
guest vapors


Tmax/
◦C Dm (%) STG


Number Guest MRD/mol cm−3 1 2 1 2 1 2


1 MeOHa 8.3 71 — 6.72 — 1.42 —
2 MeCN 11.1 147 75 6.24 6.56 1.05; 1b; 1.25c 1.39
3 EtOH 12.9 147 74 6.71 6.0 1.01 1.13
4 EtCN 16.0 169 127 8.20 11.46 1.05 1.91
5 Acetone 16.1 156 101 8.79 7.31 1.08; 1d 1.10
6 CH2Cl2 16.2 154 99 11.66 11.32 (6.33e) 1.01 1.22 (0.54f)
7 n-PrOH 17.5 160 99 8.92 6.98 1.06 1.01
8 i-PrOH 17.5 154 90 9.04 7.28 1.07 1.06
9 DMFg 19.7 185 154 11.23 14.99 1.13 1.96; 2h


10 1,2-C2H4Cl2 20.6 161 118 13.82 18.95 (8.65e) 1.05 1.92 (1.04f)
11 CHCl3 21.3 157 131 16.47 35.13 (16.75e) 1.07 3.68 (1.93f)
12 1,4-Dioxane 21.7 176 108 12.38 23.32 1.04 2.80
13 n-BuOH 22.1 147 118 10.72 8.06 1.05 0.96
14 Pyridineg 24.1 178 55; 158 10.99 18.93 (3.7e; 3.1i) 1.01; 1j 2.39 (1.93f; 1.70k)
15 C2HCl3 25.3 150 94 17.12 28.33 (6.83e) 1.02 2.44 (1.85f)
16 C6H6


g 26.2 160 158 11.39 14.33 1.07; 1j 1.74
17 CCl4 26.6 151 120 20.22 35.97 1.09 2.96
18 c-C6H12


g 27.9 153 83; 155 12.61 23.53 (10.47i) 1.11; 1l 2.97; 1.64k


19 n-Hexane 29.9 166 130 6.80 6.74 0.55; 0.5m 0.68; 0.3n


20 C2Cl4 30.3 121 136 20.30 30.80 (5.68e) 1.00 2.18 (1.78f)
21 Tolueneo 31.1 111; 173q 116 12.74 (6.51i) 16.48 1.03 (0.5k); 1p 1.74; 2q


22 n-Heptane 34.5 167 134 7.89 7.34 0.55 0.64
23 n-Octane 39.2 160 162 8.30 9.44 0.53 0.74
24 Isooctane 39.3 145 118 8.54 17.28 0.53 1.48
25 n-Decane 48.4 96 161 7.68 8.46 0.38 0.53


a Host 2 does not bind methanol. b Data from Ref. 32. c Data from Ref. 33. d Data from Ref. 34. e Mass loss at room temperature. f Stoichiometry of
clathrate stable at room temperature, 20 ◦C. g TG data for clathrate of this guest with 2 are from simultaneous TG–DSC analysis. h Data from Ref. 30.
i Mass loss in the first decomposition step above room temperature. j Data from Ref. 35. k Stoichiometry of clathrate formed after the first decomposition
step above room temperature. l Data from Ref. 36. m Data from Ref. 37. n Data from Ref. 28. o TG data of this guest with 1 are from simultaneous TG–DSC
analysis. p Data from Ref. 25. q Data from Ref. 22.


Combined TG–DSC data for host–guest clathrates help to give
a better insight into the nature of thermal transitions in these
systems. In the majority of cases, the enthalpy of guest elimination
DH i is a little higher than the enthalpy of guest sublimation DH s.
This is possible, if the host cavity almost completely collapses
when the guest is removed, while the enthalpy of guest molecular
interactions is approximately the same in the clathrate and in
the liquid guest. Such a collapse probably does not occur in
the first decomposition step of 2·1.93 pyridine clathrate, which
has DH = 90 kJ mol−1 ≈ 2.3 DH s. Nearly half of this value
may be the excessive enthalpy of cavities created in solid phase
after the partial guest removal at relatively low temperature,
Tmax = 55 ◦C. The same phenomenon may also take place when


calixarenes are used as receptor materials in quartz microbalance
sensors, where the inclusion threshold is usually not observed on
sorption isotherms.2,38 The enthalpy of the endothermic transition
of host 1 at 230 ◦C, DH3 = 10 kJ mol−1, is only 26% of the value for
toluene-sublimation enthalpy. The size ratio of created host cavity
to the toluene molecule may also be 26%.


The total stoichiometry values, S and STG, calculated from
vapor-sorption isotherms and TG curves, respectively, coincide
with the experimental errors for all inclusion compounds having
a host-saturation part on sorption isotherms at guest activity
P/P0 = 0.6–0.85, Tables 1 and 2. For clathrates of 1 with
methanol, of 2 with ethanol, and of 3 with cyclohexane, having
no such saturation part, headspace analysis may overestimate the


Table 3 Enthalpies of clathrate decomposition from simultaneous TG–DSC data


Clathrate DH s
a/kJ mol−1 DH1


b/kJ mol−1 DH2
b/kJ mol−1 DH3


c/kJ mol−1


1·1.03 C6H5CH3 38.0 50 ± 4 49 ± 3 10 ± 1
2·2.97 c-C6H12 33.0 41 ± 2 44 ± 2
2·2.39 Pyridine 40.2 90 ± 15 41 ± 4
2·1.74 C6H5CH3 38.0 71 ± 3
2·1.74 C6H6 33.8 46 ± 2
2·1.96 DMF 46.9 d 37 ± 4


a Enthalpy of sublimation DH s from Ref. 39. b DH1 and DH2 are the enthalpies of the heat flow peaks corresponding to the first and second steps of
clathrate decomposition, respectively, per mole of guest. c Enthalpy per mole of host corresponding to the phase transition at 230 ◦C without mass loss.
d DH1 is not determined, TG–DSC curves for this clathrate are given in ESI.
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Fig. 4 Correlation between the inclusion stoichiometry S and guest
molar refraction MRD for saturated clathrates of host 2. Point numbers
correspond to the numbers of guests in Table 2.


guest-inclusion capacity because of the multilayer sorption on
host powder at P/P0 > 0.85. Hence, for these clathrates, thermo-
gravimetry data may be preferred because in the used experimental
technique the excessive non-bound guest is eliminated.


The observed temperatures of DTG peaks, Tmax, indicate the
relative thermal stability of clathrates, Table 2. In most cases, the
clathrates of host 2 have lower Tmax values for the last guest-
elimination step than clathrates of host 1. The exclusions are
clathrates of benzene, C2Cl4, cyclohexane, n-octane and n-decane
with 2, which have the same or higher stability by this parameter
than those of 1. But clathrates of 2 with all of these guests, except
for n-decane, have a lower decomposition onset temperature (see
ESI†). This stability difference is in line with the lower guest-
binding affinity of host 2, Table 1.


Within the series of clathrates of one host, the order of thermal
stability does not have a simple correlation with the order of guest-
binding affinity derived from the values of inclusion Gibbs energy,
DGc, at 298 K, Tables 1 and 2. Probably, a temperature increase to
100–150 ◦C changes the cooperative molecular interactions in the
solid phase of the clathrates studied.


Molecular recognition


Molecular recognition in the studied systems is linked to the two
types of guest-binding selectivity: (1) by the inclusion threshold
and (2) by the inclusion stoichiometry. The first one is related to
the cooperativity of clathrate formation. Once the guest structural
change increases the threshold activity a0.5S up to 1, the guest
condensation takes place instead of the host–guest binding. This
situation can be seen for the methanol–ethanol pair. For calixarene
1, these guests have a0.5S values of 0.61 and 0.40, respectively. For
host 2, ethanol has a0.5S = 0.68, while the threshold activity of
methanol is too large for this guest to be bound. Hence, host
2 is more selective for this pair of guests. The observed inclusion
affinity order for these two guests may be explained by the stronger
average molecular interactions in liquid methanol than in ethanol,
which can be seen from limiting activity coefficients of methanol,


c ∞ = 21.8, and ethanol, c ∞ = 17.4 in, the non-hydrogen-bonding
solvent, toluene at 298 K.9


Inclusion Gibbs energies having values a little lower than
zero create the possibility for molecular recognition of guest
homologues in clathrate formation. In this respect, host 2 is more
selective than host 1. However, the variation of DGc values for
studied clathrates of host 1 is higher than for host 2, Table 1.
In this ordinary way, host 1 is more selective. So, the selectivity
of clathrate formation is more variable than that of host–guest
binding in liquid solutions having no concentration threshold for
complexation.


The second specific type of clathrate-formation selectivity can
be seen in the comparison of structure–property relationships
for guest-inclusion stoichiometries S of two studied hosts. The
stoichiometry data obtained for host 1, Table 2, confirm a rather
simple stepwise relationship between S values and guest-size
parameter MRD earlier found for clathrates of this calixarene
prepared in comparable conditions.10 Selectivity is observed only
in the zones of stoichiometry transition with MRD = 8.3–11 and
30–31.7 cm3 mol−1. Outside these MRD ranges, host 1 is unselective
despite a large variation of inclusion Gibbs energy DGc, Table 1.12


Host 2 is much more selective in this respect. Its relationship
between inclusion stoichiometry S and guest-size parameter MRD


(Fig. 3) cannot be rationalized with any simple and general line
or curve. So, a relatively small variation of host structure gives a
strong change in guest-binding selectivity.


The structural causes of the observed selectivity differences for
1 and 2 can be seen when comparing their clathrate packing from
available X-ray data. Host 1 has endo-calyx guest-binding with
1:1 and 1:2 guest-host stoichiometries for clathrates formed near
298 K.15,35,36,40 Such an inclusion type prevents the conversion of
higher guest–host affinity into the higher inclusion capacity S. The
known clathrates breaking the observed stepwise relationship are
formed only at relatively high temperature, 70 ◦C, and have a quite
different binding motif: interstitial guest inclusion.18,24,41


The interstitial inclusion is probably intrinsic for host 2 at
298 K. This host tends to bind guest molecules, at least partially,
outside the interior space of the host bowls.22,28–31 Two structural
types of guest inclusion may be the cause of the observed multi-step
guest binding and clathrate decomposition for host 2 (Fig. 1, 2).


Such packing should create much less restrictions on the size of
bound guest than the inclusion inside the macrocycle calyx. Hence,
the S vs. MRD plot for host 2 has two groups of guests (Fig. 4). One
group includes acetonitrile, acetone, dichloromethane, alcohols
and linear alkanes that follow the stepwise descending relationship
with 1 : 1 and 1 : 2 stoichiometries observed for host 1, Table 2.
The second group includes mostly cyclic and branched guests
along with propionitrile, DMF and polychlorinated hydrocarbons.
These guests have inclusion stoichiometry S ≥ 1.5, and for them
the packing both inside and outside the host 2 bowls can be
expected, like for toluene22 and DMF.30 These guests with compact
molecules are able to compete with self-inclusion of host 2,22


while linear guests from the first group, are probably included
only interstitially, like hexane,28 with relatively low stoichiometry,
S = 0.51. For example, contrary to host 1, host 2 appears to be
selective for an n-octane–isooctane pair.


The observed less negative inclusion Gibbs energies for host 2
than for host 1 may be a result of such conversion of higher guest–
host affinity into the higher inclusion capacity S. For example,
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the vapor-sorption isotherm of chloroform has 3 steps, where the
second and the last two CHCl3 molecules are bound with larger
and larger activity thresholds (Fig. 1), Table 1. Hence, DGc, which is
the average value per bound guest molecule, for chloroform may be
less negative than for the guests, e.g. benzene and dichloromethane,
that are less complementary with host 2 in terms of inclusion
stoichiometry, S. This effect should have a smoothing influence
on the host selectivity by inclusion Gibbs energy, which one can
see from comparison of the DGc data for the hosts studied.


Conclusions


A specific feature of the host–guest clathrate formation process for
two tert-butylcalix[n]arenes is the rather independent performance
of two selectivity types: (1) by activity (relative vapor pressure)
threshold of guest binding, and (2) by inclusion stoichiometry.
Only one of them may be observed for a given set of guests
depending on the host molecular structure and clathrate packing.
This observation helps to understand the low predictability of
structure–property relationships for host–guest binding in solid
phase, and to foresee the situations where such relationships may
be more predictable. Hence, more directed molecular design may
be done to obtain hosts for selective sensors or guest storage.
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The efficiency and stereoselectivity of the conjugate addition of lithium (Z)- or (E)-b-amino ester
enolates, generated by lithium amide conjugate addition to an a,b-unsaturated ester or deprotonation
of a b-amino ester, respectively, to a range of a,b-unsaturated acceptors has been investigated.
Deprotonation of a b-amino ester with LDA, followed by conjugate addition to a chiral
a,b-unsaturated oxazolidinone gives high 2,3-anti selectivity (∼90% d.e.), with hydrogenolysis and
purification to homogeneity generating stereodefined trisubstituted piperidinones as single
stereoisomers. Asymmetric three-component couplings of a,b-unsaturated esters and alkylidene
malonates initiated by lithium amide conjugate addition proceeds with high levels of 2,3-anti
stereoselectivity, with hydrogenolysis giving tetrasubstituted piperidinones.


Introduction


The piperidine ring is a common feature of numerous alkaloid
natural products with immense structural diversity, ranging from
simple 2-substituted derivatives such as (S)-coniine 1 and (S)-
anabasine 2 to complex polycyclic products such as morphine 3
(Fig. 1). Although less prominent in nature, the related piperidi-
none structural family, as represented by adalinine 4 and adaline
5, have received increasing interest, as these versatile scaffolds
readily serve as advanced intermediates for piperidine synthesis.
Numerous methodologies have been developed for the synthesis
of these related structural classes in enantiomerically pure form,
and this area of research has been extensively reviewed.1


Fig. 1 Natural products containing the piperidine and piperidinone
skeletons.


Previous investigations from this laboratory have shown
that a variety of N-alkyl lithium amides derived from a-
methylbenzylamine may be considered as efficient homochiral
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ammonia equivalents,2,3 with conjugate addition, followed by
enolate functionalisation4,5 giving rise to a range of enantiomeri-
cally pure b-amino acid derivatives.6 In these conjugate addition
reactions, only the discrete monomeric b-amino ester products
are normally observed, with no observable oligomerisation of
the a,b-unsaturated ester, consistent with the rate of lithium
amide conjugate addition to the a,b-unsaturated ester being
considerably greater than the rate of b-amino enolate conju-
gate addition. Although conjugate addition and intramolecular
cyclisation reactions occur upon addition of lithium amides to
dienedioates,7–9 we have recently reported that addition of tert-
butyl 2,5-dihydrofuran-3-carboxylate 6 to lithium dibenzylamide
(1.6 eq.) gave a complex mixture of four products 7–10, comprising
the C(3)-epimeric b-amino esters 7 and 8, and the oligomeric b-
amino esters 9 and 10, which presumably derive from conjugate
addition of the in situ generated (Z)-b-amino lithium enolate to 6
(Scheme 1).10


Scheme 1 Reagents and conditions: (i) lithium dibenzylamide, THF,
−78 ◦C.


In order to probe the possible synthetic applications of this
oligomerisation protocol, an investigation concerned with the
ability of lithium amides to promote the bespoke stereoselec-
tive oligomerisation of a,b-unsaturated acceptors was instigated.
While it was expected that regiocontrol in such anionic processes
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may be complicated by competing 1,2-addition,11 the ability to
promote stereoselective and discrete oligomerisation rather than
initiate uncontrolled polymerisation was envisaged to be the main
synthetic hurdle within this reaction manifold. In the literature,
several groups have reported controlled anionic dimerisation pro-
cedures of a,b-unsaturated acceptors.12 For example, Mioskowski
et al. have noted the formation of discrete oligomeric products
upon conjugate addition to nitroalkenes,13 while Takahashi et al.
have utilised multiple conjugate addition reactions as an ap-
proach to steroidal building blocks.14 Similarly, Ley et al. have
demonstrated that the lithium anion of a glycolic acid derivative
allows the asymmetric coupling of a,b-unsaturated lactones and
nitroalkenes,15 and Hanessian et al. have shown that chiral phos-
phonamides can be used for consecutive asymmetric conjugate
additions.16 It was envisaged that addition of an a,b-unsaturated
acceptor to lithium (Z)- or (E)-b-amino enolates, generated either
from lithium amide conjugate addition to an a,b-unsaturated
acceptor or deprotonation of a b-amino ester, respectively, would
selectively promote the oligomerisation process via three- and [2 +
1]-component couplings. N-Benzyl deprotection and intramolec-
ular cyclisation of the resulting b-amino acid derivatives would
give rise to polysubstituted, stereodefined piperidinones (Fig. 2).
We report herein our full investigations within this area, part of
which has been communicated previously.17


Fig. 2 Proposed three- and [2 + 1]-component conjugate addition
reactions for the synthesis of piperidinones.


Results and discussion


Stepwise [2 + 1]-component coupling reactions of lithium b-amino
enolates with a,b-unsaturated esters and oxazolidinones


Initial investigations concentrated upon a stepwise [2 + 1]-
component coupling procedure involving generation of the lithium
(E)-enolate 1218 of the known b-amino ester (3R,aS)-11 and
subsequent reaction with an a,b-unsaturated acceptor. It was
envisaged that screening of the susceptibility of a range of a,b-
unsaturated esters acceptors in this reaction manifold would
enable their reactivity to be quantified and facilitate high reaction


diversity. Deprotonation of (3R,aS)-11 with LDA (1.1 eq.) gave
lithium (E)-b-amino enolate 12, with subsequent addition of tert-
butyl acrylate resulting in polymerisation of the activated olefin.
Similarly, addition of tert-butyl methylene malonate to lithium
(E)-b-amino enolate 12 gave a complex mixture of oligomeric
products. Although addition of tert-butyl cinnamate to b-amino
enolate 12 returned only starting material, addition of methyl
cinnamate to b-amino enolate 12 and warming to 0 ◦C gave, at
approximately 60% conversion, a complex crude product mixture
that upon purification gave the desired product (2S,3S,1′R,aS)-13
in 66% d.e.19 and 30% yield, and the b-keto ester (2S,3S,1′R,aS)-
1420 in 15% yield (Scheme 2).21


Scheme 2 Reagents and conditions: (i) 11 (1.0 eq.), LDA (1.1 eq.), THF,
−78 ◦C to 0 ◦C; (ii) methyl cinnamate, THF, −78 ◦C to 0 ◦C.


Recrystallisation of 13 to homogeneity and subsequent single-
crystal X-ray analysis established the relative configuration within
13, with the absolute (2S,3S,1′R,aS) configuration established
relative to the known (S)-a-methylbenzyl fragment, allowing
unambiguous assignment of the preferential C(2)–C(3) anti-
selectivity for the conjugate addition process (Fig. 3).


Fig. 3 Chem 3D representation of the X-ray crystal structure of
(2S,3S,1′R,aS)-13 (some H atoms removed for clarity).


In order to promote further the desired conjugate addition
manifold, it was reasoned that the formation of a stable enolate
could drive the reaction, preventing any possible polymerisation
or retro-conjugate addition. N-Cinnamoyl oxazolidinones were
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considered to fulfil these properties, as conjugate addition of the
b-amino enolate 12 to such an oxazolidinone derivative would
generate a stable chelated enolate, while the steric encumberance of
the oxazolidinone would disfavour any competitive 1,2-addition.
Indeed, addition of N-cinnamoyl-4,4-dimethyl-oxazolidin-2-one
to lithium (E)-b-amino enolate 12 gave an inseparable 89 :
11 mixture of diastereoisomers 15, isolated in 49% yield and
78% d.e. after purification.22 Encouraged by this result, it was
proposed that higher levels of stereoselectivity in this protocol
could be achieved by employing double asymmetric induction.23


In the matched case, addition of homochiral (S)-N-cinnamoyl-4-
benzyl-oxazolidin-2-one 16 to lithium (E)-b-amino enolate 12 gave
(2S,3S,1′R,4′′S,aS)-17 in 86% d.e. and 62% yield, while addition
of oxazolidinone (S)-16 to the enantiomeric lithium (E)-b-amino
enolate 12 derived from (3S,aR)-11 proceeded to give 18 in only
low conversion (∼30%) and 60% d.e.24 Further optimisation of the
matched combination [lithium (E)-b-amino enolate 12 and (S)-
16] by changing the reaction stoichiometry gave improved yields
of the desired product 17: addition of 1.6 eq. of lithium (E)-b-
amino enolate 12 to N-cinnamoyl oxazolidinone 16 gave 17 with
identical stereoselectivity (86% d.e.), but in an improved 83% yield
(Scheme 3).


Scheme 3 Reagents and conditions: (i) 11 (1.0 eq.), LDA (1.1 eq.), THF,
−78 ◦C to 0 ◦C; (ii) N-cinnamoyl-4,4-dimethyl-oxazolidin-2-one (1.0 eq.),
THF, −78 ◦C to rt; (iii) (S)-N-cinnamoyl-4-benzyl-oxazolidin-2-one 16
(1.0 eq.), THF, −78 ◦C to 0 ◦C; (iv) 11 (1.6 eq.), LDA (1.7 eq.), THF,
−78 ◦C to 0 ◦C.


Further application of the ‘matched’ combination of this double
asymmetric induction protocol was next investigated. (S)-4-


Benzyl-N-(p-methoxycinnamoyl)oxazolidinone 19, (S)-4-phenyl-
N-cinnamoyloxazolidinone 20 and (S)-4-phenyl-5,5-dimethyl-
N-cinnamoyloxazolidinone 21 were used as the chiral a,b-
unsaturated acceptor components, furnishing the desired products
(2S,3S,1′R,4′′S,aS)-22–24 in 88, 92 and 90% d.e. and in 57,
52 and 56% isolated yields respectively. It is noteworthy that
the 4-benzyl- and 4-phenyloxazolidinones offer similar levels of
stereocontrol in this reaction manifold, in marked contrast to
the vastly different levels of diastereoselectivity observed upon
addition of organocuprates to similar systems.25 An improved yield
of oxazolidinone derivative 24 could be achieved using 1.6 eq. of
lithium (E)-b-amino enolate 12 in the addition to oxazolidinone
19, giving 24 in 75% isolated yield (Scheme 4).


Scheme 4 Reagents and conditions: (i) 11 (1.0 eq.), LDA (1.1 eq.), THF,
−78 ◦C to 0 ◦C; (ii) (S)-N-p-methoxycinnamoyl-4-benzyloxazolidinone
19 (1.0 eq.) or (S)-N-cinnamoyl-4-phenyloxazolidinone 20 (1.0 eq.) or
(S)-4-phenyl-5,5-dimethyl-N-cinnamoyloxazolidinone 21 (1.0 eq.), THF,
−78 ◦C to 0 ◦C; (iii) 11 (1.6 eq.), LDA (1.7 eq.), THF, −78 ◦C to 0 ◦C.


The absolute configurations within 17 and 24 were proven
by chemical correlation. Treatment of SuperQuat oxazolidinone
derivative 24 with LiOMe in MeOH gave diester 13 in 97%
yield by regioselective exocyclic cleavage26 of the oxazolidinone
auxiliary, while under the same reaction conditions oxazolidinone
17 gave a 66 : 34 ratio of (2S,3S,1′R,4′′S,aS)-25 and 13, the
products of endocyclic and exocyclic oxazolidinone cleavage, in
56 and 29% yields respectively. Furthermore, hydrogenolysis of b-
amino esters 13, 17 and 24 and concomitant cyclisation furnished
(4S,5S,6R)-piperidinone 26, in 80, 76 and 84% yields as a single
diastereoisomer in each case after purification (Scheme 5).


The relative configuration within piperidinone 26 was assigned
using NMR spectroscopic analysis. 1H coupling constants were
used to indicate the axial and equatorial relationships between
the ring protons, and the 1,3-diaxial relationship between C(4)-
H and C(6)-H was confirmed through NOE difference analysis.
The absolute (4S,5S,6R) configuration of 26 was established
on the assumption that the configuration at C(6) derived from


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 1405–1415 | 1407







Scheme 5 Reagents and conditions: (i) Pd(OH)2/C, MeOH, H2 (5 atm);
(ii) LiOMe, MeOH.


lithium amide conjugate addition was (R), by analogy with
previous models developed to explain the consistently high
stereoselectivity observed during addition of lithium N-benzyl-
N-a-methylbenzylamide to a,b-unsaturated esters. The absolute
configurations within 17 and 22–24 were assigned by analogy
(Fig. 4).


Fig. 4 3J coupling constants and NOE data for piperidinone 26.


Having probed the susceptibility of a range of a,b-unsaturated
esters and oxazolidinones toward the conjugate addition of a b-
amino ester enolate, extension to a ‘one-pot’ three-component
coupling protocol was investigated.


Three-component coupling reactions


As the [2 + 1] conjugate addition protocol proceeded efficiently
with chiral N-cinnamoyl oxazolidinones as the a,b-unsaturated
acceptor component, the development of a tandem oligomeri-
sation protocol concentrated upon their use in a tandem, ‘one-
pot’ strategy. As previous investigations from this laboratory
have shown that double diastereoselectivity is observed upon
conjugate addition of chiral lithium amides to chiral N-cinnamoyl


oxazolidinones,27 and with matched and mismatched combina-
tions already observed upon (E)-b-amino enolate additions to
these acceptors, it was predicted that double diastereoselectivity
and crossed conjugate addition products may complicate this
reaction manifold. Addition of tert-butyl cinnamate to lithium
(R)-N-benzyl-N-a-methylbenzylamide and subsequent addition
of oxazolidinone (S)-16 gave a 25 : 15 : 60 mixture of components
that were identified as b-amino ester 11, b-amino oxazolidinone 27
(66% d.e.) and the desired product 28 (85% d.e.). Chromatographic
purification yielded the desired oxazolidinone derivative 28 in 38%
yield and 85% d.e. Subsequent hydrogenolysis of 28 (85% d.e.)
gave (4R,5S,6R)-piperidinone 29 in 68% yield and >95% d.e. after
chromatographic purification. Addition of tert-butyl cinnamate
to lithium (S)-N-benzyl-N-a-methylbenzylamide and subsequent
addition of oxazolidinone (S)-16 gave a 45 : 20 : 35 mixture of
components that were identified as b-amino ester 11, b-amino ox-
azolidinone 30 (>98% d.e.) and oxazolidinone derivative 31 (50%
d.e.). Chromatographic purification gave b-amino ester 11 as the
major reaction product in 35% yield and the desired oxazolidinone
derivative 31 (28% isolated yield, 50% d.e.). Further exhaustive
purification yielded a diastereomerically enriched sample of the
major diastereoisomer of oxazolidinone derivative 31 (90% d.e.),
which upon hydrogenolysis gave piperidinone (4S,5R,6S)-29 as the
major reaction product. Hydrogenolytic deprotection in both reac-
tion manifolds to give the enantiomeric piperidinones (4R,5S,6R)-
29 and (4S,5R,6S)-29 (indicates preferential syn-selectivity for the
tandem conjugate addition protocol, while the complex product
distributions from these reactions demonstrate that for an efficient
‘one-pot’ procedure, any possible crossed conjugate addition
products must be minimised (Scheme 6).


The use of alkylidene malonates as suitable acceptors in this
tandem reaction manifold was next investigated. Although lithium
(S)-N-benzyl-N-a-methylbenzylamide adds in a conjugate fashion
to a,b-unsaturated esters with high diastereoselectivity, its reaction
with alkylidenemalonates has not previously been explored. Initial
studies therefore focused upon treatment of model alkyliden-
emalonates with lithium (S)-N-benzyl-N-a-methylbenzylamide.
Addition of diethyl benzylidenemalonate to lithium (S)-N-benzyl-
N-a-methylbenzylamide returned only starting material, although
addition of diethyl phenylallylidenemalonate gave a low yield of
the reduced product 32.28,29 In both cases no trace of any conjugate
addition products were noted (Scheme 7).


It was proposed that the inability of lithium (S)-N-benzyl-N-a-
methylbenzylamide to act as a nucleophile in conjugate additions
to alkylidenemalonates could be used to advantage, minimising
competing cross-conjugate addition in a one-pot reaction mani-
fold. Furthermore these acceptors would also promote the efficient
capping of the oligomerisation reaction, as conjugate addition
of a b-amino enolate to an alkylidenemalonate would generate
a stabilised malonate enolate. Addition of tert-butyl cinnamate
(1 eq.) to lithium (S)-N-benzyl-N-a-methylbenzylamide (2 eq.)
generated the lithium (Z)-b-amino enolate 33, with subsequent
addition of a THF solution of diethyl benzylidenemalonate (2 eq.)
giving (2S,3R,1′R,aS)-34 in 90% d.e. (the ratio of 34 to the
one minor diastereoisomer in the crude product was 95 : 5).
Chromatographic purification gave 34 in 81% yield and in >95%
d.e., with hydrogenolysis giving tetrasubstituted piperidinone
(3S,4R,5S,6R)-35 in 81% yield and as a single diastereoisomer
(>98% d.e.) after purification. The relative configuration within
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Scheme 6 Reagents and conditions: (i) lithium (R)-N-benzyl-N-a-methylbenzylamide (1.1 eq.), THF, −78 ◦C; (ii) lithium (S)-N-benzyl-
N-a-methylbenzylamide (1.1 eq.), THF, −78 ◦C; (iii) (S)-N-cinnamoyl-4-benzyl-oxazolidin-2-one 16 (1.0 eq.), THF, −78 ◦C to 0 ◦C; (iv) Pd(OH)2/C,
MeOH, H2 (5 atm).


Scheme 7 Reagents and conditions: (i) lithium (S)-N-benzyl-
N-a-methylbenzylamide (1.6 eq.), THF, −78 ◦C.


piperidinone 35 was assigned using NMR spectroscopic analysis,
relative to the known configuration at C(6) arising from lithium
amide conjugate addition (Scheme 8).


In an attempt to identify the configuration within the minor
product diastereoisomer in this protocol, a stepwise [2 + 1]-
component coupling procedure was investigated. Treatment of
b-amino ester (3R,aS)-11 with LDA gave the corresponding
lithium (E)-b-amino enolate-12, and subsequent addition of
diethyl benzylidenemalonate gave (2S,3S,1′R,aS)-36 in 90% d.e.
(crude product ratio 36:34 95 : 5). Although this unoptimised
procedure proceeded to only 40% conversion, 36 was isolated by
chromatography in 33% yield and >95% d.e. after purification.
Comparison of the 1H NMR spectrum of 36 and that of the crude
product mixture from the three-component coupling protocol
indicated no trace of 36 in the tandem reaction, indicating that the
minor diastereoisomer in the tandem coupling reaction manifold
arises from incomplete stereocontrol at C(2) upon alkylation of


Scheme 8 Reagents and conditions: (i) lithium (S)-N-benzyl-N-a-
methylbenzylamide (2.0 eq.), THF, −78 ◦C; (ii) diethyl benzylidene-
malonate (1.0 eq.), THF, −78 ◦C to 0 ◦C; (iii) Pd(OH)2/C, MeOH, H2


(5 atm).


b-amino enolate 33. Treatment of 36 with Pearlman’s catalyst and
H2 (5 atm) promoted hydrogenolysis and concomitant cyclisation,
giving piperidinone (3R,4S,5S,6R)-37 in 91% yield and as a single
diastereoisomer (>98% d.e.) after chromatography. The relative
configuration within 37 was elucidated by 1H NMR spectroscopy
and NOE difference experiments (Scheme 9).
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Scheme 9 Reagents and conditions: (i) 11 (1.0 eq.), LDA (1.1 eq.), THF,
−78 ◦C to 0 ◦C; (ii) diethyl benzylidenemalonate (1.0 eq.), THF, −78 ◦C
to 0 ◦C; (iii) Pd(OH)2/C, MeOH, H2 (5 atm).


The generality of this one-pot three-component coupling re-
action protocol was then examined further. Variation of the a,b-
unsaturated ester component (cinnamic and crotonic esters) and
incorporation of a range of aryl-, alkenyl- and alkyl-substituted
malonates was investigated (Table 1). Analysis of the product
distributions from these reactions show that higher yields and
diastereoselectivities are observed with b-aryl substituents in both
ester and malonate components (d.r. typically >95 : <5), although
the reaction successfully tolerates both b-alkyl and b-alkenyl
functionality (d.r. 94 : 6 to 89 : 11). The desired b-amino esters
38–40 generated in this fashion could be purified to homogeneity
in good yield by chromatographic purification, although 42 and 43
required further purification by recrystallisation. The C(2)–C(3)


anti-stereochemical induction observed in this tandem reaction
protocol was confirmed by single crystal X-ray analysis of 42,30


with the absolute configurations of the major diastereoisomers
38–41 and 43 assigned by direct analogy.


With a range of b-amino esters prepared utilising this three-
component coupling procedure, their conversion to piperidinones
was investigated. Hydrogenolysis of b-amino esters 38 and 40–
42 gave the tetrasubstituted piperidinones 44–47 in high yields
(>75%) and as single diastereoisomers in each case after chro-
matography. The relative configuration within piperidinones 44–
47 was confirmed by 1H NMR spectroscopy and NOE difference
experiments, with the absolute configuration derived from the pre-
dictable C(6) configuration arising from lithium amide conjugate
addition (Table 2).


Table 2 Synthesis of compounds 35 and 44–47.


Substrate R1 R2 R3 R4 Product Yield (%)


34 Ph tBu Ph Et 35 81
38 Ph tBu Ph Me 44 91
40 Ph tBu Me Me 45 78
41 Ph tBu PhCH2CH2 Et 46 80
42 Me iPr PhCH2CH2 Et 47 75


Table 1 Synthesis of compounds 34 and 38–43.


R1 R2 R3 R4 Crude d.r.a Product Yield (%)


Ph tBu Ph Et >95 : <5 34 81b


Ph tBu 4-BrC6H4 Me >95 : <5 38 63b


3,4-(MeO)2C6H3
tBu 4-BrC6H4 Me >95 : <5 39 70b


Ph tBu Me Me 94 : 6 40 67b


Ph tBu Et Et 91 : 9 41 64c


Me iPr Et Et 92 : 8 42 63c (46)d


Me iPr Et Et 89 : 11 43 52c (37)d


a As determined by 400 MHz 1H spectroscopic analysis of the crude reaction mixture. b Isolated yield of single diastereoisomer. c Isolated yield of
inseparable diastereoisomeric mixture. d Isolated yield of a single diastereomer after recrystallisation.
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Stereochemical outcome of ester enolate conjugate
additions


Many explanations for the observed stereoselectivity of in-
termolecular enolate conjugate addition reactions have been
proposed.31 In the above reaction manifolds, the 2,3-anti or 2,3-syn
stereoselectivity observed within these conjugate addition reac-
tions alternates with a change in enolate geometry and variation in
the a,b-unsaturated ester component from an ester/oxazolidinone
to a malonate derivative. On the assumption that the reacting b-
amino enolate is monomeric in solution32 and that the favourable
transition state for conjugate addition of the (E)- or (Z)-b-amino
enolate to the a,b-unsaturated acceptor has substituents on the
two prostereogenic centres staggered to minimise unfavourable
non-bonding interactions,31b speculative models consistent with
the stereochemical outcome of these reactions may be presented.
The selectivity observed at C(2) upon conjugate addition in each
case can be accounted for using the concept of allylic strain,33 with
either the lithium (E)-enolate 12 formed from deprotonation of b-
amino ester 11 with LDA or the lithium (Z)-enolate 33 formed by
conjugate addition predicted to adopt a reactive conformation in
which the C(3)-H bond is eclipsed with the C=C bond of the
enolate, with preferential alkylation anti to the N-benzyl-N-a-
methylbenzyl group. The variation in configuration at C(3) in these
conjugate addition reactions is striking and must be due in part to
the nature of the a,b-unsaturated acceptor in each case. The a,b-
unsaturated acceptors may undergo conjugate addition through
either the s-cis or s-trans conformation, although attempts to
delineate their preferred conformation in these reaction manifolds
by enolate trapping proved inconclusive. However, assuming that
chelation control between the lithium b-amino enolate and the a,b-
unsaturated acceptor is operating in each case, the C=C of the a,b-
unsaturated acceptor is restricted to occupy a synclinal/gauche
orientation to the C=C of the enolate. Quantitatively, the correct
configuration at C(3) can be predicted by allowing preferential
orientation of the C=C of the a,b-unsaturated acceptor syn to the
quadrant occupied by the C–OLi bond and anti to that of the C–
OR bond. For example, using these constraints, the stepwise [2 +
1] reactions of the lithium (E)-enolate with methyl (E)-cinnamate
permits reaction via either transition state 48 or 49, which allow
the cinnamate to react via either the s-cis or s-trans conformation.
Similarly, the high matched diastereoselectivity observed upon


Fig. 5 Rationale for the stereochemical outcome of the [2 + 1] stepwise
and tandem conjugate addition reactions.


enolate addition to the chiral N-cinnamoyl-oxazolidinones is
consistent with transition state 50 or 51, in which the syn-s-trans
or anti-s-cis conformation is adopted (Fig. 5). A similar transition
state has been used to account for the diastereoselectivity observed
upon addition of tert-butyl ester enolates to a,b-unsaturated esters
by Yamaguchi et al.34


These constraints can also be used to account for the pref-
erential 2,3-syn selectivity of the lithium (E)-enolate and 2,3-
anti-selectivity of the lithium (Z)-enolates upon addition to the
malonate-derived acceptors. In these cases, allowing the smallest
C(3)-H substituent of the electrophile rather then the C(3)-alkyl
group to occupy the sector occupied by the C(3)-alkyl substituent
of the b-amino enolate predicts the correct 2,3-syn or 2,3-anti
configuration respectively (Fig. 6).


Fig. 6 Rationale for the stereochemical outcome of the stepwise and
tandem conjugate addition reactions to alkylidene malonates.


Conclusion


In conclusion, the deprotonation of a b-amino ester, followed
by conjugate addition to a chiral a,b-unsaturated oxazolidinone
gives high 2,3-syn selectivity (∼90% d.e.), with hydrogenolysis and
purification to homogeneity generating stereodefined, trisubsti-
tuted piperidinones as single diastereoisomers. Asymmetric three-
component couplings of a,b-unsaturated esters and alkylidene
malonates initiated by lithium amide conjugate addition proceed
with high levels of 2,3-anti stereoselectivity, with hydrogenolysis
giving tetrasubstituted piperidinones. The utility of this method-
ology for a variety of applications including total synthesis is
currently under investigation in our laboratory.


Experimental


General


All reactions involving organometallic or other moisture-sensitive
reagents were performed under an atmosphere of nitrogen using
standard vacuum line techniques. All glassware was flame-dried
and allowed to cool under vacuum. THF was distilled under an
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atmosphere of dry nitrogen from sodium benzophenone ketyl.
Water was distilled. n-Butyllithium was used as a solution in
hexanes at the molarity stated. All other solvents and reagents
were used as supplied (Analytical or HPLC grade), without
prior purification. Reactions were dried with MgSO4. Thin layer
chromatography (t.l.c.) was performed on aluminium sheets
coated with 60 F254 silica. Sheets were visualised using iodine,
UV light or 1% aqueous KMnO4 solution. Flash chromatography
was performed on Kieselgel 60 silica. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker DPX 400 (1H: 400 MHz
and 13C: 100.6 MHz) spectrometer, or where stated on a Bruker
AMX 500 (1H: 500 MHz and 13C: 125.3 MHz) spectrometer in
the deuterated solvent stated. All chemical shifts (d) are quoted
in ppm and coupling constants (J) in Hz. Coupling constants are
quoted twice, each being recorded as observed in the spectrum
without averaging. Residual signals from the solvents were used
as an internal reference. 13C multiplicities were assigned using
a DEPT sequence. In all cases, the reaction diastereoselectivity
was assessed by peak integration of the 1H NMR spectrum of
the crude reaction mixture. Infrared spectra were recorded on
a Perkin–Elmer 1750 IR Fourier Transform spectrophotometer
using either thin films on NaCl plates (film) or KBr discs (KBr) as
stated. Only the characteristic peaks are quoted. Low resolution
mass spectra (m/z) were recorded on VG MassLab 20–250 or
Micromass Platform 1 spectrometers and high resolution mass
spectra (HRMS) on a Micromass Autospec 500 OAT spectrometer
or on a Waters 2790 Micromass LCT Exact Mass Electrospray
Ionisation mass spectrometer. Techniques used were chemical
ionisation (CI, NH3), atmospheric pressure chemical ionisation
(APCI) or electrospray ionisation (ESI) using partial purification
by HPLC with methanol–acetonitrile–water (40 : 40 : 20) as
eluent. Optical rotations were recorded on a Perkin–Elmer 241
polarimeter with a water-jacketed 10 cm cell and are given
in units of 10−1 deg cm2 g−1. Concentrations are quoted in g
per 100 ml. Melting points were recorded on a Leica VMTG
Galen III apparatus and are uncorrected. Elemental analyses were
performed by the microanalysis service of the Inorganic Chemistry
Laboratory, Oxford.


Representative procedure 1


LDA (1 M, 1.1 eq.) was added dropwise to a stirred solution of the
requisite b-amino ester (1 eq.) in anhydrous THF at −78 ◦C under
nitrogen and after 10 min was allowed to warm to 0 ◦C. After
30 min, the enolate solution was recooled to −78 ◦C, prior to the
addition of a conjugate acceptor (1 eq.) in anhydrous THF via
cannula. After 15 min the solution was warmed to 0 ◦C for 2 h
before cooling to −78 ◦C and the addition of saturated aqueous
ammonium chloride. After warming to rt, the resultant solution
was partitioned between brine and 1 : 1 DCM–Et2O, and the
organic extracts were dried, filtered and concentrated in vacuo
before purification by column chromatography.


Representative procedure 2


n-Butyllithium (1.55 eq.) was added dropwise to a stirred solution
of (S)-N-benzyl-N-a-methylbenzylamine (1.6 eq.) in anhydrous
THF at −78 ◦C and stirred for 30 min under nitrogen. A solution of
the a,b-unsaturated ester in anhydrous THF was added dropwise


via cannula and stirred at −78 ◦C for 2 h before the addition of
another a,b-unsaturated carbonyl component. After 10 min, the
reaction was warmed to 0 ◦C for 2 h before cooling to −78 ◦C
and the addition of saturated aqueous ammonium chloride. After
warming to rt, the resultant solution was partitioned between
brine and 1 : 1 DCM–Et2O, and the organic extracts dried,
filtered and concentrated in vacuo before purification by column
chromatography.


Representative procedure 3


Pd(OH)2/C (50% by mass) was added to a solution of the
substrate in degassed MeOH and the resultant black suspension
stirred under a hydrogen atmosphere (5 atm) for 16 h. After
depressurisation, the reaction mixture was filtered through a plug
of Celite (eluent MeOH), concentrated in vacuo and the residue
purified by column chromatography on silica gel.


Preparation of 1-tert-butyl-5-methyl (2S,3S,1′R,aS)-2-[1′-phenyl-
1′-(N-benzyl-N-a-methylbenzylamino)methyl]-3-phenyl-
pentanedioate 13 and 1,7-di-tert-butyl (2S,3S,1′R,aS)-2-
[1′-phenyl-1′-(N-benzyl-N-a-methylbenzylamino)methyl]-3-
phenyl-5-oxoheptanedioate 14


Following Representative procedure 1, LDA (2.0 M, 2.64 mmol,
1.32 ml), 11 (2.4 mmol, 1.0 g) in THF (5 ml) and methyl cinnamate
(2.4 mmol, 390 mg) gave, after column chromatography on silica
gel (hexane–Et2O 15 : 1 to 10 : 1), 13 (408 mg, 30%) as a mixture of
diastereoisomers (66% d.e.). Recrystallisation (hexane–Et2O) gave
13 as white blocks and as a single diastereoisomer, [a]24


D +30.4 (c
1.0, CHCl3); C38H43NO4 requires C 79.0; H 7.5; N, 2.4%; found
C 78.7; H 7.5; N, 2.3%; vmax (KBr) 3027, 2933 (C–H), 1741, 1722
(C=O), 1146 (C–O); dH (500 MHz, CDCl3) 1.01 (3H, d, J7.0,
C(a)Me), 1.26 (9H, s, OC(Me)3), 2.42 (1H, dd, J4A,4B16.0, J4A,33.4,
C(4)HA), 2.94 (1H, dd, J4B,4A16.0, J4B,312.0, C(4)HB), 3.09 (1H,
app dt, J3,4B12.0, J3,4A;3,23.5, C(3)H), 3.32 (3H, s, CO2Me), 3.47
(1H, dd, J2,1′ 11.9, J2,33.9, C(2)H), 3.58 (1H, AB, J14.2, NCHA),
4.05 (1H, AB, J14.2, NCHB), 4.21 (1H, q, J7.0, C(a)H), 4.30 (1H,
d, J5,411.9, C(1′)H), 7.05–7.44 (20H, m, Ph); dC (50 MHz, CDCl3)
16.5 (C(a)Me), 28.0 (OC(Me)3), 32.4 (C(4)H2), 40.3 (C(3)H), 51.1
(NCH2), 51.3 (OMe), 54.2, 57.2, 62.8 (C(2)H, C(1′)H and C(a)H),
80.7 (OC(Me)3), 126.4, 126.5, 126.7, 127.6, 127.8, 128.2, 128.4,
129.0, 129.6 (Pho/m/p), 136.8, 140.2, 141.7, 144.2 (Phipso), 171.8,
172.6 (C=O); m/z APCI+ 578.4, (MH+, 75%), 522.1 (MH+ −
C4H8, 10%). The mother liquors were further purified by column
chromatography to give the minor diastereoisomer of unknown
absolute configuration as a white foam (13 mg, 1%); vmax 3030,
2978 (C–H), 1738, 1721 (C=O), 1151 (C–O); dH (300 MHz,
CDCl3) 0.84 (9H, s, OC(Me)3), 0.91 (3H, d, J7.0, C(a)Me), 2.01
(1H, dd, J4A,4B16.6, J4A,32.9, C(4)HA), 2.69 (1H, dd, J4B,4A16.6,
J4B,312.8, C(4)HB), 3.24 (1H, dd, J2,1′ 11.7, J2,33.0, C(2)H), 3.58
(3H, s, CO2Me), 3.78 (1H, AB, J13.5, NCHA), 4.00 (1H, d, J11.7,
C(1′)H), 4.16–4.25 (2H, m, C(a)H and C(3)H), 4.30 (1H, AB,
J13.5, NCHB), 6.99–7.71 (20H, m, Ph); dC (50 MHz, CDCl3)
14.0 (C(a)Me), 27.2 (OC(Me)3), 32.7 (C(4)H2), 38.7 (C(2)H), 50.9
(NCH2), 51.3, 55.0, 55.2, 59.7 (OMe, C(3)H, C(1′)H and C(a)H),
80.2 (OC(Me)3), 126.5, 126.9, 127.3, 127.7, 127.9, 128.2, 128.4,
128.7, 129.3, 129.8 (Pho/m/p), 139.1, 139.7, 142.7 (Phipso), 171.3,
173.1 (C=O); m/z APCI+ 578.4, (MH+, 100%), 600.7 (MNa+,
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10%). Further elution gave 14 (121 mg, 15%) as a white foam,
C43H51NO5 requires C, 78.0; H, 7.8; N, 2.1%; found C, 77.7; H,
7.7; N, 2.1%; [a]23


D +27.0 (c 1.0, CHCl3); vmax (KBr) 2978 (C–H),
1722 (C=O), 1147 (C–O); dH (500 MHz, CDCl3) 1.02 (3H, d,
J6.8, C(a)Me), 1.28 and 1.38 (2 × 9H, s, OC(Me)3), 2.57 (1H, dd,
J4A,4B17.2, J4A,32.8, C(4)HA), 2.94 (2H, s, C(6)H2), 3.12–3.16 (1H,
m, C(3)H), 3.23 (1H, dd, J4B,4A17.2, J4B,311.5, C(4)HB), 3.46 (1H,
dd, J2,1′ 11.8, J2,33.7, C(2)H), 3.60 (1H, AB, J14.2, NCHA), 4.08
(1H, AB, J14.2, NCHB), 4.23 (1H, q, J6.8, C(a)H), 4.28 (1H, d,
J1′ ,211.8, C(1′)H), 7.02–7.44 (20H, m, Ph); dC (50 MHz, CDCl3)
16.4 (C(a)Me), 27.9, 28.0 (OC(Me)3 × 2), 39.2 (C(3)H), 41.0,
50.4, 51.1 (C(4)H2, C(6)H2 and NCH2), 54.2, 57.1, 62.9 (C(2)H,
C(1′)H, C(a)H), 80.7, 81.5 (2 × OC(Me)3), 126.5, 126.6, 126.7,
127.7, 127.8, 128.2, 128.3, 128.6, 129.0, 129.7 (Pho/m/p), 136.8,
140.1, 141.7, 144.3 (Phipso), 166.1, 172.0 (2 × CO2C(Me)3), 201.2
(C(5)=O); m/z APCI+ 662.4 (MH+, 100%), 684.0 (MNa+, 15%).


X-Ray crystal structure determination for 13. Data were
collected using an Enraf–Nonius DIP2000 diffractometer with
graphite-monochromated Mo-Ka radiation using standard pro-
cedures at 100 K. The structure was solved by direct methods,
full matrix and least-squares refinement with non-hydrogen atoms
in anisotropic approximation. Hydrogen atoms were placed in
calculated positions and included in the final refinement with fixed
positional and thermal parameters. A total of 388 parameters
were refined. A three-term Chebychev polynomial was used
as the weighting scheme. All crystallographic and refinement
calculations were carried out using CRYSTALS.35


13 (C38H43NO4): M = 577.76, orthorhombic, space group
P212121, a = 11.2640(2) Å, b = 16.6340(3) Å, c = 17.0480(2) Å,
V = 3194.2 Å3, Z = 4, l = 0.07 mm−1, colourless block, crystal
dimensions = 0.4 × 0.4 × 0.5 mm3. A total of 3793 unique
reflections were measured for 1.81 < 2h < 26.78◦, and 3618
reflections were used in the refinement. The final parameters were
wR2 = 0.031 and R1 = 0.025 [I > 3r(I)]. CCDC reference number
634494. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b701226h.†


Preparation of tert-butyl (2S,3S,1′R,4′′S,aS)-2-(1′-phenyl-1′-N-
benzyl-N-a-methylbenzylamino)-3-phenyl-5-oxo-5-(4′′-
benzyloxazolidin-2′′-one)pentanoate 17


Following Representative procedure 1, LDA (2.0 M, 1.06 mmol,
0.53 ml), 11 (0.96 mmol, 400 mg) in THF (5 ml) and (S)-N-
cinnamoyl-4-benzyloxazolidin-2-one 16 (0.96 mmol, 295 mg) in
THF (5 ml) gave, after purification by column chromatography
on silica gel (hexane–Et2O 5 : 1), 17 (432 mg, 62%) as a white
foam (86% d.e.); [a]22


D +51.8 (c 1.0, CHCl3); vmax (KBr) 2977
(C–H), 1782, 1718, 1702 (C=O), 1147 (C–O); dH (500 MHz,
CDCl3) 1.06 (3H, d, J6.8, C(a)Me), 1.46 (9H, s, OC(Me)3),
2.37 (1H, dd, JA,B13.5, JA,4′′ 9.6, C(4′′)CHAPh), 2.78 (1H, dd,
JB,A13.5, JB,4′′ 3.1, C(4′′)CHBPh), 2.91 (1H, dd, J4A,4B17.4, J4A,34.8,
C(4)HA), 3.26–3.30 (1H, m, C(3)H), 3.52 (1H, dd, J2,1′ 11.8, J2,33.5,
C(2)H), 3.57 (1H, AB, J14.2, NCHA), 3.86 (1H, dd, J4B,4A17.4,
J4B,310.6, C(4)HB), 4.02–4.10 (2H, m, C(5′′)H2), 4.05 (1H, AB,
J14.2, NCHB), 4.20 (1H, q, J6.8, C(a)H), 4.36–4.40 (1H, m,
C(4′′)H), 4.45 (1H, d, J11.8, C(1′)H), 6.96–7.42 (25H, m, Ph); dC


(50 MHz, CDCl3) 16.9 (C(a)Me), 28.2 (OC(Me)3), 34.7 (C(4)H2),
37.4 (C(4′′)CH2Ph), 40.5 (C(2)H), 51.2 (NCH2), 54.7, 54.9, 57.7,
63.6 (C(3)H, C(1′)H, C(4′′)H and C(a)H), 65.8 (C(5′′)H2), 81.1


(OC(Me)3), 126.5, 127.1, 127.7, 127.8, 128.3, 128.4, 128.8, 129.1,
129.4, 129.8 (Pho/m/p), 135.2, 137.4 140.5, 142.9, 144.2 (Phipso),
153.4, 171.7, 171.9 (C=O); m/z APCI+ 723.7 (MH+, 100%), 745.6
(MNa+, 35%); HRMS (CI+) C47H51N2O5 requires 723.3798; found
723.3794.


Using 1.6 eq. of enolate, following representative procedure 1,
LDA (2.0 M, 1.28 mmol, 0.64 ml, 1.7 eq.), 11 (1.20 mmol, 500 mg,
1.6 eq.) in THF (5 ml) and 16 (0.75 mmol, 230 mg, 1.0 eq.) in THF
(5 ml) gave, after purification by column chromatography on silica
gel (hexane–Et2O 5 : 1), 17 as a white foam (449 mg, 83%, 86%
d.e.).


Preparation of (4S,5S,6R)-4,6-diphenyl-5-tert-
butoxycarbonyl-piperidin-2-one 26 (from 13)


Following Representative procedure 3, Pd(OH)2/C (60 mg) and
13 (120 mg, 0.20 mmol) in MeOH (5 ml) gave, after purification by
column chromatography on silica gel (hexane–EtOAc 5 : 1), 26 as
a white solid (56 mg, 80%); [a]21


D −17.4 (c 0.65, CHCl3); vmax (KBr)
3387 (N–H), 2978 (C–H), 1711 (C=Oester), 1654 (C=Olactam), 1167
(C–O); dH (500 MHz, C6D6) 0.85 (9H, s, OC(Me)3), 2.57 (1H, dd,
J3A,3B17.3, J3A,45.5, C(3)HA), 2.88 (1H, m, C(4)H), 2.92 (1H, dd,
J5,45.5, J5,65.0, C(5)H), 3.60 (1H, dd, J3B,3A17.3, J3B,413.2, C(3)HB),
4.30 (1H, d, J6,55.0, C(6)H), 6.92 (1H, br s, NH), 6.98–7.19 (10H,
m, Ph); dC (50 MHz, CDCl3) 27.4 (OC(Me)3), 32.5 (C(3)H2),
40.9 (C(5)H), 51.8 (C(4)H), 59.0 (C(6)H), 80.7 (OC(Me)3), 126.5,
127.2, 127.3, 128.2, 128.5, 128.6 (Pho/m/p), 138.3, 140.0 (Phipso),
168.7, 172.6 (C(2) and CO2C(Me)3); m/z APCI+ 352.1 (MH+,
10%), 374.1 (MNa+, 20%), 296.1 (MH+ − C4H8, 100%); HRMS
(CI+) C22H26NO3 requires 352.1920; found 352.1913.


Preparation of (4S,5S,6R)-4,6-diphenyl-5-(tert-
butoxycarbonyl)piperidin-2-one 26(from 17)


Following Representative procedure 3, Pd(OH)2/C (75 mg) and
17 (150 mg, 0.21 mmol) in MeOH (5 ml) gave, after purification by
column chromatography on silica gel (hexane–EtOAc 5 : 1), 25 as
a white solid (50 mg, 76%) with identical spectroscopic properties
to that above.


Preparation of 1-tert-butyl-5-ethyl (2S,3R,1′R,aS)-2-
[1′-phenyl-1′-(N-benzyl-N-a-methylbenzylamino)methyl]-3-
phenyl-4-ethoxycarbonyl-pentanedioate 34


Following Representative procedure 2, n-BuLi (2.5 M, 2.24 mmol,
0.89 ml), (S)-N-benzyl-N-a-methylbenzylamine (500 mg,
2.30 mmol) in THF (5 ml), tert-butyl cinnamate (234 mg,
1.15 mmol) in THF (3 ml) and diethyl benzylidenemalonate
(571 mg, 2.30 mmol) in THF (2 ml) gave, after purification by
column chromatography on silica gel (hexane–Et2O 6 : 1), 34 as
a hygroscopic white foam (617 mg, 81%); vmax (film) 2978 (C–H),
1757, 1732 (C=O), 1141 (C–O); [a]24


D −29.3 (c 1.0, CHCl3); dH


(400 MHz, CDCl3) 0.72 (3H, t, J7.1, OCH2CH3), 1.06 (3H,
d, J6.8, C(a)Me), 1.25 (3H, t, J7.1, OCH2CH3), 1.66 (9H, s,
CO2C(Me)3), 3.32 (1H, dd, J3,412.0, J3,21.0, C(3)H), 3.44 (1H, AB,
J14.4, NCHA), 3.55 (1H, dd, J2,1′ 12.2, J2,31.0, C(2)H), 3.62–3.66
(3H, m, OCH2CH3 and C(4)H), 3.83 (1H, AB, J14.4, NCHB),
4.02 (1H, dq, JA,B10.7, JA,CH37.1, OCHACH3), 4.11 (1H, q, J6.8,
C(a)H), 4.17 (1H, dq, JB,A10.7, JB,CH37.1, OCHBCH3), 4.72 (1H,
d, J12.2, C(1′)H), 6.94–6.98 (2H, m, Ph), 7.14–7.37 (18H, m,
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Ph); dC (50 MHz, CDCl3) 13.4, 14.1 (OCH2CH3), 17.5 (C(a)Me),
28.3 (CO2C(Me)3), 43.6 (C(3)H), 51.3 (NCH2), 54.1, 57.0,
58.1 (C(4)H, C(2)H, and C(a)H), 60.9, 61.3 (OCH2CH3), 64.1
(C(1′)H), 81.2 (CO2C(Me)3), 126.2, 126.3, 126.7, 127.3, 127.7,
127.9, 128.3, 128.8, 129.1, 130.5 (Pho/m/p), 137.2, 140.6, 142.4,
144.7 (Phipso), 167.7, 167.9, 171.9 (CO2C(Me)3 and CO2Et × 2);
m/z APCI+ 664.7 (MH+, 100%), 608.3 (MH+ − C4H8, 10%);
HRMS (CI+) C42H50NO6 requires 664.3638; found 664.3642.


Preparation of (3S,4R,5S,6R)-3-ethoxycarbonyl-4,6-diphenyl-
5-(tert-butoxycarbonyl)piperidin-2-one 35


Following Representative procedure 3, Pd(OH)2/C (75 mg) and
34 (150 mg, 0.23 mmol) in MeOH (5 ml) gave, after purification
by column chromatography on silica gel (Et2O–hexane 2 : 1), 35
(78 mg, 81%) as a colourless oil, vmax (film) 3311 (N–H), 2977 (C–
H), 1723, 1666 (C=O), 1153 (C–O); [a]23


D −72.1 (c 1.0, CHCl3); dH


(400 MHz, CDCl3) 0.92 (9H, s, CO2C(Me)3), 1.06 (3H, t, J7.1,
OCH2CH3), 3.15 (1H, app t, J5,4;5,64.5, C(5)H), 3.93 (1H, dd,
J4,312.7, J4,53.9, C(4)H), 4.03–4.13 (2H, m, OCH2CH3), 4.65 (1H,
d, J12.7, C(3)H), 5.09 (1H, d, J6,55.2, C(6)H), 6.13 (1H, br s, NH),
7.23–7.37 (10H, m, Ph); dC (50 MHz, CDCl3) 13.9 (OCH2CH3),
27.4 (CO2C(Me)3), 44.6, 49.8, 52.0 and 58.8 (C(3)H, C(4)H, C(5)H
and C(6)H), 61.3 (OCH2CH3), 81.1 (CO2C(Me)3), 126.4, 127.6,
127.7, 128.3, 128.6, 128.7 (Pho/m/p), 137.8, 138.1 (Phipso), 168.8,
170.0 (C(2)=O, CO2C(Me)3 and CO2Et); m/z APCI+ 424.2 (MH+,
5%), 446.0 (MH+, 100%), 368.1 (MH+ − C4H8, 20%); HRMS (CI+)
C25H30NO5 requires 424.2124; found 424.2126.


Preparation of 1-tert-butyl-5-ethyl (2S,3S,1′R,aS)-2-[1′-phenyl-1′-
(N-benzyl-N-a-methylbenzylamino)methyl]-3-phenyl-4-
ethoxycarbonyl-pentanedioate 36


Following Representative procedure 1, LDA (2.0 M, 0.53 mmol,
0.27 ml), 11 (200 mg, 0.48 mmol) in THF (5 ml) and diethyl
benzylidenemalonate (120 mg, 0.48 mmol) in THF (2 ml) gave, af-
ter purification by column chromatography on silica gel (hexane–
Et2O 10 : 1), 36 (105 mg, 33%) as a colourless oil and as an
inseparable 8 : 1 mixture with diethyl benzylidenemalonate; vmax


(film) 2977 (C–H), 1754, 1731 (C=O), 1140 (C–O); dH (400 MHz,
CDCl3) 0.68 (3H, t, J7.3, OCH2CH3), 1.13 (3H, d, J6.8, C(a)Me),
1.28 (3H, t, J7.3, OCH2CH3), 1.66 (9H, s, CO2C(Me)3), 3.42
(1H, AB, J14.9, NCHA), 3.51 (1H, AB, J14.9, NCHB), 3.54–3.61
(2H, m, C(3)H and C(2)H), 3.64–3.69 (2H, m, OCH2CH3), 3.89
(1H, d, J12.2, C(4)H), 4.06 (1H, d, J11.5, C(1′)H), 3.98 (1H, q,
J6.8, C(a)H), 4.14–4.23 (2H, m, OCH2CH3), 7.08–7.33 (20H, m,
Ph); dC (50 MHz, CDCl3) 13.4, 14.0, 19.9 (OCH2CH3 × 2 and
C(a)Me), 28.2 (CO2C(Me)3), 44.1, 49.4 (C(3)H and C(2)H), 51.2
(NCH2), 56.1 (C(4)H), 61.1, 61.6 (OCH2CH3 × 2), 63.8 (C(1′)H),
81.0 (CO2C(Me)3), 126.0, 126.3, 127.0, 127.1, 127.2, 127.4, 127.9,
128.0, 128.8, 129.4, 130.2, 130.5 (Pho/m/p), 135.2, 135.7, 141.4, 145.1
(Phipso), 167.5, 167.8, 171.5 (CO2C(Me)3 and CO2Et × 2); m/z
APCI+ 664.3 (MH+, 100%), 686.6 (MNa+, 10%), 608.6 (MH+ −
C4H8, 5%); HRMS (CI+) C42H50NO6 requires 664.3638; found
664.3644.


Preparation of (3S,4S,5S,6R)-3-ethoxycarbonyl-4,6-diphenyl-5-
tert-butoxycarbonyl-piperidin-2-one 37


Following Representative procedure 3, Pd(OH)2/C (50mg), 36
(100 mg, 0.13 mmol) in MeOH (10 ml) gave, after purification


by column chromatography on silica gel (Et2O–hexane 2 : 1),
37 (52 mg, 91%) as a colourless oil; vmax (film) 3309 (N–H),
2979 (C–H), 1725, 1670 (C=O), 1159 (C–O); [a]23


D −61.8 (c 1.0,
CHCl3); dH (400 MHz, CDCl3) 0.78 (9H, s, CO2C(Me)3), 1.09
(3H, t, J7.1, OCH2CH3), 3.47 (1H, d, J3,411.8, C(3)H), 3.54 (1H,
dd, J5,412.8, J5,65.8, C(5)H), 3.78 (1H, app t, J4,3;4,512.3, C(4)H),
4.06–4.16 (2H, m, OCH2CH3), 5.06 (1H, dd, J6,55.8, J6,NH3.6,
C(6)H), 6.50 (1H, br s, NH), 7.11–7.41 (10H, m, Ph); dC (50 MHz,
CDCl3) 13.9 (OCH2CH3), 27.0 (CO2C(Me)3), 39.3, 50.5, 56.8
and 57.5 (C(3)H, C(4)H, C(5)H and C(6)H), 61.4 (OCH2CH3),
81.7 (CO2C(Me)3), 127.3, 127.5, 128.1, 128.5, 128.6 (Pho/m/p),
138.0, 139.9 (Phipso), 167.3, 168.3, 169.2 (C(2)=O, CO2C(Me)3 and
CO2Et); m/z APCI+ 424.2 (MH+, 35%), 446.1 (MNa+, 30%), 368.2
(MH+ − C4H8, 100%); HRMS (CI+) C25H30NO5 requires 424.2124;
found 424.2127.
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Cyclochiral resorcinarenes, that maintain their cyclochirality by means of hydrogen bonds, were
synthesized by a sequence of reactions involving the Mannich reaction, removal of the N,O-acetal
bridge and subsequent N-substitution with an RCO group. During this study it was found that ethyl
nitroacetate is a mild and very efficient agent for N,O-acetal bridge removal. The resulting
resorcinarenes 4a–j exist in cyclochiral/inherently chiral kite conformations (resembling 4-bladed
propellers) that are stabilized by eight hydrogen bonds (in both solid state and solution). It is shown
that the cycloisomerization process is characterized by the relatively high racemization barrier
(14.6–18.5 kcal mol−1 as determined by 2D EXSY) and thus it can be concluded that the
transformation of one cycloconformer into the other requires the simultaneous rupture of all eight
hydrogen bonds. For derivatives with additional stereogenic centers two cyclodiastereoisomeric
conformations were detected (diastereomeric excess in the range of 72% up to >95%). The experimental
results are additionally supported by AM1 semi-empirical calculations.


Introduction


For the construction of chiral ligands for a variety of applications
(including catalysis, separation, recognition and detection) the use
of stereogenic centers as sources of chirality is a classical and still
dominant approach. However, recently other types of chirality like
axial1,2 or planar3 have also gained increasing importance. Not
long ago the first application of molecules possessing so called
‘inherent chirality’ or ‘cyclochirality’ was reported.4,5 These types
of chirality are dependent upon the curvature of the molecules.
Inherent chirality derives from curvature of molecules that are
devoid of symmetry axes in their bi-dimensional representation.6


The other similar term—cyclochirality—has been defined for
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† Electronic supplementary information (ESI) available: crystallographic
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Chart 1 Examples of cyclochiral/inherently chiral calix[4]arenes.


compounds made of the same building blocks that differ only
in the sense of direction of the ring.7,8 Although, according
to strict definitions, these two terms do not overlap, in the
literature for some types of compounds the terms have been
used interchangeably. For the purpose of this paper the term
cyclochirality will be used as the one that is more in keeping with
the phenomenon that is discussed.


The calix[n]arene skeleton is well suited for the construction
of cyclochiral/inherently chiral molecules due to its immanent
curvature that can be preserved. Several classes of calixarenes
possessing these types of chirality have been reported. They involve
calix[4]arenes with either a WXYZ or XXYZ substitution pattern
at the upper rim, I,9 or cyclochirally substituted resorcin[4]arenes,
II and III (Chart 1).10,11 The attractiveness of the last two types of
compounds lies in the relative easy synthesis (using the Mannich
reaction) and resolution as compared with substituted calixarenes
I. The cyclochiral rim of intramolecular hydrogen bonds in
resorcinarenes II and III drives the Mannich reaction to one
regioisomer only and in the case of using chiral amine often to a
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single diastereoisomer.12 Unfortunately, simple Mannich products
II suffer from instability due to facile epimerization at the N,O-
acetal bridge.13 The stability problem has been overcome for
compounds of type III.


The current paper deals with cyclochiral compounds in which
cyclochirality is of non-covalent origin. The synthesis, structure
and stability of conformationally cyclochiral resorcinarenes 4
(Scheme 1) that maintain their cyclochirality by means of hydrogen
bonds will be discussed. Additionally it will be shown that even
though the cyclochirality is based on non-covalent interactions
considerable diastereomeric excess can be detected.


While the conformational cycloenantiomerism of sterically in-
terlocked molecules has attracted attention for decades, examples
of similar phenomena based on hydrogen bonds are limited. Early
examples were reported by the group of Rebek.14–16 They created
deep cavitands with “doors” at the upper rim that were controlled


by a directional cooperative belt of hydrogen bonds, formed
between the amide or hydroxy groups. For cyclodiastereomeric
compounds diastereomeric excess was observed (d.e. 50%).


Another example involves an upper rim octaurea-functionalized
resorcinarene, for which the existence of the cyclochiral belt
of eight hydrogen bonds has been postulated.17 Calix[4]arene
substituted at the lower rim by amino acids was also postulated to
form a cyclochiral cooperative belt of four hydrogen bonds.18


Another interesting example, reported by Schmidt et al.,19 is
actually a prototype of the system studied in this paper. Authors
reported on the accidental synthesis of the N-acetyl derivative of
the Mannich product obtained from an amine and tetraethylre-
sorcin[4]arene. It was noticed that two distinct hydroxyl groups
were observed by NMR which was indicative of cyclochiral
conformation (as will be discussed later). However, no detailed
conformational or stability studies were performed for this system.


Scheme 1 Synthesis of conformationally cyclochiral resorcinarenes: (a) amine, HCHOaq, AcOH, MeOH; (b) ethyl nitroacetate, MeOH, rt, 2 h; (c),(d),(e)
see Table 1 and Experimental section.
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Results and discussion


Synthesis


In the current study I have synthesized resorcinarenes with acetyl
(Ac), tert-butoxycarbonyl (Boc) and tert-butylaminocarbonyl
(Bac) substituents on the nitrogen atom (Scheme 1). Tetralkyl
resorcinarenes 1a–b were transformed into tetrabenzoxazines 2a–
d by the Mannich reaction of 1a–b with formaldehyde and ben-
zylamine or (R)-1-phelylethylamine in methanol using a known
procedure.10,12 The desired products 2a–d precipitated from the
reaction mixture and were isolated in high yields. While in the work
by Böhmer,19 the N-acetylation of tetrabenzoxazines was achieved
by chance and in moderate yield (18%), I have sought an efficient
and general method for the N-substitution of tetrabenzoxazines
2a–d. It seemed reasonable to cleave the N,O-acetal bridge first and
then perform the N-substitution reaction. The known method for
N,O-acetal removal involves using HCl in butanol (reflux). Such
a method is efficient but it cannot be considered mild. During the
course of this work it was found that ethyl nitroacetate reacts with
tetrabenzoxazines 2a–d with removal of the N,O-acetal bridge
(the reaction was completed after ca. 2 h in methanol at room
temperature). Additionally, it produces free amines 3a–d and thus
does not require using a base at the next stage (which could have
caused undesired O-substitution). In all cases careful isolation and
purification of free amines 3a–d from the reaction mixture was not
required. Thus the yields of 4a–j given in Table 1 are for the two
steps b and c.


The tert-butoxycarbonyl substituent was introduced using two
different procedures. The convenient general procedure involves
addition of Boc2O to the crude reaction mixture containing amines
3a–e in methanol affording precipitates, which upon recrystalliza-
tion from CH2Cl2–MeCN gave analytically pure compounds 4a–e
in high yield (e.g. in the case of 4b in 99% yield, Table 1, entry
5). The reaction could be also carried out “on water” (Table 1
entry 4). In this case, the reaction mixture containing 3b had to
be evaporated prior the addition of water and Boc2O. Such a
green approach was earlier reported to produce selectivity of the
amino over phenol/alcohol Boc protection of amino acids and
other simple amines.20 Using this approach the desired product
4b was obtained in 85% yield (Table 1, entry 4). Although this
method is “green” it is far less convenient at the lab scale due to
the requirement of hand-grinding of the reaction mixture.


The tert-butylaminocarbonyl substituent was introduced using
tert-butyl isocyanate. The reaction required a coarse purification
of the crude reaction mixture containing 3a–e by washing with
hexane and vacuum drying. The resulting oil was dissolved in
THF and treated with tert-butyl isocyanate. Products 4f–j were
isolated by column chromatography.


The direct pathway, without removal of the aminoacetal bridge
(Scheme 1, pathway e), was also studied. Two procedures were
examined: direct reaction in THF and a two-phase reaction
CH2Cl2/water. While for acetyl derivatives under two-phase
conditions (CH2Cl2/water, Table 1, entry 3) route e gave the desired
product 4a in reasonable yield, for other derivatives (Boc and Bac)
no products were observed. The other direct pathway (Scheme 1,
route d), i.e. the Mannich reaction of N-Boc protected amines and
formaldehyde with resorcinarenes 1a,b, was also pursued. It did
not give products either.


All products 4a–j obtained in such a way have selectively
substituted four N atoms, while the remaining hydroxy groups
remain unsubstituted. For compounds that have eight OH and
four amide groups the products are surprisingly non-polar. For
example they are soluble in hexane, while they usually precipitate
from MeOH, MeCN or even DMF and DMSO. This allows
the assumption that for all products polar groups are engaged
in intramolecular hydrogen bonding interactions, most probably
following the pattern that was reported by Böhmer.19


X-Ray structure


The X-ray structure of compound 4j confirmed an extensive
intramolecular hydrogen-bonding pattern (Fig. 1). The molecule
of 4j has C4 symmetry (both molecular and crystallographic) and
adopts a cyclochiral kite conformation that is stabilized by the
presence of eight hydrogen bonds. The most characteristic feature
of this structure is the presence of four eight-membered hydrogen
bonded rings that can bond concurrently in only one direction and
thus are responsible for the existence of cyclochiral conformation.
Within the eight-membered ring the strong hydrogen bonds are
formed between the phenolic –OH and the amide C=O (distances:
O8 · · · O13 2.58 Å, H8 · · · O13 1.78 Å, angle O8–H8 · · · O13
154◦). Outside the ring the same phenolic –OH group act as a
hydrogen bond acceptor for the next slightly longer interaction
with the neighbouring phenolic –OH (distances: O9 · · · O8 2.70 Å,
H9 · · · O8 2.07 Å, angle O9–H9 · · · O8 132◦).


Table 1 Synthesis of cyclochiral resorcin[4]arenes 4 (Scheme 1)


Entry Product R1 R2 R3 (Steps) Conditions Yield (%)


1 4a i-Bu Bn methyl (c) MeOH 56
2 (c) THF 21
3 (e) water/CH2Cl2 43
4 4b i-Bu Bn tert-butoxy (c) water 85
5 (c) MeOH 99
6 4c i-Bu n-Bu tert-butoxy (c) MeOH 61
8 4d i-Bu (R)-1-phenylethyl tert-butoxy (c) MeOH 56
9 4e Et (R)-1-phenylethyl tert-butoxy (c) MeOH 56


10 4f i-Bu Bn tert-butylamino (c) THF 63
11 4g Et Bn tert-butylamino (c) THF 25
12 4h i-Bu n-Bu tert-butylamino (c) THF 54
13 4i i-Bu (R)-1-phenylethyl tert-butylamino (c) THF 48
14 4j Et (R)-1-phenylethyl tert-butylamino (c) THF 30
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Fig. 1 The X-ray structure of (M)-(R)-4j: a) top view; b) side view. An
acetonitrile (66%) or methanol (34%, not shown) molecule occupies the
cavity.


Since the molecule contains additional known stereogenic
centers ((R)-1-phenylethylamine fragments), the cyclochirality of
4j can be determined unambiguously by the direction of the eight-
membered hydrogen bonded ring closure. Assuming that: (a) the
lower rim of the resorcin[4]arene 4j is the bottom of the molecule,
(b) looking from within the cavity, and (c) assuming priority of the
–OH group hydrogen-bonded to the carbonyl oxygen atom over
the –OH group hydrogen-bonded to the phenolic oxygen atom, the
direction of ring closures can be described as anticlockwise or M
(denoted as (M)-(R)-4j). It should be noted at this point that there
is no uniform notation for the stereochemistry of cycloisomers
of that type. Although it seems that an approach of looking from
within the cavity is more spread out, an alternative view by looking
from above the resorcinarene ring has recently been proposed but
gives the opposite result.21 In this paper the convention of looking
from within the cavity is used uniformly.


The other important feature of this structure is that the amide
hydrogen atom is in close proximity to the aromatic ring (as was
also deduced from NMR spectra, see next section). However the
amide proton is not forming a N–H · · · p interaction but instead
points into a void formed by the methyl group and the phenyl
ring. Despite this, the amide N–H remains quite shielded from the


environment, which manifests in its small temperature coefficient
(Dd/DT 4.7 × 10−4 ppm K−1) in NMR experiments.


It could be envisioned that the epimerization of such a system
(to give a second cyclodiastereoconformer) would be difficult,
since the inversion at one ring only would have to disturb the
entire belt of hydrogen bonded atoms and cause unfavourable
interactions. This should cause a considerable kinetic stability for
the conformers (i.e. high barriers to cycloepimerization).


NMR studies


Room temperature studies. For all products 4a–j 1H and 13C
NMR spectra in CDCl3 and toluene-d8 exhibit a reduced number
of signals in accordance with the C4 symmetry of the molecules. In
all cases two different signals for –OH protons were observed with
a large chemical shift difference (i.e. one at ca. 8.9 ppm and the
second one in the range of 11.5–12.8 ppm). The existence of two
distinct –OH groups indicates that the molecules exist in relatively
stable (exchange is slow on the NMR timescale) cyclochiral
conformations with overall C4 symmetry not only in the solid
state but also in solution. The chemical shifts of those protons are
considerably downfield shifted and concentration independent.
This suggests that the intramolecular hydrogen bonding pattern
observed in the solid state is most probably also maintained in
solution.


Compounds 4a–c and 4f–h, devoid of other types of chirality,
exist in the solution as mixtures of (P)- and (M)-cycloenantiomeric
conformations (see Scheme 1). However, for compounds with ad-
ditional stereocenters 4d–e and 4i–j, two cyclodiastereoconformers
(P)-(R)- and (M)-(R)-can be expected having most probably
different spectra and unequal populations.


In fact for (R)-1-phenylethylamine-Bac derivatives 4i and 4j two
sets of signals can be extracted from 1H and 13C NMR spectra
in toluene-d8 and in CDCl3 with a ratio of 0.86 : 0.14 (d.e.
72%). This transforms into 1.1 kcal mol−1 difference in stability
of the cycloconformers. The NOESY and ROESY spectrum of
4i (see ESI†) shows the presence of cross-peaks between two
diastereotopic methylene protons and the methine proton at the
stereogenic centre: Hf1 ↔ Hg and Hf1 ↔ Hg (Fig. 2, see also
ESI†). This may indicate that this proton is directed toward the
upper side of the molecule (the opposite to what was observed
in the solid state). The spectrum also shows the weak cross-
peaks between the amide NH and all protons of the neighbouring


Fig. 2 Relevant ROESY contacts for major cycloconformer of 4i
(cycloconformation is ascribed arbitrarily).
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(R)-1-phenylethylamine part: NH ↔ Hg, NH ↔ Hh, NH ↔
Hi (Fig. 2, see also ESI†). This is due to the flexibility of
(R)-phenylethylamine and unfortunately prevents unambiguous
determination of the relative configuration of the cycloconformer.


For tert-butoxycarbonyl compounds 4d and 4e, possessing also
central chirality, only one set of signals in the spectra can be found
which implies that either: 1) one diastereoconformer is formed
predominately (d.e. >95%); or 2) the exchange is dramatically
faster than for other compounds; or 3) signals accidentally overlap.
The dramatically faster exchange seems to be unlikely since two
OH signals are still visible. An accidental overlap of signals cannot
be excluded unambiguously, however it should be noted that for
4e signals are relatively sharp (even sharper than for 4j and scalar
splitting, e.g. for AB systems, can be seen clearly). Additionally, the
13C NMR spectrum shows one set of signals (see ESI†) and thus
the accidental overlap of signals also appears to be unlikely. Thus,
for 4e it can be postulated that a single cyclodiastereoconformer
exists predominately (d.e. >95%) in CDCl3 solution at 303 K. The
NOESY spectrum of 4e shows the presence of weak cross-peaks
between diastereotopic methylene Hf ↔ Hi (aromatic), Hf ↔
Hh (methyl protons) and Hf ↔ Hg (methine) (Fig. 3). This is
due to partially free rotation of the (R)-phenylethylamine group
and unfortunately prevents the determination of the relative
configuration of the cycloconformer.


Fig. 3 Relevant NOESY contacts for 4e (cycloconformation is ascribed
arbitrarily).


Kinetic studies. The process of racemization between two
cycloconformers involves an exchange between distinct hydroxy
protons. The rates of exchange transform directly into racem-
ization barriers, which can be used as measures of the relative
tendency of molecules to maintain their intramolecular hydrogen
bonding and thus their cyclochiral conformation. The exchange
process was studied using variable temperature measurements and
2D EXSY.


The variable temperature measurements were performed in
toluene-d8 for 4b–d, 4f and 4i. To minimize experimental errors
the experiment was conducted so that the whole set of samples
was recorded at the same time at a given temperature after
stabilization.‡ For signals of protons in a slow to intermediate
exchange regime (on the NMR timescale) it is expected that
increasing the temperature would speed up the exchange and


‡ It has been checked experimentally that this method produces less
experimental errors than measuring each sample separately.


thus would result in signal broadening and finally coalescence.
The shape analysis of the variable temperature NMR spectra
(VT NMR) should thus give the rates of exchange. However,
in this case the VT NMR spectra (303–373 K interval) show
that increasing the temperature causes the half-widths of the
OH signals to first slightly decrease and then increase (Fig. 4).
Additionally it was observed that at room temperature the half-
widths of the OH signals are strongly magnetic field dependent.§
Such behavior can be explained if one assumes that at room
temperature each cycloconformer is in fast equilibrium with a
set of its low-abundance conformers which derive from breaking
of individual hydrogen bonds (one or more), however, without
significant structure rearrangement. At room temperature the
exchange by “individual hydrogen bond rupture” is relatively
faster than the exchange by “racemization” and thus the former
contributes mainly to the line broadening. As the temperature
increases, the exchange by “individual hydrogen bond rupture”
becomes very fast, while the exchange by “racemization” reaches
the region of intermediate rates and thus is the main contributor
to the line broadening.


Fig. 4 Temperature dependence of half-width of OH signals (average of
two OH signals).


Due to the additional co-existing process (being in the regime
of fast exchange) it is difficult to extract kinetic data from
these measurements. However some qualitative conclusions can
still be elucidated, especially from the high temperature data
(Fig. 4). From the data, it is worth noting that compounds 4b–
d having tert-butoxycarbonyl substituents reach coalescence at ca.
365 K, while tert-butylaminocarbonyl derivatives 4f and 4i do not
reach coalescence up to 373 K. Additionally the half-widths of
signals for tert-butylaminocarbonyl derivatives (which is directly
proportional to the exchange rate) at a given temperature (e.g.
353 K) are considerably lower than for their tert-butoxycarbonyl
counterparts (4b vs. 4f and 4d vs. 4i). This means that compounds
having NH atoms instead of an oxygen atom have more stable
cycloconformations. This may be attributed to the bulkiness of
the NH group compared with the oxygen atom and/or favourable
interactions of NH with the neighbouring aromatic ring as
compared with the probably repulsive interaction between an


§For example for 4b the half-width of OH signals are 10 Hz on 200 MHz
NMR and 40 Hz on 400 MHz NMR at 295 K.
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oxygen atom and an aromatic ring. The proximity of NH atoms
to the benzylamine aromatic ring is also supported by the X-ray
structure and by the chemical shift of the NH protons, which
show up at 3.94 ppm for 4i (assignment based on 1H–15N HSQC
spectrum). Such an upfield shift is most probably due to shielding
caused by the neighboring aromatic ring. Steric hindrance at
the benzylamine part also has a pronounced, though smaller,
positive effect on the stability (i.e. compare derivatives of (R)-
1-phenylethylamine 4d and 4i with their respective benzylamine
analogues 4b and 4f).


The exchange process for 4i ((R)-phenylethylamine-Bac deriva-
tive) was observed using 2D EXSY spectroscopy. In this case
racemization of the cyclic array of hydrogen bond produces
a second diastereoconformer, and thus the exchange process
should take place between the two cyclodiastereoconformers. The
existence of separate signals for two diastereoconformers is a
lucky situation since it allows for elimination of NOE effects,
which are otherwise difficult to separate. The exchange correlation
cross-peaks appear between signals of different cycloconformers
(Fig. 5). The basis for the extraction of kinetic data is integration
of the cross-peak volumes in the 2D EXSY NMR spectra.22 The
exchange rate, calculated using integration of signals from different
protons undergoing exchange in 4i (OH, NH and aliphatic), was
found to be k = 1.9 ± 0.3 s−1 at 303 K in CDCl3. It should
be noted that at optimal temperatures (high temperature range to


Fig. 5 2D EXSY spectrum of 4i: a, major cycloconformer; b, minor
cycloconformer (CDCl3, 500 MHz, 303 K, sm = 250 ms). a) Amide NH
region; b) OH region.


minimize errors caused by co-existing exchange) the extracted rate
constants from variable temperature spectra and extrapolated to
303 K give k = 1.0 s−1 in toluene-d8 which is in surprisingly good
agreement, with those obtained from the EXSY spectrum. The
rate constant k = k1 + k−1 = 1.9 s−1 for an 0.86 : 0.14 conformer
ratio translates to exchange barriers of DG2 = 18.5 kcal mol−1


(major → minor) and 17.4 kcal mol−1 (minor → major) at
303 K in CDCl3. Those are quite reasonable values for the cost
of rupturing simultaneously eight hydrogen bonds. The typical
costs of hydrogen bond rupture in organic solvents is roughly 1 to
2 kcal mol−1 per hydrogen bond.23 In fact for the breaking of eight
coherent hydrogen bonds in cavitands a barrier of 17.4 kcal mol−1


was observed. However, it should be noted that in the previous
case the hydrogen bonds are arranged in a cooperative seam (i.e.
one amide group that is a donor of hydrogen bond simultaneously
acts as an acceptor for the next bond). In contrast this system has
a hydrogen bond system that is spatially separated and divided
into four parts, which are interlocked by rotation. It is also
important to note that the existence of a cooperative seam of eight
hydrogen bonds is not enough for the considerable kinetic stability
of cycloconformers (e.g. octaurea-functionalized resorcinarenes
reveal rapid interconversion between conformers).


The 2D EXSY spectrum of 4e ((R)-phenylethylamine-Boc
derivative) shows the exchange cross-peaks only between the
two different OH groups (in two spectra that used different
mixing times sm = 20 ms and sm = 250 ms, Fig. 6). The exchange
process that leads to entities that are indistinguishable from the
starting molecules has the disadvantage that the exchange intensity
data can be strongly biased by NOE (OH protons are in close
proximity). To avoid this the kinetic data were extracted from the
EXSY spectrum using a short mixing time sm = 20 ms. A short
mixing time causes the NOEs to be negligible and fortunately the
intensities of the exchange cross-peaks were reasonably high. How-
ever, the inability to observe the second diastereoconformer raises
the question about interpretation of kinetic data, since the con-
version to the identical cyclodiastereoconformer, observed in the
NMR experiment, requires two rotation steps (i.e. (M)-(R)-4e →
(P)-(R)-4e → (M)-(R)-4e). Additionally calculation of rate con-
stants from the EXSY spectrum requires knowledge of the mole
fractions, so the assumption of the ratio of diastereoconformers


Fig. 6 2D EXSY spectrum of 4e (CDCl3, 500 MHz, 303 K, sm = 20 ms);
OH protons region.
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has to be made prior to the calculations. Since the exchange is
visible, the second diastereconformer has to exist in a detectable
amount. However, its signals would have: (1) lower intensity and
(2) larger half-width due to faster exchange and thus might not be
visible. Based on the condition d.e. ∼95% and on the calculation
mathematical limits the assumption of a 0.976 : 0.026 conformer
ratio was made. The exchange rate was calculated to be k = k1 +
k−1 = 195.2 s−1 at 303 K, which transforms into interconversion
barriers of 16.7 kcal mol−1 (major → minor) and 14.6 kcal mol−1


(minor → major) at 303 K in CDCl3.


CD spectra


Circular dichroism spectroscopy provides further evidence for
the existence of stable cyclodiastereoconformers. Fig. 7 show the
CD spectra of 4d, 4e, 4i, and 4j. The existence of pronounced,
though not very strong (as compared with other “covalently”
cyclochiral resorcinarenes)24 Cotton effects of opposite signs
was observed for the absorption bands at 291 and 310 nm,
which are attributed to electronic transitions of the resorcinol
chromophore. It indicates that even though the stereogenic centers
are quite remote, the parent resorcinarene ring still experiences
a chiral environment. This is probably due to the cyclochiral
arrangement of hydrogen bonds. In fact, Cotton effects caused
by cyclochiral conformation have been reported previously for
ocataurea-substituted resorcinarenes.


Fig. 7 CD spectra of cyclochiral resorcinarenes (CHCl3, 295 K).


Based on the similarity of the CD spectra (Fig. 7), it can
be speculated that in all cases the same cycloconformer is
predominant. The larger values of De for tert-butoxycarbonyl
derivatives as compared with tert-butylaminocarbonyl derivatives
may also indicate that in the former case, the diastereomeric
excess of a particular diastereoconformer is higher in CHCl3


solution. Although this reasoning is speculative, it is in reasonable
agreement with NMR data (see previous section).


AM1 semiempirical calculations


The semiempirical calculations (AM1) were performed for deriva-
tives of (R)-1-phenylethylamine (Fig. 8). The only simplification
compared to real compounds consisted of using methyl, instead
of iso-butyl or ethyl group at the lower rim of resorcin[4]arenes,
which is believed to have a minor impact on the conformational
preferences. In order to screen a conformational space for each
compound KITE-(M), KITE-(P), VASE-(M) and VASE-(P) were
preset (Fig. 8) and then for each conformation the torsion angles
between the amide part and the benzylamine part (T1) were varied


Fig. 8 Preset for AM1 optimizations.


by 30◦ and the resulting structures were optimized. The KITE
conformations are obtained when the eight-membered ring points
its N atom out from the molecular cavity (T3 = −90◦), while
VASE conformations were generated by pre-setting the N atom
to be directed inward (T3 = 90◦). During the optimization the
torsion angles T1 underwent changes but a change from (M) to
(P) configuration or vice versa was never observed.


Table 2 presents the results of the AM1 optimizations. Most
optimized conformations have C2 symmetry and the slightly
flattened-cone conformation of the parent resorcin[4]arene ring.
Although NMR and X-ray analysis shows the C4 symmetry,
the result of the calculations is not in contradiction since the
interconversions between two C2 conformations are probably
facile, thus the time-averaged conformation has a C4 symmetry.


For the least crowded acetyl derivative 4k the AM1 calculations
indicate that the VASE-(M) is most stable conformation. It should
be noted that the number of low energy stable conformations
is relatively larger than for 4l and 4m. This indicates that the
flexibility of this system is considerably larger than for other
derivatives.


For 4l ((R)-phenylethylamine-Boc, an analogue of 4d and
4e), AM1 calculations gave predominately two conformations
KITE-(P) and VASE-(M) (Table 2). The most stable KITE-(P)
conformation is the only one with low energy among the KITE
conformations. In fact NMR spectra for analogous compound
4e suggested the presence of a single diastereoconformer. The
stability of the VASE-(M) conformation is rather surprising since
it is tightly packed with all four methyl group closing the upper rim
of the molecule. To double-check the result an extensive additional
search for low energy KITE-4l conformations was performed
(other dihedral angles were also varied and additionally non-
symmetric conformations were also checked) but did not yield any
conformation that was different from the one that was originally
found.


For molecule 4m ((R)-phenylethylamine-Bac, an analogue of
compounds 4i and 4j), AM1 calculations gave two stable KITE
cycloconformers: KITE-(M)-(R)-4m (68%) and KITE-(P)-(R)-
4m (25%). Thus the calculations predicted higher stability of
the M-cycloconformer i.e. the same as observed in the solid
state for analogous compound 4j. The diastereoconformer ratio
is also in rough agreement with the NMR data (for 4i two
diastereoconformers were observed with ratio 86 : 14). However, it
should be pointed out that in the case of the molecule having tert-
butylaminocarbonyl substituents the most stable cycloenantiomer
is the opposite to the one for the molecule with tert-butoxycarbonyl
groups.
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Table 2 Semiempirical AM1 optimization results


Comp. Conformation T1out/
◦ Relative energy/kcal mol−1 Distribution at 295 K


4k VASE-(M) −65, −75 (×3) 0 0.4486
KITE-(P) −68 0.53 0.1816
VASE-(M) −75 0.75 0.1248
VASE-(M) −93, −75 (×3) 1.07 0.0725
VASE-(M) −60 1.11 0.0681
KITE-(M) −60 1.15 0.0626
KITE-(M) −51 1.77 0.0209
VASE-(P) 96 1.86 0.0188
KITE-(M) 96 3.42 0.0013
VASE-(P) 74 4.29 0.0002
KITE-(M) 71 5.07 <0.0001
VASE-(P) 98, −52, 72, −52 5.19 <0.0001
VASE-(P) −54 5.82 <0.0001
KITE-(P) 74 6.57 <0.0001


4l KITE-(P) −81 0 0.5093
VASE-(M) −81 0.03 0.4855
KITE-(M) 88 3.85 0.0007
VASE-(P) 86 2.79 0.0043
KITE-(M) −71 5.52 <0.0001
KITE-(P) 92 9.84 <0.0001


4m KITE-(M) −60 0 0.6821
KITE-(P) −66 0.59 0.2484
VASE-(M) −64 1.34 0.0695
VASE-(P) −55 5.71 <0.0001
VASE-(P) 66 9.23 <0.0001


It should be emphasized that the results of these calculations
should be interpreted with great caution. Although it seem
intuitive that the KITE conformations should more stable due
to the lack of steric overcrowding, the calculations suggest that
the VASE conformations are not unthinkable, and even they
can be quite stable. However, the internal volumes of the VASE
conformations are very small and usually their “doors” at the
upper rims are tightly closed.


Conclusions


The resorcinarenes 1a,b can be conveniently transformed into
upper rim amido substituted resorcin[4]arenas 4a–j using a
sequence of reactions: the Mannich reaction, removal of the
N,O-acetal bridge and subsequent N-substitution with an RCO
group. The newly discovered efficient procedure of N,O-acetal
removal using ethyl nitroacetate is very mild as compared with the
known procedure using refluxing in HCl and butanol. This may
be advantageous for the synthesis of more sensitive compounds
(e.g. hydrolysis-prone amino acid derivatives).


Amide substituted resorcin[4]arenes 4a–j exist as conforma-
tional cycloisomers stabilized by belts of hydrogen bonds. The ex-
change between cycloconformers is slow on the NMR timescale. It
allows for determination of the racemization barriers and relative
stability of the cyclodiastereoconformers. Based on relatively high
racemization barriers it can be concluded that the cycloisomeriza-
tion process proceeds through simultaneous rupture of all eight
hydrogen bonds. This is a quite surprising result assuming that the
hydrogen bond system is spatially divided into four parts, i.e. each
part consists of just two hydrogen bonds. However, rotation of just
one unit creates an unfavourable pattern of the adjacent hydrogen
bonds, which is enough to prevent stability (and detection) of such


intermediates and thus for racemization simultaneous rotation of
all units is required.


Although these systems are not very promising for complexation
due to their KITE conformations resulting in relatively shallow
cavities, they offer an interesting insight into a restricted molecular
motion of the propeller-like chiral molecules, which are of
particular interest as molecular rotors.25


Experimental


All chemicals were used as received unless otherwise noted.
Reagent grade solvents (CH2Cl2, hexanes) were distilled prior to
use. All reported 1H NMR spectra were collected on a Bruker
spectrometer at 500 (1H NMR) and 125 (13C NMR) MHz.
Chemical shifts are reported as d values relative to the TMS signal
defined at d = 0.00 (1H NMR) or relative to the CDCl3 signal
defined at d = 77.00 (13C NMR). Mass spectra were obtained
on a Mariner PerSeptive Biosystem instrument using the ESI
technique. Chromatography was performed on silica gel (Kieselgel
60, 200–400 mesh).


The semiempirical calculations were preformed using Gaussian
03 software.26


CD spectroscopy


CD spectra were measured at room temperature in chloroform (for
UV spectroscopy, Fluka) with solutions with concentrations of 1 ×
10−4 M on a Jasco 715 spectrophotometer by using cells with path
length 0.1 to 1 cm (spectral band width 2 nm, sensitivity 5 × 10−6


or 10 × 10−6 (DA-unit nm−1), where DA = AL − AR is the difference
in the absorbance). De is expressed in units of L mol−1 cm−1.
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NMR experiments


Variable temperature NMR spectra were recorded on a 500 MHz
Bruker spectrometer equipped with a BTO2000 thermocouple.
The spectra were recorded in such a way that the whole set of
samples was recorded at a given temperature after stabilization at
the same time (roughly).


The EXSY spectra were recorded at 303 K at 500 MHz on
a Bruker spectrometer with a phase sensitive NOESY pulse
sequence supplied with the Bruker software. The integration of
the 2D spectra was preformed using XWin-NMR software. From
the integrals of the cross-peaks and the diagonal peaks and mole
fractions the rate constants were calculated according to known
equations.22


The general procedure for the Mannich reaction


Compounds 2a–d were prepared following the known procedure
with small modification. To a solution of resorcinarene 127


(1 mmol), formaldehyde (37%, 0.75 ml, 10 mmol) and glacial acetic
acid (0.5 ml) in methanol (5 ml), amine (5 mmol) was added.
After 24 h at room temperature the precipitate was filtered off,
washed with methanol and dried. All physicochemical properties
of compounds 2a,b, e and 2c,d, concur with published data.10,12


Procedure for N-substitution (steps b and c)


Method A. To a solution of tetrabezoxazine 2 (0.1 mmol) in
1 ml of methanol, ethyl nitroacteate was added (100 ll). The
solution was stirred for 2h. During that time the suspension
dissolves and TLC shows substrate spot disappearance. To that
solution 50 ll of water was added and 200 mg of Boc2O. The
reaction was stirred overnight. The precipitate was filtered out
and recrystallized from CH2Cl2/MeCN to give product 4. The
filtrate was checked by TLC for the presence of product, and
if the product was detected in noticeable amount the filtrate
was subjected to column chromatography on silica gel (eluent
usually hexane:ethyl acetate 8:2). However, usually the product
after chromatography was still contaminated with traces of
ethyl nitroacetate, so recrystallization/precipitation was required
to obtain analytically pure products. The additional portions
obtained by chromatography did not exceed 10% yield.


Method B. To a solution of tetrabenzoxazine 2 (0.1 mmol)
in 1 ml of methanol, ethyl nitroacetate was added (100 ll). The
solution was stirred for 2 h. During that time the suspension
dissolves and TLC shows substrate spot disappearance. The
solution was then evaporated at reduced pressure (30 ◦C, water
bath) and vacuum dried. The resulting oil was washed with hexane
(3 × 2 ml) and dried again. The oil was dissolved in 2 ml of
dry THF and then 60 ll of tert-butyl isocyanate was added.
The reaction was stirred overnight. The mixture was then treated
with 1 ml of methanol in order to decompose the remaining
isocyanate and evaporated. Crude product 4 was purified by
column chromatography on silica gel using hexane–AcOEt (8 : 2)
and additionally recrystallized/precipitated from CH2Cl2/MeCN.


4a. Method A, yield 56%. dH (500 MHz, CDCl3, TMS, 303 K):
0.96 (d, J = 10.0 Hz, 12 H, Ha), 0.99 (d, J = 10.0 Hz, 12 H, Ha),
1.49 (bs, 4 H, Hb), 2.08 (bs, 20 H, Hc, Hacetyl), 4.10–5.20 (bm, 20H,
H f, Hd, Hg), 7.20–7.34 (m, 24 H, Har), 8.68 (bs, 4 H, OH), 11.40 (bs,


4 H, OH). dC (125 MHz, CDCl3, 303 K): 22.85, 22.96, 26.68, 31.75,
42.09 (br), 42.80, 53.01, 111.65, 123.67, 124.66, 126.39, 127.46,
128.85, 136.53, 150.25, 151.72, 173.91. ESI MS m/z Calcd for
[C84H100N4O12 − H]− 1355.7; found 1355.7, isotope profile agrees.
Anal. Calcd for C96H128N4O16: C 74.31, H 7.42, N 4.13%; found C
74.15, H 7.32, N 4.30%.


4b. Method A, yield 99%. dH (500 MHz, CDCl3, TMS, 303 K):
0.98 (m, 24 H, Ha), 1.25–1.45 (bs, 36 H, C(CH3)3), 1.51 (m, 4H,
Hb), 2.10 (bs, 8H, Hc), 4.20–4.75 (bm, 20H, H f, Hd, Hg), 7.20–
7.28 (m, 24H, Har), 8.65 (bs, 4 H, OH), 11.04 (bs, 4 H, OH).
dC (125 MHz, CDCl3, 303K): 22.76, 22.76, 26.11, 27.42, 28.26,
31.80, 40.5 (br), 42.90, 50.83, 81.64, 112.21, 123.56, 124.49, 124.83,
126.94, 127.62, 128.29, 138.47, 150.29, 151.63, 158.78. ESI MS
m/z Calcd for [C96H128N4O16Na]+ 1611.9; found 1612.0, isotope
profile agrees. Anal. Calcd for C96H128N4O16: C 72.33, H 8.09, N
3.51%; found C 72.23, H 7.92, N 3.68%.


4c. Method A, yield 61%. dH (500 MHz, CDCl3, TMS, 303 K):
0.91 (t, J = 7.3 Hz, 12 H, CH2-CH3), 0.96 (d, J = 6.5 Hz, 24 H,
Ha), 1.29 (m, 4H, Hb), 1.32–1.52 (m, 52 H, CH2, C(CH3)3), 2.02
(bs, 8H, Hc), 3.32 (bs, 8H, N-CH2), 4.31 (bm, 8 H, H f1,2), 4.53
(bt, 4 H, Hd), 7.17 (s, 4H, Har), 8.50 (bs, 4 H, OH), 10.93 (bs,
4 H, OH). dC (125 MHz, CDCl3, 303 K): 13.86, 19.98, 22.83,
26.16, 27.47, 28.43, 30.35, 31.85, 40.92, 43.10, 47.36, 80.88, 112.45,
123.51, 124.38, 124.74, 150.26, 151.65, 158.79. ESI MS m/z Calcd
for [C84H132N4O16Na]+ 1476.0, found 1476.0, isotope profile agrees.


4d. Method A, yield 56%. [a]D = +93.3 (c 1.13, CHCl3). dH


(500 MHz, CDCl3, TMS, 303 K): 0.90 (bd, 12 H, Ha), 0.96 (d,
J = 6.6 Hz, 12 H, Ha), 1.52 (m, 4H, Hb), 1.64 (bs, 12H, Hh),
2.11 (bm, 8H, Hc), 4.50–4.56 (m, 12H, H f, Hd), 5.10, (q, J =
6.8 Hz, 4H, Hg), 7.01 (m, 8H, H i), 6.98–7.25 (m, 24H, Har), 8.54
(bs, 4 H, OH), 10.96 (bs, 4 H, OH). dC (125 MHz, CDCl3, 303 K):
16.12 (br), 22.67, 22.78, 26.29, 27.42, 28.01, 31.76, 42.78, 43.15
(br), 56.73, 81.41, 112.24, 123.71, 124.52, 124.65, 126.09, 126.37,
127.51, 142.71, 150.11, 151.41, 158.51. ESI MS m/z Calcd for
[C100H132N4O16H]+ 1646.0, found 1646.5, isotope profile agrees.


4e. Method A, yield 56%. [a]D = +140.4 (c 1.19, CHCl3). dH


(500 MHz, CDCl3, TMS, 303 K): 0.94 (t, J = 7.0 Hz, 12 H, Ha),
1.10 (s, 36 H, H j), 1.52 (m, 4H, Hb), 1.64 (bs, 12H, Hh), 2.27 (m,
8H, Hb), 4.33 (m, 4 H, Hd), 4.49 (AB/2, JAB = 20.9 Hz, 4 H, H f1),
4.54 (AB/2, JAB = 20.9 Hz, 4H, H f2), 5.08 (q, J = 6.8, 4 H, Hg),
6.99–7.06 (m, 20H, H i), 7.26 (s, 4 H, He), 8.57 (bs, 4 H, OH),
10.89 (bs, 4 H, OH). dC (125 MHz, CDCl3, 303 K): 26.84, 28.05,
36.27, 43.12, 56.67, 81.34, 112.21, 123.19, 124.46, 124.54, 126.13,
126.46, 127.59, 142.77, 150.23, 151.60, 158.52. ESI MS m/z Calcd
for [C92H116N4O16Na]+ 1555.8, found 1555.8, isotope profile agrees.
Anal. Calcd for C92H116N4O16·0.5 CH3CN·0.5 CH2Cl2 C 70.32, H
7.48, N 3.84%; found C 70.40, H 7.39, N 4.00%.


4f. Method B, yield 63%. dH (500 MHz, CDCl3, TMS, 303 K):
0.94 (d, J = 6.6 Hz, 12 H, Ha), 0.98 (d, J = 6.6 Hz, 12 H, Ha), 1.08
(s, 36 H, C(CH3)3), 1.53 (q, J = 6.6 Hz, 4H, Hb), 2.11 (bs, 8H, Hc),
4.18 (s, 4 H, NH), 4.35–4.95 (bm, 20H, H f, Hd, Hg), 7.15 (bd, 8H,
J = 7.0 Hz, Har), 7.22–7.29 (m, 16H, Har), 8.77 (bs, 4 H, OH), 12.04
(bs, 4 H, OH). dC (125 MHz, CDCl3, 303 K): 22.79, 22.88, 26.15,
29.08, 31.78, 42.83, 51.09, 51.77, 112.67, 123.35, 124.58, 126.38,
127.40, 128.85, 137.43, 150.59, 151.64, 159.62. dN −273.8 ppm
(NH). ESI MS m/z Calcd for [C96H128N8O12Na]+ 1607.9; found
1608.0, isotope profile agrees.


4g. Method B, yield 25%. dH (500 MHz, CDCl3, TMS, 303 K):
0.97 (t, J = 7.1 Hz, 12 H, CH2-CH3), 1.11 (s, 36 H, C(CH3)3),
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2.28 (m, 8H, CH2-CH3), 4.22 (s, 4 H, NH), 4.36 (bt,4 H, Hd,),
4.43–4.95 (bm, 16H, H f, Hg), 7.18–7.32 (m, 24H, Har), 8.82 (bs,
4 H, OH), 12.04 (bs, 4 H, OH). dC (125 MHz, CDCl3, 303 K):
12.71, 26.72, 29.11, 36.33, 42.56 (br), 51.09, 51.69, 112.66, 122.90,
124.42, 124.55, 126.38, 127.41, 128.87, 137.41, 150.65, 151.78,
159.63. ESI MS m/z Calcd for [C88H112N8O12Na]+ 1495.8; found
1495.9, isotope profile agrees. Anal. Calcd for C88H112N8O12·0.7
CH3CN·0.3 CH2Cl2 C 70.50, H 7.56, N 7.97%; found C 70.48, H
7.35, N 8.07%.


4h. Method B, yield 54%. dH (500 MHz, CDCl3, TMS, 303 K):
0.93–0.96 (m, 36 H, CH2-CH3, Ha), 1.29 (m, 4H, Hb), 1.32 (s,
36 H, C(CH3)3), 1.26–1.37 (m, 12 H, CH2, Hb), 1.47–1.53 (m,
16 H, CH2), 2.06 (bs, 8H, Hc), 3.13 (bs, 4H, N-CH2), 3.32 (bs,
4H, N-CH2), 4.24 (bm, 8 H, NH, H f1), 4.38 (d, J = 14.6 Hz, 4 H,
H f2), 4.53 (t, J = 7.9 Hz, 4 H, Hd), 7.15 (s, 4H, Har), 8.71 (bs, 4 H,
OH), 11.94 (bs, 4 H, OH). dC (125 MHz, CDCl3, 303 K): 13.87,
20.29, 22.82, 22.87, 26.17, 29.54, 30.08, 31.85, 40.73, 43.06, 47.48,
51.08, 112.66, 123.28, 124.46, 150.70, 151.65, 159.28. ESI MS m/z
Calcd for [C84H136N8O12Na]+ 1472.0; found 1472.0, isotope profile
agrees.


4i. Method B, yield 48%. [a]D = +137.5 (c 1.13, CHCl3). Main
diastereoconformer (86%): dH (500 MHz, CDCl3, TMS, 303 K):
0.91 (m, 48 H, Ha, H j), 0.97 (d, J = 6.4 Hz, 12 H, Ha), 1.54 (m, 4H,
Hb), 1.62 (bs, 12H, Hh), 2.11 (m, 8H, Hc), 3.94 (s, 4 H, NH), 4.45
(bs, 4H, H f1), 4.59 (bt, 4 H, Hd), 4.65 (d, J = 14.6 Hz, 4H, H f2),
5.35 (q, J = 6.8 Hz, 4H, Hg), 7.01 (m, 8H, H i), 7.21–7.25 (m, 16H,
He, H i), 8.75 (bs, 4 H, OH), 11.90 (bs, 4 H, OH). dC (125 MHz,
CDCl3, 303 K): 15.21, 22.65, 22.82, 26.35, 28.92, 31.79, 42.64,
43.57, 50.90, 56.02, 112.92, 123.42, 124.64, 126.25, 127.39, 128,67,
141.38, 150.45, 151.51, 158.49. dN −269.1 ppm (NH). ESI MS m/z
Calcd for [C100H136N8O12Na]+ 1664.0, found 1664.0, isotope profile
agrees. Anal. Calcd for C100H136N8O12 C 73.14, H 8.35, N 6.82%;
found C 73.02, H 8.54, N 6.84%. Minor diastereoconformer (14%,
well separated signals only) dH (500 MHz, CDCl3, TMS):1.49 (m,
4H, Hb, Hh), 1.90(bm, 8H, Hc), 4.02 (s, 4 H, NH), 8.77 (bs, 4 H,
OH), 12.00 (bs, 4 H, OH). dC (125 MHz, CDCl3, TMS):22.50,
22.97, 29.03, 56.55, 124.44, 126.25, 128.86, 158.75.


4j. Method B, yield 30%. [a]D = +145.3 (c 1.14, CHCl3). Main
diastereoconformer (84%): dH (500 MHz, CDCl3, TMS, 303 K):
0.95 (m, 48 H, Ha, H j), 1.64 (bs, 12H, Hh), 2.30 (bs, 8H, Hb),
3.96 (s, 4 H, NH), 4.37–4.68 (m, 12H, H f1.2, Hd), 5.35 (q, J =
6.0 Hz, 4H, Hg), 7.11–7.26 (m, 24 H, Har), 8.79 (bs, 4 H, OH),
11.88 (bs, 4 H, OH). dC (125 MHz, CDCl3, 303 K): 12.47,
15.22, 26.69, 28.95, 29.06, 36.30, 43.45, 50.88, 55.87, 112.83,
122.88, 124.55, 126.51, 127.40, 128.72, 141.43, 150.58, 151.68,
158.48. ESI MS m/z Calcd for [C92H120N8O12H]+ 1529.9; found
1529.9, isotope profile agrees. Anal. Calcd for C92H120N8O12·0.6
CH3CN·0.4 CH2Cl2 C 70.77, H 7.78, N 7.58%; found C 70.92, H
7.80, N 7.63%. Minor diastereoconformer (16%, well separated
signals only) dH (500 MHz, CDCl3, TMS): 1.51 (m, 4H, Hh), 4.04
(s, 4 H, NH), 8.91 (bs, 4 H, OH), 12.00 (bs, 4 H, OH). dC (125 MHz,
CDCl3, TMS): 29.06, 56.50, 124.36, 126.30, 128.86, 158.70.


X-Ray crystallographic structure determination of 4j


The diffraction quality crystals were grown from CH2Cl2/MeCN
solution. The measurement was performed on a KM4CCD j-axis
diffractometer with graphite-monochromated MoKa radiation.
The crystal was positioned at 62 mm from the CCD camera. 1500


Frames were measured at 0.5◦ intervals with a counting time of
30 se. The data were corrected for Lorentz and polarization effects.
Empirical correction for absorption was applied. Data reduction
and analysis were carried out with the Oxford Diffraction pro-
grams. The structure was solved by direct methods and refined
using SHELXL (X-Seed28 interface). The refinement was based on
F 2 for all reflections except those with very negative F 2. Weighted
R factors wR and all goodness-of-fit S values are based on F 2.
The non-hydrogen atoms were refined with anisotropic thermal
parameters, the H atoms attached to carbon atoms were positioned
geometrically. The OH hydrogen atoms were located from the
Fourier map and then refined with restraints on the bond lengths
only.


Crystal data for 4j: C94.69H126.10N8.65O13.38 (4j·(CH3CN)0.65·
(CH2Cl2)0.35), M = 1599.53, tetragonal, space group I4 (no. 79),
a = b = 23.3843(6), c = 8.2561(2) Å, V = 4514.6(2) Å3, Z = 2, Dc =
1.177 g cm−3, F 000 = 1724, MoKa radiation, k = 0.71073 Å, T =
173(2)K, 2hmax = 57.4◦, 21498 reflections collected, 4767 unique
(Rint = 0.0378). Final GooF = 0.776, R1 = 0.0468, wR2= 0.1182,
R indices based on 1993 reflections with I > 2r(I) (refinement on
F 2), 279 parameters, 3 restraints. Lp and absorption corrections
applied, l = 0.078 mm−1. Absolute structure parameter = 1.2(16).


CCDC reference number 635229. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b701451a
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A storable, powdered chiral zirconium catalyst for asym-
metric aldol and hetero Diels–Alder reactions has been
developed. The catalyst has the same activity as that prepared
in situ even after being stored for 3 months. Moreover, this
chiral Zr catalyst worked efficiently not only for asymmetric
aldol reactions but also for asymmetric hetero Diels–Alder
reactions affording the corresponding addition products with
high enantioselectivities.


Catalytic asymmetric carbon–carbon bond-forming reactions
with chiral catalysts provide powerful tools for synthesis of
optically active compounds.1 While a wide variety of metal
and non-metal based catalysts have been investigated for such
transformations, these systems suffer from drawbacks associated
with preparation and handling of the species concerned. In
recent years, our group has focused on the development of chiral
zirconium complexes prepared from zirconium alkoxide and chiral
1,1′-binaphthalene-2,2′-diol (BINOL) derivatives,2 which were
found to catalyze several asymmetric reactions such as Mannich
reactions,3 aza Diels–Alder reactions,4 Strecker reactions,5 allyla-
tion of imine,6 Mukaiyama aldol reactions,7 hetero Diels–Alder
reactions,8 [3 + 2] cycloaddition,9 and others. These reactions
proceeded smoothly to afford the desired products in high
yields with high selectivities under mild conditions; however, the
catalysts required preparation in situ under anhydrous conditions
immediately prior to use due to the moisture sensitivity typical
of most Lewis acids. In order to address these issues, we have
developed air-stable, storable chiral zirconium catalysts stabilized
on powdered molecular sieves (ZrMS) for Mannich reactions,
aza Diels–Alder reactions, Mukaiyama aldol reactions, and het-
ero Diels–Alder reactions.10 More recently, we have developed
isolable, air-stable, storable, and highly selective chiral zirco-
nium catalysts prepared from zirconium tetrakis-tert-butoxide
(Zr(Ot-Bu)4), 6,6′-bis(pentafluoroethyl)-1,1′-binaphthalene-2,2′-
diol (6,6′-(C2F5)2-BINOL), and N-methylimidazole which pro-
mote asymmetric Mannich reactions.11 Remarkably, these cata-
lysts can be stored for at least 6 months in air at room temperature,
and recovered and reused after use in asymmetric Mannich
reactions without significant loss of activity. Inspired by this we
decided to investigate the applicability of this solid stabilized
catalyst to other reactions. Herein we report storable, powdered
chiral zirconium complexes for the promotion of asymmetric
Mukaiyama aldol reactions and hetero Diels–Alder reactions.


Graduate School of Pharmaceutical Sciences, The University of Tokyo,
Hongo, Bunkyo-ku, Tokyo, 113-0033, Japan. E-mail: skobayas@mol.f.u-
tokyo.ac.jp; Fax: +81 3 5684 0634; Tel: +81 3 5841 4790


The original catalyst for asymmetric Mukaiyama aldol reactions
was prepared from Zr(Ot-Bu)4, 3,3′-diiodo-1,1′-binaphthalene-
2,2′-diol (3,3′-I2-BINOL), n-propanol and water.7,12 Accordingly,
we first tried to prepare a solid-stabilized form of this catalyst using
the same method as that to isolate the catalysts for asymmetric
Mannich reactions. The catalyst so prepared was partially soluble
in dry toluene after stirring for 3 h at room temperature, and
following the addition of dry hexane it was precipitated as a
slightly yellowish powder. After being stirred for 12 h, the solid
was collected by filtration and dried. The activity of this powdered
catalyst was tested in the aldol reaction of the benzaldehyde (1a)
with the ketene silyl acetal (2a) derived from methyl isobutyrate.
The reaction proceeded smoothly in the presence of 10 mol% of
the isolated catalyst to afford the desired adduct in 96% yield with
moderate enantioselectivity (Table 1, entry 1). In order to improve
the enantioselectivity, we investigated the effect of varying the
alcohol added to the reaction. In the presence of normal primary
alcohols such as ethanol, n-propanol and n-butanol, the aldol
product was obtained in high yields with high enantioselectivities
(entries 3–7). However, in the cases of methanol or n-pentanol as
an additive, the yield was decreased (entries 2 and 8). The use of
a secondary alcohol also led to decreased yield and the selectivity
fell slightly (entry 9). As the amount of alcohol was increased, the
yield dropped slightly, although gratifyingly the enantioselectivity
was increased (entries 4–6). The best results were obtained with 80
mol% of the alcohol (entry 4).


Table 1 Investigation of the effect of adding alcohols


Entry Additive (mol%) Yield (%) Ee (%)


1 — 96 (95)a 74 (98)a


2 MeOH (80) 11 87
3 EtOH (80) 96 96
4 n-PrOH (80) 95 98
5 n-PrOH (40) 99 91
6 n-PrOH (160) 90 98
7 n-BuOH (80) 96 97
8 n-Pentanol (80) 71 97
9 i-PrOH (80) 89 88


a Values in parentheses refer to a catalyst prepared from Zr(Ot-Bu)4 (10
mol%), (R)-3,3′-I2-BINOL (12 mol%), n-PrOH (80 mol%) and H2O (20
mol%) in situ.
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Table 2 Asymmetric aldol reactions using the powdered zirconium catalyst


Entry Aldehyde Silyl enolate Product Yield (%)b Ee (%)b


1 Ph (1a) 3a 95 (95) 98 (98)


2 p-MeOC6H4 (1b) 3b 93 (92) 93 (96)
3 PhCH=CH (1c) 3c 97 (94) 95 (95)
4 CH3CH=CH (1d) 3d 95 (76) 96 (97)
5 Ph (1a) 3g 93 (91) 86 (95)


6a PhCH2CH2 (1e) 3e 92 (92) 78 (80)
7a n-C5H11 (1f) 3f 87 (93) 79 (84)


a The aldehyde and silyl enolate were added at 0 ◦C to a stirred solution of the powdered Zr catalyst and n-PrOH at 60 ◦C over 1 h. b Yields in parentheses
refer to reactions obtained using the in situ prepared catalyst.


We then turned our attention to the use of other substrates, and
the results are summarized in Table 2. While aromatic aldehydes
gave high yields and selectivities (entries 1–5), aliphatic aldehydes
showed high yields and relatively lower selectivities (entries 6 and
7). It is noteworthy that this catalyst has almost the same activity
as that of the catalyst prepared in situ.


Next, our attention turned to the use of the catalyst in the
promotion of diastereoselective aldol reactions (Table 3). We were
gratified to find that in all cases the reactions proceeded smoothly
to afford the desired anti-aldol adducts in high yields with high
diastereo- and enantioselectivities.13


In the original chiral zirconium catalyst system, the combination
of Zr(Ot-Bu)4, 3,3′-I2-BINOL, n-propanol and water, was also ef-
fective for asymmetric hetero Diels–Alder reactions.7,14 Therefore,


we employed this isolated catalyst for the asymmetric hetero Diels–
Alder reactions of aldehydes with Danishefsky’s diene (Table 4).
Pleasingly, in all cases the reactions proceeded smoothly to afford
the desired products in high yields with high enantioselectivities.


Finally, we investigated the storage properties of the powdered
catalyst.15 Remarkably we found that this catalyst was stable under
an argon atmosphere and that no significant loss of activity in the
aldol reaction of benzaldehyde 1a with ketene silyl acetal 2a was
observed after storage for 3 months (Table 5).


In conclusion, we have developed an isolable, storable and
highly stereoselective chiral zirconium catalyst for asymmetric
aldol reactions and hetero Diels–Alder reactions. This catalyst
is readily prepared and handled, and can be stored for more than
3 months without significant loss of activity.


Table 3 Diastereoselective aldol reactions


Entry Aldehyde Product Yield (%)a syn–antia ,b Ee (%) [anti]a


1 Ph (1a) 4a Quant (94) 5 : 95 (5 : 95) 99 (99)
2 p-ClC6H4 (1g) 4b Quant (96) 9 : 91 (9 : 91) 97 (96)
3 p-MeOC6H4 (1b) 4c 84 (89) 6 : 94 (7 : 93) 97 (98)
4 PhCH=CH (1c) 4d 96 (92) 17 : 83 (15 : 85) 99 (98)
5 CH3CH=CH (1d) 4e 90 (65) 14 : 86 (11 : 89) 99 (92)
6 PhCH2CH2 (1e) 4f 63 (61) 18 : 82 (14 : 86) 80 (89)


a Yields in parentheses refer to reactions using the in situ prepared catalyst. b Determined by 1H NMR analysis.
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Table 4 Asymmetric hetero Diels–Alder reaction using the powdered
zirconium catalyst


Entry Aldehyde Product Yield (%)b Ee (%)b


1 Ph (1a) 5a 96 (Quant) 95 (97)
2 p-ClC6H4 (1g) 5b 90 (90) 81 (84)
3 p-MeC6H4 (1h) 5c 92 (95) 91 (95)
4 PhCH=CH (1c) 5d 92 (97) 88 (90)
5 PhCH2CH2 (1e) 5e 94 (Quant) 88 (90)
6a n-C5H11 (1f) 5f 93 (98) 92 (93)


a 10 mol% Sc(OTf)3 was used instead of TFA (rt, 12 h). b Yields in
parentheses refer to reactions using the in situ prepared catalyst.


Table 5 Storage time and activity of the powdered zirconium catalyst


Yield (%) Ee (%)


Fresh 98 97
0.5
Month


96 97


1 Month 95 97
3 Month 96 94


a Stored under argon.


Preparation of powdered zirconium catalysts
All reactions were carried out under argon atmosphere in


well-dried glassware. A solution of n-PrOH (8.0 mmol) in dry
toluene (2 mL) and H2O (2.0 mmol) was added to a dry toluene
(2 mL) solution of (R)-3,3′-I2-BINOL (1.2 mmol) and Zr(Ot-Bu)4


(1.0 mmol) at room temperature. After the mixture was stirred for
3 h at the same temperature, dry n-hexane (100 mL) was added
and a white precipitate formed. The suspended mixture was further
stirred overnight. Filtration of the white suspension and washing
with hexane in argon afforded a Zr catalyst as a white powder
(535 mg).


Determination of the zirconium content in the powdered zirconium
catalysts


The powdered Zr catalyst (15.0 mg) was placed in a 30 mL test
tube, and sulfuric acid (1.0 mL) was added. The mixture was heated
at 180 ◦C for 1 h, and then nitric acid (0.5 mL) was added. The
mixture was further heated for 1 h to give a clear solution. The


solution was diluted with water, and the amount of the Zr metal
was measured by ICP analysis. Zr content: 1.093 mmol g−1.


Typical experimental procedure for asymmetric aldol reactions
using isolated powdered chiral zirconium catalysts


A solution of n-PrOH (0.32 mmol) in dry toluene (1.0 mL) was
added to a suspension of powdered Zr catalyst (0.040 mmol) in dry
toluene (1.0 mL), and the mixture was stirred for 30 min at room
temperature. After cooling to 0 ◦C, the aldehyde (0.40 mmol) in
toluene (0.75 mL) and the ketene silyl acetal (0.60 mmol) in toluene
(0.75 mL) were successively added. The mixture was stirred for
18 h at 0 ◦C, and then saturated aqueous NaHCO3 (5 mL) was
added to quench the reaction. After addition of dichloromethane
(10 mL), the organic layer was separated and the aqueous layer was
extracted twice with dichloromethane (10 mL × 2). The organic
layers were combined and dried over anhydrous Na2SO4. After
filtration and concentration under reduced pressure, the residue
so obtained was treated with THF–1 N HCl (9 : 1, 10 mL) for 1 h
at 0 ◦C. The solution was then basified with 5% NaHCO3 (10 mL)
and extracted with dichloromethane (10 mL × 2). The organic
layers were combined and dried over anhydrous Na2SO4. After
filtration and concentration under reduced pressure, the crude
product was purified by preparative thin layer chromatography
(benzene–ethyl acetate = 20 : 1) to afford the desired aldol adduct.
The optical purity was determined by HPLC analysis using the
appropriate chiral column. For some compounds, the optical
purity was determined after acetylation or benzoylation of the
hydroxy groups.7


(S)-Methyl-3-hydroxy-2,2-dimethyl-3-phenylpropanoate (3a).
[a]25


D +5.70 (c 2.49 in MeOH, 97% ee). 1H NMR (600 MHz; solvent
CDCl3; standard Me4Si (0 ppm)) d 1.12 (s, 3H), 1.15 (s, 3H), 3.73 (s,
3H), 4.90 (s, 1H), 7.25–7.36 (m, 5H). 13C NMR (600 MHz; solvent
CDCl3; standard CDCl3 (77.0 ppm)) d 19.0, 23.1, 47.6, 52.1, 78.7,
127.6, 127.8, 139.9, 178.2. HPLC (Daicel Chiralcel OJ, hexane–
iPrOH = 9 : 1, flow rate = 0.5 mL min−1): tR = 18.3 min (S),
tR = 22.0 min (R). TLC Rf = 0.09 (hexane–ethyl acetate = 8 : 1).


Typical experimental procedure for asymmetric hetero Diels–Alder
reactions using the isolated powdered chiral zirconium catalyst


n-PrOH (0.20 mmol) in dry toluene (0.8 mL) was added to a
suspension of powdered Zr catalyst in dry toluene (0.5 mL),
which was then stirred for 30 min at room temperature. After
cooling to −78 ◦C, the aldehyde (0.40 mmol) in t-BuOMe
(0.35 mL) and the diene (0.48 mmol) in t-BuOMe (0.35 mL)
were successively added. The mixture was warmed to −20 ◦C and
stirred for 18 h before saturated aqueous NaHCO3 (10 mL) was
added to quench the reaction. After addition of dichloromethane
(10 mL), the organic layer was separated and the aqueous layer
was extracted twice with dichloromethane (10 mL × 2). The
organic layers were combined and dried over anhydrous Na2SO4.
After filtration and concentration under reduced pressure, the
residue was treated with trifluoroacetic acid (TFA, 0.5 mL) in
dichloromethane (8 mL) for 1 h at 0 ◦C. In the case of the reaction
using cinnamaldehyde, scandium triflate (Sc(OTf)3, 0.040 mmol,
10 mol% with respect to the aldehyde) in dichloromethane for
12 h at room temperature was used instead of TFA. After the
solution was basified with saturated aqueous NaHCO3 (20 mL),
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the organic layer was separated and the aqueous layer was
extracted with dichloromethane (10 mL × 2). The organic layers
were combined and dried over anhydrous Na2SO4. After filtration
and concentration under reduced pressure, the crude product was
purified by preparative thin layer chromatography (benzene–ethyl
acetate = 20 : 1) to afford the desired product. The optical purity
was determined by HPLC analysis using a chiral column.8


(R)-2-Phenyl-2,3-dihydro-4H-pyran-4-one (5a). [a]26
D −97.1 (c


0.69 in CHCl3, 97% ee). 1H NMR (600 MHz; solvent CDCl3;
standard Me4Si (0 ppm)) d 2.66 (dd, 1H), 2.90 (dd, 1H), 5.42
(dd, 1H), 5.52 (d, 1H), 7.3–7.4 (m, 5H), 7.48 (d, 1H). 13C NMR
(600 MHz; solvent CDCl3; standard CDCl3 (77.0 ppm)) d 43.3,
81.0, 107.3, 126.0, 128.8, 128.9, 137.8, 163.1, 192.1. HPLC (Daicel
Chiralcel OD, hexane–iPrOH = 40 : 1, flow rate = 1.0 mL min−1):
tR = 25.1 min (S), tR = 30.1 min (R). TLC Rf = 0.24 (benzene–
ethyl acetate = 20 : 1).
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The palladium-catalyzed sequential one-pot N-arylation–carbo-amination–C-arylation of
O-homoallylhydroxylamines with two different aryl bromides provides rapid entry to differentially
arylated N-aryl-3-arylmethylisoxazolidines in good yields with excellent diastereoselectivity. The
obtained isoxazolidines can be reductively cleaved to cis-N-aryl-b-amino alcohols in short times and in
high yields at room temperature.


Introduction


The synthesis of isoxazolidine derivatives has received much
attention as they are useful synthons for the construction of
biologically important amino acids, b-lactams, b-amino alcohols,
amino carbohydrates and alkaloids.1 The 1,3-dipolar cycloaddi-
tion of nitrones with alkenes was among the important reactions
for the construction of substituted isoxazolidines. However, this
synthetic methodology usually failed to control the stereose-
lectivity in reactions of acyclic nitrones with simple terminal
alkenes.2 A number of different synthetic methods have been
devised for their preparation.3 Over the past several years, the
palladium-catalyzed tandem synthesis of pyrrolidine derivatives
was reported via intramolecular insertion of an olefin into a
Pd(Ar)(ArNR) intermediate.4 Recently, Dongol and Tay3d re-
ported the Pd-catalyzed cascade reaction of N-Boc protected O-
homoallylhydroxylamines with aryl iodides to afford the corre-
sponding isoxazolidines, contaminated by substantial Heck type
side products with modest diastereoselectivity. Herein, we report
on stereocontrolled palladium-catalyzed syntheses of differentially
arylated N-aryl-3-arylmethylisoxazolidines via sequential one-pot
diarylation of O-homoallylhydroxylamines with two different aryl
bromides.


Results and discussions


It was known that both palladium-catalyzed N-arylations of
amines and Pd-catalyzed carboamination reactions are very
sensitive to catalyst structure and ligand.4 To determine the
feasibility of the N-arylation–carboamination process, we first
examined the reaction of O-homoallylhydroxylamine (1) with 2.05
equiv. of bromobenzene. We were pleased to find that the use of a
catalyst comprising Pd2(dba)3 and Xantphos (2)5 in the presence of
NaOtBu (2.4 equiv.) in toluene provided the desired cis product 3 in
82% isolated yield (eqn (1)). Having demonstrated the viability of
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the one-pot diarylation process of O-homoallylhydroxylamine, we
set out to examine the selective addition reaction of two different
aryl bromides (eqn (2)). A transformation of this type would lead
to the formation of two C–N bonds, one C–C bond and one ring
in a single operation.


In order to carry out this process, we judiciously screened
the palladium catalyst, ligand and reaction temperature. Some
results from that study are summarized in Table 1. We chose
to employ monodentate ligands for the first step of the re-
action sequence. Chelating bis(phosphine) ligands, which have
been found to be effective in a broad range of carboam-
ination processes,4e were employed for the second reaction
of the sequence. Using a catalyst comprising Pd2(dba)3/P(o-
tol)3/Xantphos, no desired product was formed (entry 1, Table 1).
Changing the mono(phosphine) ligand from P(o-tol)3 to (furyl)3P,
the monoarylation product of the primary hydroxylamine was
obtained and the second step of the reaction did not pro-
ceed, perhaps due to failure in the ligand exchange (entry 2,
Table 1). BINAP, 2-di-tert-butylphosphinobiphenyl (4) and 2-
dicyclohexylphosphinobiphenyl (5) were found to be highly effec-
tive and selective for the Pd-catalyzed monoarylation of primary
aliphatic amines.4d,6 When we examined this type of phosphine
ligands, we were pleased to find that the ligand combination of
4/Xantphos provided the desired product 12a7 in 55% isolated
yield (entries 3–5, Table 1). We then carefully screened various
bis(phosphine) ligands (dppe, dppb, dppf and DPE-phos5) for
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Table 1 Pd-Catalyzed sequential one-pot reaction condition optimi-
zationa


Entry L1/Temp L2/Temp Yield (%)b


1 P(o-tol)3/100 ◦C Xantphos/100 ◦C 0
2 (furyl)3P/100 ◦C Xantphos/100 ◦C 0c


3 BINAP/100 ◦C Xantphos/100 ◦C 0c


4 4/60 ◦C Xantphos/90 ◦C 23d


5 4/40 ◦C Xantphos/90 ◦C 55
6 5/40 ◦C Xantphos/90 ◦C 16
7 4/40 ◦C Dppe/100 ◦C 29
8 4/40 ◦C Dppb/100 ◦C 27
9 4/40 ◦C Dppf/100 ◦C 32


10 4/40 ◦C DPE-phos/100 ◦C 18


a Conditions: 1.0 equiv. of hydroxylamine, 1.0 equiv. of PhBr, 2.4 equiv.
of NaOtBu, 1.5 mol% Pd2(dba)3, 3 mol% L1, toluene (0.2 M), then 3
mol% L2, 1.2 equiv. of p-CN–C6H4Br. b Yield of isolated product. c N-
Phenyl-3-phenyl-O-homoallylhydroxylamine was isolated. d N-Biarylation
product was also isolated from the reaction mixture.


the second reaction of the sequence, however, worse results were
observed (entries 7–10, Table 1).


With the optimized reaction condition in hand, we prepared
a large range of differentially arylated N-aryl-3-arylmethyl-
isoxazolidine derivatives (Table 2). As shown in Table 2, this
method is effective for the conversion of a variety of O-homoallyl-
hydroxylamines to N-aryl-3-arylmethylisoxazolidine derivatives.
In general, electron-neutral, -deficient or -rich aryl bromides as
the first coupling partner are efficiently transformed in the first
step of the sequential reaction (entries 1–3, Table 2). Electron-
neutral, -deficient, or hetero aryl bromides as the second coupling
partner provide the best yield in the second step of the sequential


Table 2 Palladium-catalyzed stereoselective synthesis of N-aryl-3-arylmethylisoxazolidine derivativesa


Entry R Ar1 Ar2 Product Yield (%)b


1 Ph, 1 Ph p-CN-Ph 12a 55
2 Ph, 1 p-Cl–Ph p-CN–Ph 12b 52
3 Ph, 1 p-MeO–Ph p-CN–Ph 12c 64
4 Ph, 1 Ph p-(1,3-Dioxolan-2-yl)phenyl 12d 58
5 Ph, 1 Ph p-Biphenyl 12e 63
6 p-Me–Ph, 6 Ph Pyridin-2-yl 12f 66
7 6 Ph Pyridin-3-yl 12g 64
8 6 Ph Pyridin-4-yl 12h 62
9 2-Thienyl, 7 p-CO2tBu–Ph Ph 12i 51


10 7 p-NO2–Ph p-Me–Ph 12j 54
11 p-Cl–Ph, 8 p-CN–Ph p-CO2tBu–Ph 12k 67
12 p-MeO–Ph, 9 Ph p-Me–Ph 12l 57
13c (E)-styryl, 10 p-NO2–Ph Ph 12m 53
14 TBSOCH2, 11 p-biphenyl Ph 12n 49


a Conditions: 1.0 equiv. of hydroxylamine, 1.0 equiv. of Ar1Br, 2.4 equiv. of NaOtBu, 1.5 mol% Pd2(dba)3, 3 mol% 4, toluene (0.2 M), 40–60 ◦C, then 3
mol% Xantphos, 1.2 equiv. of Ar2Br, 90 ◦C. b Yield of isolated product. c This material contained ca. 17% of the corresponding (E)-1-phenylhexa-2,5-
dien-1-hydroxylamine as an inseparable impurity.


transformation (entries 1–8, Table 2). The tandem transformations
of substrates 1 and 6–11, which bear substituents at the 1-position,
proceeded with high levels of diastereoselectivity.7 Reactions of 1-
aryl-O-homoallylhydroxylamines 1 and 6–9 exclusively afforded
3,5-cis-disubstituted isoxazolidines (entries 1–12, Table 2). Trans-
formation of 1-styryl-O-homoallylhydroxylamine 10 also pro-
ceeded (entry 13, Table 2), and 1-alkyl-O-homoallylhydroxylamine
11 was transformed to 3,5-cis-disubstituted products as their cis
isomers (entry 14, Table 2).


The sequential one-pot differential diarylation of O-homo-
allylhydroxylamine was further utilized for the synthesis of cis-
N-aryl-b-amino alcohols8 13a–c (Scheme 1). The most common
methods for the reductive ring opening of isoxazolidines include
LiAlH4, catalytic hydrogenation and zinc in acetic acid.9 Our initial
screening with these methods proved unsuccessful in providing
the desired N-aryl-b-amino alcohols. When N-aryl-3-arylmethyl-
isoxazolidines were subjected to a reaction mixture of chlorotri-
methyl silane, water and KI in acetonitrile at room temperature,10


the desired cis-b-amino alcohol11 was formed in high yield (>97%).


Scheme 1 Synthesis of N-aryl-b-amino alcohols 13a–c.


A proposed reaction mechanism of the tandem one-pot ary-
lation of O-homoallylhydroxylamines to isoxazolidine derivatives
is shown in Scheme 2. This transformation presumably occurs
through initial Pd/4-catalyzed N-arylation of hydroxylamine 1a
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Scheme 2 Proposed catalytic cycle.


with the first aryl bromide to form intermediate 14 and Pd(0),
then a key substitution of the Xantphos ligand for 4 is proposed
to occur. Oxidative addition of the second aryl bromide to the
Xantphos/Pd(0) species is followed by reaction of the resulting
complex with 14 and base to afford an intermediate [Pd(Ar)-
(RONAr)] complex 15. A syn insertion of the alkene into the Pd–N
in 15 then affords the carboamination intermediate 16. Complex
16 undergoes C–C bond forming reductive elimination to afford
the product 17.


The palladium-catalyzed conversion of 1-substituted O-
homoallylhydroxylamines to cis-3,5-disubstituted isoxazolidines
(Table 2) proceeds with excellent levels of diastereoselectivity. To
explain the stereochemical outcome of these transformations, we
suggest that the stereochemistry determining step is the insertion
of the alkene into the Pd–N bond of intermediate 15 (Scheme 2).
As shown below (Scheme 3), the conversion of 1-substituted N-
aryl-O-homoallylhydroxylamine 14 to cis-3,5-disubstituted isoxa-
zolidine 17a proceeds via conformer 15a. In this conformer 15a,
the R substituent is oriented in the pseudoequatorial position to
minimize nonbonding interactions with the N-aryl group and C-3
hydrogen, moreover, N-aryl group is oriented in the pseudoaxial
position to minimize interaction with the aryl group or phosphine
ligand bound to the Pd complex. The combination of these two
interactions would disfavor reaction through conformer 15b in


which the R group is oriented in the pseudoaxial position. The
alkene insertion via 15a would afford intermediate 16a, which
would provide the observed cis-3,5-disubstituted product 17a
upon C–C bond-forming reductive elimination.


Conclusions


In summary, we have successfully developed an efficient protocol
for the palladium-catalyzed stereoselective synthesis of N-aryl-3-
arylmethylisoxazolidines via sequential N-arylation–cyclization–
C-arylation of O-homoallylhydroxylamines with two different aryl
bromides. The selective diarylation is achieved in a one-pot process
by an in situ modification of the palladium catalyst via phosphine
ligand exchange. The obtained isoxazolidines can be reductively
cleaved to N-aryl-b-amino alcohols in short times and in high
yields at room temperature.


Experimental


Chemicals and solvents were all purchased from commercial
supplies and purified by standard techniques. NMR spectra were
recorded on a Bruker-300 MHz spectrometer, 13C NMR spectra
were recorded at 75 MHz. Chemical shifts (d) are given in parts per
million (ppm) downfield relative to CDCl3. Coupling constants are
given in hertz (Hz). Unless otherwise stated deuterochloroform
(CDCl3) was used as solvent. In assignment of the 1H NMR
spectra, multiplicities and abbreviations used are as follows; Ar =
aromatic, Ph = phenyl, Py = pyridyl, d = doublet, dd = doublet of
doublets, m = multiplet, q = quartet, s = singlet, t = triplet. High-
resolution mass spectra were recorded on a Bruker BIO TOF Q
mass spectrometer.


General procedure for the preparation of
O-homoallylhydroxylamine substrates


A solution of DEAD (1.5 equiv.) in dry THF (0.25 M) was
added dropwise to a solution of the homoallylic alcohol,3 triph-
enylphosphine (1.2 equiv.) and N-hydroxyphthalimide (1.2 equiv.)
in dry THF (0.25 M) under nitrogen at 0 ◦C. The mixture was
allowed to warm to room temperature and stirred for five hours.
THF was then evaporated and the residue was purified by
flash chromatography on silica gel, eluting with 5–10% ethyl
acetate–hexane. The product was dissolved in dichloromethane
(ca. 0.3 M). Hydrazine hydrate (3 equiv.) was added and the
mixture was stirred at room temperature for four hours. The


Scheme 3 Proposed stereochemistry of 3,5-disubstituted isoxazolidines.
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mixture was filtered through celite, washing with dichloromethane,
and the dichloromethane was removed under reduced pressure.
The residue was purified by flash chromatography on silica gel,
eluting with 5–10% ethyl acetate–petroleum ether.


Hydroxylamine 6. 1H (300 MHz, CDCl3) d 7.17–7.26 (m, 4H),
5.73–5.78 (m, 1H), 5.20 (br, 2H), 5.02–5.11 (m, 2H), 4.50–4.55
(m, 1H), 2.57–2.60 (m, 1H), 2.38–2.44 (m, 1H), 2.36 (s, 3H). 13C
(75 MHz, CDCl3) d 138.2, 137.4, 134.5, 129.1, 126.7, 116.9, 86.4,
40.4, 21.1.


Hydroxylamine 7. 1H (300 MHz, CDCl3) d 7.28–7.30 (m, 1H),
6.98–7.03 (m, 2H), 5.78–5.80 (m, 1H), 5.32 (br, 2H), 5.05–5.15
(m, 2H), 4.81 (m, 1H), 2.70–2.75 (m, 1H), 2.17–2.56 (m, 1H). 13C
(75 MHz, CDCl3) d 144.6, 133.98, 126.5, 125.6, 125.1, 117.4, 81.7,
40.3.


Hydroxylamine 8. 1H (300 MHz, CDCl3) d 7.32–7.35 (m, 2H),
7.24–7.27 (m, 2H), 5.68–5.77 (m, 1H), 5.08 (br, 2H), 5.01–5.08 (m,
2H), 4.52–4.56 (t, J = 6 Hz, 1H), 2.52–2.59 (m, 1H), 2.37–2.42 (m,
1H). 13C (75 MHz, CDCl3) d 139.98, 133.9, 133.4, 128.6, 128.1,
117.4, 85.7, 40.3.


Hydroxylamine 9. 1H (300 MHz, CDCl3) d 7.23–7.26 (m, 2H),
6.88–6.92 (m, 2H), 5.70–5.79 (m, 1H), 5.18 (br, 2H), 5.00–5.08 (m,
2H), 4.46–4.51 (t, J = 6 Hz, 1H), 3.80 (s, 3H), 2.57–2.62 (m, 1H),
2.39–2.42 (m, 1H). 13C (75 MHz, CDCl3) d 152.2, 127.4, 126.1,
121.0, 109.9, 106.8, 79.1, 48.1, 33.3.


Hydroxylamine 10. 1H (300 MHz, CDCl3) d 7.29–7.44 (m, 5H),
6.62–6.67 (d, J = 15 Hz, 1H), 6.12–6.20 (dd, J = 15, 9 Hz, 1H),
5.74 (m, 1H), 5.30 (br, 2H), 5.08–5.17 (m, 2H), 4.15–4.18 (m, 1H),
2.35–2.51 (m, 2H). 13C (75 MHz, CDCl3) d 135.2, 134.4, 129.7,
128.7, 128.1, 126.4, 125.5, 116.4, 81.8, 38.5.


Hydroxylamine 11. 1H (300 MHz, CDCl3) d 5.78–5.87 (m, 1H),
5.38 (br, 2H), 5.02–5.12 (m, 2H), 3.62–3.68 (m, 3H), 2.26–2.32 (m,
2H), 0.89 (s, 9H), 0.06 (s, 6H). 13C (75 MHz, CDCl3) d 134.9, 116.8,
84.0, 63.7, 34.5, 25.9, 18.3, −5.4.


General procedure for the palladium-catalyzed sequential one-pot
synthesis of N-aryl-3-arylmethylisoxazolidines using two different
aryl bromides


A flame-dried tube was cooled under a stream of nitrogen
and charged with Pd2(dba)3 (1.5 mol% complex, 3 mol% Pd),
2-di-tert-butylphosphinobiphenyl (3 mol%), and NaOtBu (2.4
equiv.). The tube was purged with nitrogen, and toluene (10 mL
mmol−1 hydroxylamine substrate), the hydroxylamine substrate
(1.0 equiv.), and the first aryl bromide (1 equiv.) were added via
a syringe. The mixture was heated to 40–60 ◦C with stirring until
the hydroxylamine substrate had been consumed as judged by
TLC. A 0.01 M toluene solution of Xantphos (3 mol%) was added
and the reaction mixture was heated to 90 ◦C for 15 min to allow
the ligand exchange process to occur. The second aryl bromide
(1.2 equiv.) in toluene (4 mL mmol−1 hydroxylamine substrate)
was then added, and heating was continued until the intermediate
N-aryl hydroxylamine was completely consumed. The reaction
mixture was then cooled to room temperature, quenched with
saturated aqueous ammonium chloride (2 mL), and diluted with
ethyl acetate (10 mL). The layers were separated and the aqueous
layer was extracted with (2 × 10 mL) ethyl acetate. The combined


organic extracts were dried over anhydrous sodium sulfate, filtered,
and concentrated in vacuo. The crude product was then purified
by flash chromatography on silica gel, eluting with 5–30% ethyl
acetate–petroleum ether.


(±)-(3R,5R)-3-(4-Cyanobenzyl)-2,5-diphenylisoxazolidine (12a).
Yield 55%; 1H (300 MHz, CDCl3) d 7.60–7.63 (d, J = 8.1 Hz, 2H),
7.37–7.48 (m, 7H), 7.19–7.24 (m, 2H), 6.93–6.95 (m, 1H), 6.79–
6.82 (m, 2H), 5.09–5.15 (m, 1H), 4.12–4.15 (m, 1H), 3.24–3.32 (dd,
J = 13.5, 9 Hz, 1H), 2.95–3.01 (dd, J = 13.5, 2 Hz, 1H), 2.82–2.86
(m, 1H), 2.11–2.15 (m, 1H). 13C (75 MHz, CDCl3) d 151.4, 144.7,
138.4, 132.3, 130.4, 129.1, 128.7, 128.3, 126.5, 121.7, 118.9, 113.8,
110.5, 79.8, 68.8, 43.7, 42.8. HRMS-ESI (m/z): [M + Na]+ calcd
for C23H20N2NaO, 363.1468; found, 363.1463.


(±)-(3R,5R)-2-(4-Chlorophenyl)-3-(4-cyanobenzyl)-5-phenyl-
isoxazolidine (12b). Yield 52%; 1H (300 MHz, CDCl3) d 7.61–
7.63 (d, J = 8.1 Hz, 2H), 7.37–7.46 (m, 5H), 7.32–7.35 (d, J =
9 Hz, 2H), 7.15–7.18 (d, J = 6.9 Hz, 2H), 6.70–6.73 (d, J = 9 Hz,
2H), 5.05–5.11 (m, 1H), 4.07 (m, 1H), 3.21–3.24 (dd, J = 13.5,
9 Hz, 1H), 2.95–3.00 (dd, J = 13.5, 5.1 Hz, 1H), 2.83–2.87 (m,
1H), 2.14 (m, 1H). 13C (75 MHz, CDCl3) d 150.0, 144.4, 138.1,
133.2, 132.3, 130.4, 128.8, 128.6, 126.6, 126.5, 115.1, 113.3, 110.6,
79.9, 68.9, 43.7, 42.7. HRMS-ESI (m/z): [M + Na]+ calcd for
C23H19ClN2NaO, 397.1085; found, 397.1081.


(±)-(3R,5R)-2-(4-Methoxyphenyl)-3-(4-cyanobenzyl)-5-phenyl-
isoxazolidine (12c). Yield 64%; 1H (300 MHz, CDCl3) d 7.61–
7.64 (d, J = 9 Hz, 2H), 7.34–7.47 (m, 7H), 6.62–6.65 (d, J = 9 Hz,
2H), 6.41–6.43 (d, J = 9 Hz, 2H), 4.95–5.01 (m, 1H), 4.15 (m, 1H),
3.83 (s, 3H), 3.21–3.28 (dd, J = 13.5, 9 Hz, 1H), 3.02–3.08 (dd,
J = 13.5, 4.5 Hz, 1H), 2.86–2.90 (m, 1H), 2.14–2.21 (m, 1H). 13C
(75 MHz, CDCl3) d 154.5, 143.8, 142.6, 137.2, 132.6, 130.4, 128.7,
128.6, 126.3, 118.7, 113.4, 110.8, 110.0, 80.5, 67.9, 55.1, 43.6, 42.4.
HRMS-ESI (m/z): [M + Na]+ calcd for C24H22N2NaO2, 393.1578;
found, 393.1573.


(±)-(3R,5R)-3-[4-(1,3-Dioxolan-2-yl)benzyl]-2,5-diphenylisoxa-
zolidine (12d). Yield 58%; 1H (300 MHz, CDCl3) d 7.32–7.45 (m,
11H), 6.87–6.90 (m, 3H), 5.81 (s, 1H), 5.02 (m, 1H), 4.17 (m, 1H),
4.10–4.14 (m, 4H), 3.28–3.35 (dd, J = 13.5, 8.8 Hz, 1H), 2.82–2.89
(dd, J = 13.5, 5 Hz, 1H), 2.66–2.71 (m, 1H), 2.05 (m, 1H). 13C
(75 MHz, CDCl3) d 151.9, 140.9, 138.4, 135.1, 129.5, 128.7, 128.5,
128.2, 126.6, 126.5, 121.4, 114.0, 109.3, 79.9, 69.6, 67.7, 43.8, 43.0.
HRMS-ESI (m/z): [M + Na]+ calcd for C25H25NNaO3, 410.1731;
found, 410.1734.


(±)-(3R,5R)-3-(4-Phenylbenzyl)-2,5-diphenylisoxazolidine (12e).
Yield 63%; 1H (300 MHz, CDCl3) d 7.31–7.64 (m, 16H), 6.95–7.01
(m, 3H), 5.15–5.20 (m, 1H), 4.25 (m, 1H), 3.33–3.40 (dd, J = 13.5,
8 Hz, 1H), 3.01–3.07 (dd, J = 13.5, 6 Hz, 1H), 2.85–2.89 (m, 1H),
2.23–2.27 (m, 1H). 13C (75 MHz, CDCl3) d 151.3, 139.4, 138.5,
138.1, 134.2, 130.0, 128.6, 128.5, 128.2, 127.6, 127.2, 127.1, 126.6,
126.5, 121.3, 114.3, 80.0, 69.5, 43.9, 42.5. HRMS-ESI (m/z): [M
+ Na]+ calcd for C28H25NNaO, 414.1832; found, 414.1837.


(±)-2-{[(3R,5R)-2-Phenyl-5-p-tolylisoxazolidin-3-yl]methyl}-
pyridine (12f). Yield 66%; 1H (300 MHz, CDCl3) d 8.62–8.64 (m,
1H), 7.59–7.60 (m, 1H), 7.16–7.38 (m, 8H), 6.88–6.92 (m, 3H),
5.06–5.11 (m, 1H), 4.53 (m, 1H), 3.36–3.43 (dd, J = 13.5, 9 Hz,
1H), 3.11–3.17 (dd, J = 13.5, 5.5 Hz, 1H), 2.82–2.86 (m, 1H), 2.38
(s, 3H), 2.15–2.19 (m, 1H). 13C (75 MHz, CDCl3) d 159.2, 151.7,
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149.3, 138.0, 136.5, 135.6, 129.2, 128.9, 126.7, 124.6, 121.6, 121.2,
113.9, 79.8, 67.8, 45.1, 43.6, 21.2. HRMS-ESI (m/z): [M + Na]+


calcd for C22H22N2NaO, 353.1632; found, 353.1638.


(±)-3-{[(3R,5R)-2-Phenyl-5-p-tolylisoxazolidin-3-yl]methyl}-
pyridine (12g). Yield 64%; 1H (300 MHz, CDCl3) d 8.62–8.64 (m,
2H), 8.17 (br, 1H), 7.68–7.70 (m, 1H), 7.18–7.38 (m, 6H), 6.89–
6.93 (m, 3H), 5.05–5.11 (m, 1H), 4.51 (m, 1H), 3.34–3.41 (dd, J =
13.5, 9 Hz, 1H), 3.12–3.18 (dd, J = 13.5, 5 Hz, 1H), 2.81–2.85
(m, 1H), 2.38 (s, 3H), 2.13–2.17 (m, 1H). 13C (75 MHz, CDCl3) d
151.9, 148.9, 148.6, 138.0, 137.6, 136.1, 135.5, 129.2, 128.9, 126.7,
122.5, 121.2, 113.9, 79.8, 67.8, 45.2, 43.6, 21.2. HRMS-ESI (m/z):
[M + Na]+ calcd for C22H22N2NaO, 353.1630; found, 353.1634.


(±)-4-{[(3R,5R)-2-Phenyl-5-p-tolylisoxazolidin-3-yl]methyl}-
pyridine (12h). Yield 62%; 1H (300 MHz, CDCl3) d 8.51–8.53 (d,
J = 6 Hz, 2H), 7.27–7.36 (m, 6H), 7.16–7.18 (d, J = 6 Hz, 2H),
6.86–6.90 (m, 3H), 5.03–5.09 (m, 1H), 4.54 (m, 1H), 3.37–3.44
(dd, J = 13.5, 9 Hz, 1H), 3.10–3.16 (dd, J = 13.5, 5.6 Hz, 1H),
2.83–2.87 (m, 1H), 2.38 (s, 3H), 2.14–2.18 (m, 1H). 13C (75 MHz,
CDCl3) d 151.8, 150.3, 144.2, 136.8, 135.5, 129.2, 128.9, 126.7,
124.6, 121.5, 113.9, 79.8, 67.8, 45.1, 43.6, 21.1. HRMS-ESI (m/z):
[M + Na]+ calcd for C22H22N2NaO, 353.1631; found, 353.1635.


(±)-tert-Butyl-4-[(3R,5R)-3-benzyl-5-(thiophen-2-yl)isoxazolidin-
2-yl]benzoate (12i). Yield 51%; 1H (300 MHz, CDCl3) d 7.94–
7.97 (d, J = 9 Hz, 2H), 7.37–7.40 (m, 6H), 7.13–7.14 (m, 1H),
7.02–7.05 (m, 1H), 6.79–6.82 (d, J = 9 Hz, 2H), 5.26–5.31 (m,
1H), 4.18–4.19 (m, 1H), 3.28–3.35 (dd, J = 13.5, 8.6 Hz, 1H),
2.97–3.03 (dd, J = 13.5, 5.7 Hz, 1H), 2.81–2.85 (m, 1H), 2.22–2.28
(m, 1H), 1.61 (s, 9H). 13C (75 MHz, CDCl3) d 165.6, 154.5, 140.5,
139.2, 130.7, 129.8, 129.3, 126.9, 126.6, 126.2, 126.0, 124.9, 112.7,
80.3, 76.1, 68.6, 43.5, 42.3, 28.2. HRMS-ESI (m/z): [M + Na]+


calcd for C25H27NNaO3S, 444.1607; found, 444.1612.


(±)-(3R,5R)-2-(4-Nitrophenyl)-3-(4-methylbenzyl)-5-(thiophen-
2-yl)isoxazolidine (12j). Yield 54%; 1H (300 MHz, CDCl3) d
8.18–8.21 (d, J = 9 Hz, 2H), 7.51–7.54 (d, J = 9 Hz, 1H), 7.15–7.18
(m, 3H), 7.04–7.06 (m, 3H), 6.76–6.79 (d, J = 9 Hz, 2H), 5.27–5.32
(m, 1H), 4.27–4.29 (m, 1H), 3.31–3.38 (dd, J = 13.5, 9 Hz, 1H),
3.09–3.15 (dd, J = 13.5, 4.9 Hz, 1H), 2.94–2.99 (m, 1H), 2.32–
2.35 (m, 1H), 2.25 (s, 3H). 13C (75 MHz, CDCl3) d 155.7, 141.6,
139.2, 136.2, 130.5, 127.3, 127.1, 126.9, 126.5, 125.5, 123.8, 112.5,
76.7, 67.7, 43.5, 41.7, 22.1. HRMS-ESI (m/z): [M + Na]+ calcd
for C21H20N2NaO3S, 403.1093; found, 403.1096.


(±)-tert-Butyl-4-{[(3R,5R)-5-(4-cholorophenyl)-2-(4-cyano-
phenyl) isoxazolidin-3-yl]methyl}benzoate (12k). Yield 67%; 1H
(300 MHz, CDCl3) d 8.01–8.04 (d, J = 9 Hz, 2H), 7.75–7.78 (d,
J = 9 Hz, 2H), 7.32–7.48 (m, 6H), 6.73–6.76 (d, J = 9 Hz, 2H),
4.97–5.03 (m, 1H), 4.27 (m, 1H), 3.25–3.32 (dd, J = 13.5, 9 Hz,
1H), 3.07–3.13 (dd, J = 13.5, 4.8 Hz, 1H), 2.95–2.99 (m, 1H),
2.15–2.21 (m, 1H), 1.62 (s, 9H). 13C (75 MHz, CDCl3) d 161.5,
154.5, 140.3, 136.9, 135.7, 133.3, 133.2, 131.2, 131.0, 130.4, 126.5,
118.6, 113.2, 103.8, 80.6, 80.3, 68.0, 43.6, 42.5, 29.4. HRMS-ESI
(m/z): [M + Na]+ calcd for C28H27ClN2NaO3, 497.1606; found,
497.1609.


(±)-(3R,5R)-2-Phenyl-3-(4-methylbenzyl)-5-(4-methoxyphenyl)-
isoxazolidine (12l). Yield 57%; 1H (300 MHz, CDCl3) d 7.56–
7.59 (d, J = 9 Hz, 2H), 7.23–7.45 (m, 6H), 7.04–7.07 (d, J =


9 Hz, 2H), 6.88–6.92 (m, 3H), 5.06–5.12 (m, 1H), 4.13–4.14 (m,
1H), 3.85 (s, 3H), 3.26–3.33 (dd, J = 13.5, 7.8 Hz, 1H), 2.92–2.98
(dd, J = 13.5, 6.3 Hz, 1H), 2.76–2.80 (m, 1H), 2.31 (s, 3H),
2.15–2.19 (m, 1H). 13C (75 MHz, CDCl3) d 161.8, 151.9, 141.4,
139.2, 138.6, 131.6, 129.5, 128.1, 126.4, 121.3, 114.3, 113.7, 79.9,
69.7, 54.2, 43.8, 43.0, 25.1. HRMS-ESI (m/z): [M + Na]+ calcd
for C24H25NNaO2, 382.1782; found, 382.1786.


(±)-(3R,5R)-3-Benzyl-2-(4-nitrophenyl)-5-styrylisoxazolidine
(12m). Yield 53%; 1H (300 MHz, CDCl3) d 8.19–8.22 (d, J =
9 Hz, 2H), 7.33–7.49 (m, 5H), 7.04–7.21 (m, 5H), 6.73–6.80 (m,
3H), 6.18–6.26 (dd, J = 15.9, 7.5 Hz, 1H), 4.66–4.69 (m, 1H),
4.19–4.22 (m, 1H), 3.23–3.31 (dd, J = 13.5, 9 Hz, 1H), 3.03–3.09
(dd, J = 13.5, 4.8 Hz, 1H), 2.74–2.78 (m, 1H), 2.02–2.07 (m, 1H).
13C (75 MHz, CDCl3) d 156.2, 147.1, 139.3, 135.6, 135.4, 130.2,
128.7, 128.5, 126.7, 126.0, 125.4, 124.6, 123.4, 112.5, 80.2, 67.6,
41.9, 41.8. HRMS-ESI (m/z): [M + Na]+ calcd for C24H22N2NaO3,
409.1527; found, 409.1531.


(±)-{[(3R,5R)-2-(p-Biphenyl)-3-benzylisoxazolidin-5-yl]meth-
oxy}(tert-butyl)dimethylsilane (12n). Yield 49%; 1H (300 MHz,
CDCl3) d 7.51–7.59 (m, 4H), 7.26–7.45 (m, 10H), 6.91–6.94 (d, J =
9 Hz, 2H), 4.42 (m, 1H), 3.88–3.93 (m, 1H), 3.23 (dd, J = 13.5,
8.8 Hz, 1H), 2.87 (dd, J = 13.5, 6 Hz, 1H), 2.42 (m, 1H), 1.97 (m,
1H), 0.96 (s, 9H), 0.15 (s, 6H). 13C (75 MHz, CDCl3) d 151.3, 139.4,
136.5, 131.2, 129.9, 128.7, 128.2, 127.6, 127.2, 126.0, 125.7, 114.3,
80.1, 69.5, 65.5, 43.9, 42.6, 25.8, 18.1, −5.7. HRMS-ESI (m/z):
[M + Na]+ calcd for C29H37NNaO2Si, 482.2493; found, 482.2496.


General procedure for the synthesis of N-aryl-b-amino alcohols


Chlorotrimethyl silane (1 equiv.) and potassium iodide (1 equiv.)
were stirred in acetonitrile at room temperature for half an hour.
To this solution, isoxazolidine (0.5 equiv.) and water (0.25 equiv.)
were added and stirred for a further 1 h at room temperature. The
reaction mixture was treated with water and stirred for another
1 h, then washed with sodium thiosulfate solution (5%) before
extraction with ethyl acetate. The organic layer was separated and
dried over anhydrous sodium sulfate. After removal of the solvent,
the residue was then purified by flash chromatography on silica
gel, eluting with 40–50% ethyl acetate–petroleum ether, to give the
product.


(±)-(1S,3S)-1,4-Diphenyl-3-(phenylamino)butan-1-ol (13a).
Yield 98%; 1H (300 MHz, CDCl3) d 7.21–7.33 (m, 10H), 7.06–7.09
(m, 2H), 6.84–6.87 (m, 1H), 6.77–6.80 (m, 2H), 4.89–4.94 (m,
1H), 3.87–3.90 (br, 3H), 2.79–2.87 (m, 2H), 1.90–1.96 (m, 1H),
1.72–1.80 (m, 1H). 13C (75 MHz, CDCl3) d 146.5, 144.3, 137.3,
129.7, 129.5, 128.4, 128.3, 127.5, 126.5, 125.8, 119.1, 115.3,
74.4, 54.4, 42.7, 40.3. HRMS-ESI (m/z): [M + Na]+ calcd for
C22H23NNaO, 340.1675; found, 340.1678.


(±)-(1S,3S)-1-Phenyl-3-(phenylamino)-4-(p-cyanophenyl)butan-
1-ol (13b). Yield 97%; 1H (300 MHz, CDCl3) d 7.53–7.56 (d, J =
9 Hz, 2H), 7.16–7.31 (m, 9H), 6.81 (m, 1H), 6.67–6.71 (m, 2H),
4.89–4.90 (m, 1H), 4.11–4.13 (m, 1H), 3.86 (br, 2H), 2.87–2.91
(m, 2H), 1.77–1.86 (m, 2H). 13C (75 MHz, CDCl3) d 146.6, 144.5,
142.7, 131.6, 129.6, 129.5, 128.3, 128.2, 125.9, 119.3, 116.4, 115.1,
110.2, 74.3, 54.5, 42.6, 40.2. HRMS-ESI (m/z): [M + Na]+ calcd
for C23H22N2NaO, 365.1632; found, 365.1637.
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(±)-(1S,3S)-3-(Phenylamino)-4-(pyridine-2-yl)-1-p-tolylbutan-
1-ol (13c). Yield 98%; 1H (300 MHz, CDCl3) d 8.52–8.54 (m,
1H), 7.55–7.56 (m, 1H), 7.05–7.24 (m, 8H), 6.73–6.77 (m, 3H),
4.94–4.98 (m, 1H), 4.20–4.90 (br, 2H), 4.03–4.11 (m, 1H), 3.05–
3.06 (m, 2H), 2.33 (s, 3H), 1.86–2.05 (m, 2H). 13C (75 MHz,
CDCl3) d 158.8, 149.0, 146.9, 141.7, 136.8, 136.5, 129.3, 128.9,
125.6, 124.3, 121.4, 118.6, 115.1, 73.1, 53.3, 42.9, 41.9, 21.1.
HRMS-ESI (m/z): [M + Na]+ calcd for C22H24N2NaO, 355.1785;
found, 355.1787.
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This work reports the synthesis of new axially chiral bridged 2,2′-bipyridines 1 and
pyridylmonooxazolines (pymox) 2. The potential of these new axially chiral N,N-ligands was evaluated
in asymmetric catalytic cyclopropanation of styrene derivatives 22a–c with diazoesters 21a,b. While
2,2′-bipyridines 1a–c afforded the corresponding cyclopropanes 23a–f in up to 65% ee, pymoxs 2a–e
gave somewhat lower enantioselectivities (up to 53% ee). Both classes of ligands produced
trans-cyclopropanes 23a–f as the major isomer, although with modest diasteroselectivities (56 : 44 to
78 : 22). A structure-stereoselectivity relationship study of ligands 1 and 2 identified the chiral biaryl
axis as being mostly responsible for the enantioselective performances of these ligands.


Introduction


Of the many types of N,N-ligands that have been designed for
asymmetric catalysis, chiral non-racemic 2,2′-bipyridines have
emerged as an effective class of chiral inducers in a large number
of catalytic processes, such as allylic oxidation, hydrosilylation,
allylic substitution and cyclopropanation.1 Only a few examples
of 2,2′-bipyridines bearing an element of axial chirality have been
reported so far in the literature. This may be explained by the
lack of general and straightforward stereoselective methods giving
access to axially chiral 2,2′-bipyridines. The main route to these
axially chiral ligands generally required a final resolution step
by preparative chiral HPLC.15e In an original approach initially
reported by Botteghi,2 the configuration of a biaryl axis was
controlled by bridging two aryl units with a chiral appendage
derived from tartaric acid. More recently, Hayashi has developed
a similar strategy for the preparation of atropoisomeric 2,2′-
bipyridine N,N ′-dioxides,3 using a chiral binaphthalene linkage
to connect the two pyridine moities (Fig. 1).


Pyridyl monooxazolines (pymox) represent another important
class of N,N-ligands, which have already been shown to be effective
in various asymmetric catalytic processes.4 To the best of our
knowledge, the design and evaluation in asymmetric catalysis of
pymox ligands bearing an element of axial chirality has not been
reported so far.


We have previously reported the preparation of axially chiral
bridged biaryl systems by means of Meyers’ methodology.5 The
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Fig. 1 Axially chiral bridged 2, 2′-bipyridines.


lactamization of biaryl keto-acids with phenylalaninol provided
axially chiral bicyclic lactams in good yields and excellent di-
astereoselectivity. In this process, the axial configuration of the
biaryl unit is subordinated to the newly generated N,O-acetal
stereocenter of the oxazolidinone ring (Scheme 1).


Scheme 1 Design of an axially chiral bridged biaryl framework by means
of Meyers’ methodology.


We reasoned that this atroposelective lactamization could
provide a useful synthetic approach for the construction of
new axially chiral ligands. In this context, we report herein the
preparation of a series of axially chiral 2,2′-bipyridines 1 and
pyridyl monooxazolines 2 based on the functionalization of these
chiral 7,5-fused bicyclic lactams (Fig. 2). A preliminary evaluation
of their potential in enantioselective cyclopropanation is also
reported (Fig. 2).
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Fig. 2 Design of new axially chiral 2,2′-bipyridines 1 and pymox 2.


Results and discussion


Preparation of 2,2′-bipyridyl ligands 1a,b


An initial route was investigated by functionalization of the
lactam 3 previously reported in our laboratory.5 Subsequent to
N-oxidation of lactam 3 with m-CPBA, the resulting pyridine
N-oxide 4 was treated with POCl3 providing the desired chloropy-
ridine 5a in a modest yield (30%) along with the undesired
regioisomer 5b (20%). Initial attempts to obtain ligand 1a by
a Negishi cross-coupling reaction between 5b and 2-pyridylzinc
bromide failed, leading in most cases to the recovered starting
chloropyridine 5a. Finally, a Stille cross-coupling reaction between
chloropyridine 5a and 2-(tributylstannyl)pyridine afforded the
desired C1-symmetric 2,2′-bipyridyl 1a in a modest yield of 30%.
The C2-symmetric 2,2′-bipyridyl ligand 1b was obtained by a
nickel-mediated homo-coupling reaction6 of chloropyridine 5a in
61% yield (Scheme 2).


Scheme 2 Preparation of 2,2′-bipyridines 1 by means of homo- and
cross-coupling reactions from 5a. Reagents and conditions: (i) CH2Cl2,
m-CPBA, rt (72%); (ii) CH2Cl2, NEt3, POCl3, rt, 30 min, then reflux for
1 h (30% of 5a); (iii) 2-(tributylstannyl)pyridine, toluene, Pd(PPh3)4, reflux,
24 h (30%); (iv) DMF, NiCl2 6H2O, Zn, PPh3, 60 ◦C, 4 h (61%).


An alternative route was explored for the preparation of 2,2′-
bipyridyl ligand 1a wherein the atroposelective lactamization takes
place in the last step of the reaction sequence (Scheme 3). The 2,6-
dichloropyridine was first cross-coupled under Stille conditions
with 2-(tributylstannyl)pyridine7 to give the bipyridine 6 in 69%
yield. This coupling step required the use of a large excess of
2,6-dichloropyridine to prevent the formation of the undesired
terpyridine. Bipyridine 6 was subsequently subjected to ortho-
lithiation in the presence of LDA at −78 ◦C for 1 h. The
lithiated species was then trapped with ethyl cyanoformate to
furnish 7 in 65% yield. A Suzuki cross-coupling reaction between
this intermediate and 2-acetylphenylboronic acid furnished the
lactamization precursor 8 in 66% yield. In the presence of (R)-
phenylglycinol and under classical dehydrating conditions, the
keto-acid 8 afforded ligand 1a in 60% yield. Analysis of the 1H
NMR spectrum of the crude product revealed the presence of a
single diastereoisomer (Scheme 3).


Scheme 3 Preparation of 2,2′-bipyridine 1a by atroposelective lactamiza-
tion of 8. Reagents and conditions: (i) 2-(tributylstannyl)pyridine, toluene,
Pd(PPh3)4, reflux, 24 h (69%); (ii) LDA, THF, −78 ◦C, 1 h then ethyl
cyanoformate, −78 ◦C, 1 h (65%); (iii) 2-acetylphenylboronic acid, toluene,
K2CO3, EtOH, H2O, Pd(PPh3)4, reflux, 48 h (66%); (iv) (R)-phenylglycinol,
toluene, reflux, 6 days (60%).


Finally, the last approach investigated was the cobalt-catalyzed
[2 + 2 + 2] cycloaddition of cyanopyridine 9 and acetylene
under photochemical conditions.8 The pyridine N-oxide 4 was
subjected to the Reissert reaction conditions, affording the re-
quired cyanopyridine 9 in 97% yield. The cobalt-catalyzed [2 +
2 + 2] cycloaddition was carried out in toluene under very mild
conditions, at ambient temperature and pressure in the presence
of CpCo(cod)9 as the catalyst source. Ligand 1a was isolated in
80% yield after flash chromatography. This approach provide rapid
and straightforward access to ligand 1a in good yield. An X-ray
crystallographic analysis‡ of 1a revealed an S configuration for
the newly created N,O-acetal stereocenter and an R configuration
for the biaryl axis that connects the phenyl and the bipyridyl unit.
It was found that these two aryl moities adopt a rather flat dihedral
angle of 38◦(Scheme 4).10


Preparation of pyridylmonooxazolines (pymox) 2a–d


The preparation of the pymox ligands 2a–c was accomplished
from the cyanopyridine 9 intermediate by formation of Meyers’
oxazoline. Pymox 2a was straightforwardly obtained in 90% yield


‡ CCDC reference number 637822. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b701549f
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Scheme 4 Preparation of C1-symmetric 2,2′-bipyridine 1a via [2 + 2 +
2] photocycloaddition of 9 with acetylene. Reagents and conditions:
(i) (Me)2NCOCl, TMSCN, CH2Cl2, rt, 48 h (repeated twice) (97%);
(ii) toluene, [CpCo(cod)], acetylene, rt, hm (420 nm), 5 h (80%).


by reacting 2-amino-2-methylpropanol and 9 in the presence of
dry ZnCl2 in refluxing chlorobenzene.11 Attempts to apply these
reaction conditions with (R)- or (S)-phenylglycinol failed, leading
in both cases to the formation of tarry materials. We finally
succeeded via the formation of an imidate intermediate, which
was then transformed into the desired pymox 2b,c by reaction
with (R)- or (S)-phenylglycinol in refluxing chorobenzene.12 This
method could be scaled up to multigram quantities affording 2b,c
in 79% and 84% yields, respectively (Scheme 5).


Scheme 5 Preparation of pymox 2a–c from cyanopyridine 9. Reagents and
conditions: (i) ZnCl2, 2-amino-2-methylpropanol, chlorobenzene, reflux,
48 h (90%); (ii) NaOMe, methanol–THF (5 : 1), rt, 24 h, then (R)- or
(S)-phenylglycinol, chlorobenzene, reflux, 24 h (79% of 2b, 84% of 2c).


We then turned our interest to the synthesis of pymox 2d; the
main structural distinction between pymox 2a and 2d being an
inversion of the chiral appendage connecting the biaryl system
(Scheme 6). By comparison of their performance in asymmetric
catalytic cyclopropanation, we expected to gain insight into the
individual contribution of both the chiral appendage and chiral
biaryl axis on the enantioselective properties of this type of
ligands. Ligand 2d was prepared from the available 2-chloro-3-
acetylpyridine 1013 and the boronic ester 1114 by a Suzuki coupling
reaction, affording the cyclization precursor 12 in 98% yield.
Lactamization of 12 upon heating at reflux in toluene with (R)-
phenylglycinol proceeded smoothly, giving rise to the formation of
the bicyclic lactam 13 in 64% yield as a single diastereoisomer. The
synthesis of 2d was then completed by oxazolidine construction
at C-2 of the pyridine ring, following the classical sequence of
N-oxidation (81%), Reissert reaction (58%) and oxazoline-ring
formation (60%).


Scheme 6 Preparation of pymox 2d. Reagents and conditions: (i) toluene,
Pd(PPh3)4, EtOH, KOH, 60 ◦C, 4 h (98%); (ii) (R)-phenylglycinol,
toluene, reflux, 2 days (64%); (iii) m-CPBA, CH2Cl2, rt, 72 h (81%); (iv)
(Me)2NCOCl, TMSCN, CH2Cl2, rt, 48 h (repeated twice) (58%); (v) ZnCl2,
2-amino-2-methylpropanol, chlorobenzene, reflux, 48 h (60%).


Preparation of chiral analogues 1c and 2e devoid of stereogenic axis


Finally, in order to probe the role of the chiral biaryl axis on the
performance of these ligands, the preparation of two analogues 1c
and 2e,wherein the chiral biaryl axis is replaced by a stereogenic
center, was undertaken. Ligands 1c and 2e were prepared in a
similar manner to that developed for the preparation of their
axially chiral analogues 1b and 2a by functionalization of the
bicyclic lactam 17 (Scheme 7). The 5,5-fused bicyclic lactam 17 was
obtained in 50% yield as a single diastereoisomer by lactamization
of 2-benzoylpyridine 3-carboxylic acid 16 with (R)-phenylglycinol.
Subsequent oxidation of 17 afforded pyridine N-oxide 18 in 76%
yield, which was converted to 2-chloropyridine 19 in 41% yield.
A homo-coupling reaction of 19 mediated by nickel in DMF at
60 ◦C afforded the C2-symmetric 2,2′-bipyridine 1c in 91% yield.
From pyridine N-oxide 18, pymox 2e was obtained by a Reissert
reaction (56%) followed by oxazoline formation (80%).


Evaluation of the ligands in catalytic asymmetric cyclopropanation


With 2,2′-bipyridyl ligands 1a–c and pymox 2a–e in hand, their
evaluation in Cu(I)-catalyzed asymmetric cyclopropanation of
styrene derivatives with diazoesters was undertaken. While the
use of chiral 2,2′-bipyridine ligand in cyclopropanation is well
documented,1,15 chiral pymoxs have received less attention.4a This
study was carried out under standard conditions using 1.2 mol%
of the ligand and 1 mol% of copper(II) triflate in CH2Cl2 at room
temperature. The standard procedure involves the slow addition
of the diazoester by means of a syringe pump to the reaction
mixture. Phenylhydrazine generates in situ the active copper(I)
catalyst by reduction of the copper(II) triflate catalyst precursor.
This reduction was accompanied by a change in color from light
green to deep red, indicating the presence of the catalytically active
species. Styrene, p-methoxystyrene and p-chlorostyrene derivatives
22a–c were used to survey the influence of the electronic nature of
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Scheme 7 Preparation of non-axially chiral 2,2′-bipyridine 1c and pymox
2e analogues. Reagents and conditions: (i) (R)-phenylglycinol, toluene,
reflux, 48 h (50%); (ii) m-CPBA, CH2Cl2, rt, 72 h (76%) (iii) POCl3,
NEt3, reflux, 12 h (41%); (iv) DMF, NiCl2, 6H2O, Zn, PPh3, 60 ◦C, 4 h
(91%);(v) (Me)2NCOCl, TMSCN, CH2Cl2, rt, 48 h (repeated twice) (56%);
(vi) ZnCl2, 2-amino-2-methylpropanol, chlorobenzene, reflux, 48 h (80%).


the para-substituent on the enantioselectivity of the cyclopropana-
tion. The steric demand of the diazoester generally influences the
trans/cis ratio, the trans isomer being obtained as major product
when sterically hindered diazoesters are used. Ethyl and t-butyl
diazoacetates 21a,b, commonly employed as standard substrates
in asymmetric cyclopropanation, were selected to evaluate these
new ligands (Scheme 8).


Scheme 8 Catalytic asymmetric cyclopropanation. Reagents and condi-
tions: (i) CH2Cl2, rt, PhNHNH2, Cu(OTf)2.


Evaluation of 2,2′-bipyridyl ligands 1a–c


As can be seen from Table 1, cyclopropanes 23a–f were obtained in
fair to good yields (50–90%). In accordance with what is generally
observed in the literature, the trans-isomer was obtained as the ma-
jor product in all cases, however, with modest diastereoselectivities
ranging from 60 : 40 to 78 : 22. As expected, the trans/cis selectivity
was somewhat improved in favor of the trans-isomer by using the
bulky t-butyl diazoacetate 21b. The nature of the bipyridyl ligand
1a–c has no significant effect on the trans/cis ratio. In contrast,
the enantioselectivity was highly influenced by the nature of the
ligands 1a–c ranging from 0 to 65% ee. Ligand 1a proved to be the
most effective affording 23a–f in 42% to 65% ee (Table 1, Entries 1–
6). One can notice that the electronic nature of the para-substituent
in styrenes 22a–c exerts only a limited effect on both the diastereo-


Table 1 Catalytic asymmetric cyclopropanation of styrene derivatives 22
and diazoesters 21 with 2,2′-bipyridyl ligands 1a–c and copper(I)


Entry Ligand
Diazoester
21


Styrene
22


Yield
(%)


Ratioa


(trans/cis)
Eeb


(trans/cis)


1 1a 21a 22a 67 23a, 60 : 40 57 : 46
2 1a 21b 22a 90 23b, 75 : 25 65 : 64
3 1a 21a 22b 75 23c, 62 : 38 nd : 42
4 1a 21b 22b 50 23d, 69 : 31 nd : 54
5 1a 21a 22c 68 23e, 64 : 36 nd : 52
6 1a 21b 22c 66 23f, 76 : 24 nd : 58
7 1b 21a 22a 84 23a, 66 : 34 26 : 10
8 1b 21b 22a 64 23b, 75 : 25 31 : 14
9 1b 21a 22b 80 23c, 60 : 40 nd : 6


10 1b 21b 22b 75 23d, 73 : 27 nd : 20
11 1b 21a 22c 87 23e, 62 : 38 nd : 17
12 1b 21b 22c 65 23f, 78 : 22 nd : 13
13 1c 21b 22a 65 23b, 72 : 28 15 : 0


a Determined by GC. b Enantiomers of the trans-cyclopropanes 23c–f
reaction products could not be separated by chiral GC (Chiraldex CB
25 m × 0.25 mm).


and enantioselectivity of the reaction (Table 1, Entries 1, 3
and 5). The C2-symmetric 2,2′-bipyridyl ligand 1b furnished 23a–f
in much lower enantioselectivity (up to 31%) (Table 1, Entries 7–
12). This result is surprizing in that it has been frequently shown
that C2-symmetric bipyridyl ligands are capable of providing high
ee’s.15 Additionally, when compared with C1-symmetric bipyridyl
analogues, it is apparent that C2-symmetric bipyridyl ligands
usually give rise to higher levels of enantioselection.15f In our case,
although its efficiency remains rather modest, the C1-symmetric
bipyridyl ligand 1a turned out to be more efficient than the C2-
symmetric ligand 1b. Interestingly, the incapability of ligand 1c to
induce a substantial enantioselectivity during cyclopropanation of
styrene 22a with t-butyl diazoacetate 21b seems to designate the
chiral biaryl axis as an important element of chirality in the design
of these ligands (Table 1, Entry 13).


Evaluation of pymox ligands 2a–e


As can be seen from Table 2, pymox 2a–e showed mostly similar
trends to those observed with bipyridyl ligands 1a–c in terms of
yields (49–100%) and trans/cis selectivities (56 : 44 to 77 : 23).
Although the enantioselective performances of pymox 2a remain
moderate (up to 52% ee), these results are similar to those obtained
with previously reported pymox.4a The effect of an additional
stereogenic center at the oxazoline moities of pymox 2b–c was then
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Table 2 Catalytic asymmetric cyclopropanation of styrene derivatives 22
and diazoesters 21 with pymox ligands 2a–e and copper(I)


Entry Ligand
Diazoester
21


Styrene
22


Yield
(%)


Ratioa


(trans/cis)
Eeb


(trans/cis)


1 2a 21a 22a 62 23a: 64 : 36 46 : 40
2 2a 21b 22a 80 23b: 72 : 28 52 : 44
3 2a 21a 22b 82 23c: 62 : 38 nd : 42
4 2a 21b 22b 77 23d: 67 : 33 nd : 44
5 2a 21a 22c 96 23e: 56 : 44 nd : 44
6 2a 21b 22c 71 23f: 77 : 23 nd : 40
7 2b 21b 22a 74 23b: 61 : 39 53 : 32
8 2c 21b 22a 85 23b: 72 : 38 7 : 5
9 2d 21a 22a 100 23a: 64 : 36 46 : 47


10 2d 21b 22a 90 23b: 71 : 29 50 : 40
11 2d 21a 22b 83 23c: 62 : 38 nd : 44
12 2d 21b 22b 64 23d: 70 : 30 nd : 39
13 2d 21a: 22c 66 23e: 64 : 36 nd : 48
14 2d 21b 22c 49 23f: 77 : 23 nd : 45
15 2e 21b 22a 94 23b: 76 : 24 0 : 0


a Determined by GC. b Enantiomers of the trans-cyclopropanes 23d–f
reaction products could not be separated by chiral GC (Chiraldex CB
25 m × 0.25 mm).


investigated. While the performance of pymox 2b proved compa-
rable to that of 2a (Table 2, Entries 2 and 7), the performance of
pymox 2c was drastically affected by the presence of this additional
chiral element (Table 2, entries 2 and 8). Thus, whereas a mismatch
effect was observed with (S)-phenylglycinol, no assistance of a
match effect, that would have improved the enantioselectivity,
was recorded with (R)-phenylglycinol. Comparison of the results
obtained with pymox 2a and 2d indicates that an inversion of
the chiral lactam appendage linking the biaryl system has only a
limited effect on the enantio- and diastereoselective outcome of the
reaction (Table 2, Entries 1–6, 9–14). This may be explained by the
fact that the chiral appendage is too far from the catalytic site to
influence the stereochemical course of the reaction. Thus, it could
be concluded from these results that in both pymox 2a and 2d, the
chiral biaryl axis is the main element of chirality responsible for
the stereochemical outcome of the cyclopropanation. As earlier
observed for the 2,2′-bipyridyl ligands series, the replacement of
this chiral axis with a stereogenic center in pymox 2e provokes a
disastrous effect on the enantioselective properties of the ligand
(Table 2, Entry 15).


Conclusions


The synthesis of new axially chiral biaryl N,N-ligands in 2,2′-
bipyridyl and pymox series has been developed. Their preparation
is essentially based on an atroposelective lactamization of keto-
ester biaryl systems and subsequent functionalization of the
resulting 7,5-fused bicyclic lactam 3. By this modular approach,
ligands were obtained in three to five steps from lactam 3 and
could be prepared on a multi-gram scale. A preliminary evaluation
of these bidentate N,N-ligands has been investigated in catalytic
asymmetric cyclopropanation. Whereas 2,2′-bipyridyl ligands 1
afforded cypropropanes 23 in up to 65% ee, enantioselectivities
did not exceed 53% ee with pymox ligands 2. Diverse modular
modifications of the ligands gave some evidence that, among
the multiple elements of chirality present in the structure, the
chiral biaryl axis plays a crucial role in their enantioselective
properties. The potential of these bidentate ligands is presently
being evaluated for other catalytic asymmetric processes.


Experimental


General methods


Chemicals were purchased and used without further
purification.1H and 13C were recorded on a Bruker Avance 300 with
chloroform-d1 (d 7.26, 1H; d 77.0, 13C) as internal standard unless
otherwise indicated. Melting points were determined on a Kofler
block. Optical rotations were recorded in CH2Cl2. The [a]D values
are given in 10−1deg cm−3 g−1. The IR spectra were recorded on
a Perkin Elmer Paragon 500. Elemental analyses were performed
by the University of Rouen Microanalytical Service Laboratory
on a Carlo Erba 1160. Mass spectrometry was performed by
the University of Rouen Spectroscopy Center. Electron impact
(EI) and chemical ionization (IC) spectra were performed on
a Jeol JMS AX-500 spectrometer. Routine monitoring of the
reaction was performed by TLC, using 0.2 Kieselgel 60 F254


precoated aluminium sheets, commercially available from Merck.
Flash chromatography was performed on Gerudan SI-60 (70–230
mesh ASTM) from Merck. Tetrahydrofuran (THF) was distilled
on sodium benzophenone ketyl under nitrogen. The following
compounds were prepared according literature methods: lactam
3;5 2-(tributylstannyl)pyridine;7 2-chloro-3-acetylpyridine 10;13


and boronic ester 11.14


Trans-(3R,13bS,aS)-methyl-3-phenyl-2,3-dihydro-13bH -benz-
[c]oxazolo[3,2-a]-N-oxide-pyrido[2,3-e]azepin-5-one (4). To a so-
lution of lactam 3 (700 mg, 2.04 mmol) in CH2Cl2 (10 mL)
was added m-CPBA (70%, 1.51 g, 6.13 mmol). The mixture was
stirred for 48 hours at room temperature. A cold 40% aqueous
NaOH solution (2 mL) was added, and this suspension was stirred
for a further 1 hour at room temperature. Water (10 mL) and
dichloromethane (10 mL) were added. The organic layer was
separated, dried with magnesium sulfate, filtered and solvents were
removed to afford a pale yellow oil. Flash chromatography on
silica gel of the residue (eluent used was EtOAc–cyclohexane 95 :
5) provided (3R,13bS,aS)-4 (530 mg, 72%) as a white solid. Mp
110 ◦C. 1H NMR 300 MHz, (CDCl3) d 8.47 (d, J = 6.1 Hz, 1H),
8.40 (dd, J = 8.6 and 1.1 Hz, 1H), 7.73–7.67 (m, 2H), 7.54–7.29
(m, 8H), 5.43 (d, J = 6.0 Hz, 1H), 4.42 (dd, J = 6.4 and 2.0 Hz,
1H), 4.33 (dd, J = 8.7 and 1.0 Hz, 1H), 1.69 (s, 3H). 13C NMR
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75 MHz, (CDCl3) d 161.5, 145.3, 143.0, 142.5, 140.4, 134.4, 132.6,
131.0, 129.2 (2 C), 128.3, 127.8, 127.4 (2 C), 125.8, 124.9, 122.6,
94.3, 71.4, 61.8, 26.9. IR tmax cm−1 (KBr): 1643, 1428, 1395, 1247,
1217, 1037, 747, 700. Anal. Calc. for C22H18N2O3: C, 73.73; H,
5.06; N, 7.82. Found: C, 73.82; H, 5.13; N, 7.81. [a]20


D = −83.66
(c = 3.55, CH2Cl2).


Trans-(3R,13bS,aS)-13b-methyl-3-phenyl-2,3-dihydro-13bH-
benz[c]oxazolo[3,2-a](6-chloropyrido)[2,3-e]azepin-5-one (5a). To
a solution of dry N-oxide 4 (200 mg, 0.55 mmol) in CH2Cl2 (5 mL)
were added triethylamine (94 lL, 0.67 mmol) and phosphorus
oxychloride (62 lL, 67 mmol). The mixture was stirred for 30 min,
refluxed for 1 hour and then cooled to room temperature. The
solution was neutralized with a 2M NaOH aqueous solution.
After phase separation, the aqueous layer was extracted twice with
CH2Cl2. The combined organic layers were dried over MgSO4 and
solvent was evaporated under vacuum. Flash chromatography of
the residue on silica gel (eluent used was EtOAc–cyclohexane 1 : 9)
provided 2-chloropyridine 5a (63 mg, 30%) and 4-chloropyridine
5b (36 mg, 20%). Compound 5a was obtained as a white solid.
Mp 82 ◦C. 1H NMR 300 MHz, (CDCl3) d 8.07 (d, J = 7.9 Hz,
1H), 8.02 (m, 1H), 7.60 (m, 1H), 7.45 (m, 4H), 7.17–7.34 (m,
4H), 5.32 (d, J = 5.6 Hz, 1H), 4.34 (dd, J = 8.7 Hz and 6.0 Hz,
1H), 4.23 (d, J = 8.7 Hz, 1H), 1.54 (s, 3H). 13C NMR 75 MHz,
(CDCl3) d 162.7, 154.3, 153.8, 142.3, 142.2, 140.7, 134.4, 132.3,
130.8, 129.4, 129.1, 128.6, 128.3, 127.5, 123.8, 122.6, 94.1, 71.4,
62.5, 27.3. IR tmax cm−1 (KBr): 1635, 1571, 1409, 1183, 1092, 764,
698. Anal. Calc. for C22H17ClN2O2: C, 70.12; H, 4.55; N, 7.43.
Found: C, 70.25; H, 4.58; N, 7.48. [a]20


D = +48.1(c = 0.77, CH2Cl2).
Compound 5b was obtained as a white solid. Mp 68 ◦C. 1H NMR
300 MHz, (CDCl3) d 8.59 (d, J = 8.0 Hz, 1H), 8.03 (m, 1H), 7.57
(m, 1H), 7.18–7.46 (m, 8H), 5.49 (d, J = 6.4 Hz, 1H), 4.39 (dd, J =
6.8 Hz and 9.0 Hz, 1H), 4.22 (dd, J = 9.0 Hz and 1.1 Hz, 1H), 1.50
(s, 3H). 13C NMR 75 MHz, (CDCl3) d 160.8, 155.0 151.4, 144.6,
142.9, 140.61 135.3, 131.9, 130.5, 129.4, 129.1, 129.0, 128.1, 126.6,
124.7, 122.8, 94.6, 71.5, 61.0, 26.7. IR tmax cm−1 (KBr): 2924, 2361,
1645, 1384, 1038, 758. Anal. Calc. for C22H17ClN2O2: C, 70.12; H,
4.55; N, 7.43. Found: C, 69.94; H, 4.38; N, 7.51. [a]20


D = −16.7 (c =
0.12, CH2Cl2).


Trans-(3R,13bS,aS)-13b-methyl-3-phenyl-2,3-dihydro-13bH -
benz[c]oxazolo[3,2-a]-6-(2-pyridyl)pyrido[2,3-e]azepin-5-one (1a).


By Stille cross-coupling reaction of 2-chloropyridine 5a with
2-(tributylstannyl)pyridine. To a solution of 2-chloropyridine
5a (752 mg, 2 mmol) and 2-(tributylstannyl)pyridine (736 mg,
2 mmol) in toluene (15 mL) was added Pd[(PPh3)]4 (0.167 g,
0.136 mmol). The resulting solution was refluxed for 24 h, after
which the solution was filtered and evaporated under vacuum
to afford a brown solid. The residue was purified by flash
chromatography on silica gel (eluent used was EtOAc–cyclohexane
1 : 5) to give ligand 1a (250 mg, 30%) as a white solid. Mp 216 ◦C.
1H NMR 300 MHz, (CDCl3) d 8.65 (d, J = 4.9 Hz, 1H), 8.56 (d,
J = 7.8 Hz, 1H), 8.45 (d, J = 8.3 Hz, 1H), 8.28 (d, J = 8.3 Hz,
1H), 8.2 (m, 1H), 7.80 (dt, J = 7.9 and 1.5 Hz, 1H), 7.65 (m,
1H), 7.50 (m, 4H), 7.30 (m, 4H), 5.40 (d, J = 8.9 Hz, 1H), 4.40
(d, J = 8.9 Hz, 1H), 4.25 (d, J = 8.9 Hz, 1H), 1.60 (s, 3H). 13C
NMR 75 MHz, (CDCl3) d 163.7, 158.1, 155.6, 152.9, 149.7, 142.3,
140.9, 140.4, 137.4, 136.0, 132.2, 130.2, 129.6, 129.2, 129.1, 128.1,
127.5, 124.9, 122.5, 122.2, 120.1, 94.2, 71.4, 62.4, 27.3. IR tmax cm−1


(KBr): 2887, 1635, 1408. HRMS IC calc. for C27H22N3O2: m/z =
420.1712. Found: (MH)+ m/z = 420.1704.


By atroposelective lactamization of keto-ester 8 with (R)-
phenylglycinol. Keto-ester 8 (1.56 g, 4.5 mmol) and (R)-
phenylglycinol (617 mg, 4.5 mmol) were dissolved in toluene
(50 mL) in a Dean–Stark apparatus. The mixture was stirred at
reflux for 6 days and then cooled to room temperature. Toluene
was removed under vacuum, flash chromatography of the residue
(eluent used was EtOAc–CH2Cl2–cylohexane 2 : 7 : 1) provided
ligand 1a (1.80 g, 60%) as a white solid.


By Co-cyclotrimerization of acetylene and cyanopyridine 9. A
thermostated (25 ◦C) reaction vessel, equipped with a very effective
quill spin bar, was loaded with 500 mg (1.36 mmol) of 2-
cyanopyridine 9 and 2.7 mg (0.011 mmol) of CpCo(cod). Toluene
(10 mL) was added to the mixture, and the vessel was connected
to an acetylene delivering and measuring device providing a
constant pressure of acetylene. Alternatively, acetylene may simply
be bubbled through the solution. The mixture was irradiated by
two 460 W Phillips HPM-12 lamps (420 nm) for 5 h. The reaction
was quenched by switching off the lamps and simultaneously
introducing air. The obtained reaction mixture was filtered and
chromatographed on silica gel (eluent used was toluene–EtOAc
5 : 1) to give ligand 1a (456 mg, 80%) as a white solid.


6,6′-Bis(trans-(3R,13bS,aS)-13b-methyl-3-phenyl-2,3-dihydro-
13bH-benz[c]oxazolo[3,2-a]pyrido[2,3-e]azepin-5-one (1b). To
a stirred solution of nickel(II) chloride hexahydrate (64 mg,
0.27 mmol) and triphenylphosphine (283 mg, 1.08 mmol) in dry,
degassed DMF (1 mL) was added zinc dust (<10 lm, 23 mg,
0.35 mmol). The resulting suspension was heated at 60 ◦C for
1 hour. A solution of 2-chloropyridine 5a (100 mg, 0.27 mmol)
in dry, degassed DMF (1 mL) was then added. The resultant
mixture was heated at 60 ◦C for 4 hours. The reaction mixture
was then allowed to cool to room temperature and was poured
into 10% aqueous ammonium hydroxide (50 mL). The resultant
mixture was extracted with CH2Cl2 (3 × 10 mL). The combined
organic phases were dried over MgSO4 and concentrated in vacuo.
Flash chromatography of the residue on silica gel (eluent used
was EtOAc–cyclohexane 1 : 4) provided ligand 1b (55 mg, 61%)
as a white powder. Mp 312 ◦C. 1H NMR 300 MHz, (CDCl3) d
8.70 (d, J = 8.3 Hz, 2H), 8.36 (d, J = 8.3 Hz, 2H), 8.31 (dd, J =
1.9 Hz and 7.5 Hz, 2H), 7.72 (dd, J = 7.5 Hz and 1.5 Hz, 2H),
7.53–7.66 (m, 8H), 7.30–7.45 (m, 6H), 5.45 (d, J = 5.6 Hz, 2H),
4.47 (dd, J = 8.7 Hz and 6.0 Hz, 2H), 4.33 (d, J = 8.6 Hz, 2H),
1.62 (s, 6H). 13C NMR 75 MHz, (CDCl3) d 163.6, 157.3, 153.2,
142.3, 141.0, 140.6, 135.8, 132.4, 130.4, 130.2, 129.3, 129.1, 128.2,
127.6, 122.6, 120.9, 94.2, 62.5, 27.4. IR tmax cm−1 (KBr): 2367,
1637, 1406, 1037, 696. Anal. Calcd. for C44H34N4O4: C, 77.40; H,
5.02; N, 8.21. Found: C, 77.24; H, 5.17; N, 8.16. [a]20


D = −51.4
(c = 1.09, CH2Cl2).


6-Chloro-2,2′-bipyridine (6). To a solution of 2,6-dichloro-
pyridine (6.03 g, 40.76 mmol) and 2-(tributylstannyl)-
pyridine (5 g, 13.58 mmol) in degassed toluene (50 mL) was added
Pd[(PPh3)]4 (0.784 g, 0.679 mmol). The resulting solution was
refluxed for 24 h under nitrogen, after which the solution was
filtered and evaporated under vacuum to afford a brown solid.
The residue was purified by flash chromatography on silica gel
(eluent used was EtOAc–cyclohexane 1 : 5) to give 2,2′-bipyridine
6 (1.78 g, 69%) as a white solid. Mp 62 ◦C. 1H NMR 300 MHz,
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(CDCl3) d 8.57 (d, J = 4.1 Hz, 1H), 8.30 (d, J = 7.9 Hz, 1H), 8.25
(d, J = 7.9 Hz, 1H), 7.72 (t, J = 4.1 Hz, 1H), 7.67 (t, J = 7.9 Hz,
1H), 7.24–7.20 (m, 2H). 13C NMR 75 MHz, (CDCl3) d 157.2, 154.9,
151.3, 149.6, 139.9, 124.65, 124.6, 121.8, 119.8. IR tmax cm−1 (KBr):
3061, 1583, 1427, 1135. Anal. Calc. for C10H7ClN2: C, 63.01; H,
3.70; N, 14.70. Found: C, 63.03; H, 3.74; N, 14.66.


6-Chloro-2,2′-bipyridine-5-carboxylic acid ethyl ester (7). To
a solution of diisopropylamine (156 mg, 1.54 mmol) in dry THF
(3 mL) was added under nitrogen at 0 ◦C a solution of butyllithium
in hexanes (0.62 mL, 2.5 M, 1.54 mmol). The resulting solution
was stirred for 15 min before being added to a solution of 2,2′-
bipyridine 6 (100 mg, 0.516 mmol) in THF (3 mL) at −78 ◦C. The
solution was stirred at this temperature for 1 h, after which a
solution of ethyl cyanoformate (205 mg, 2.06 mmol) in dry THF
(8 mL) was added. After being stirred for 2 h at −78 ◦C, the
solution was quenched with water (10 mL). After phase separation,
the aqueous phase was extracted with CH2Cl2 (3 × 10 mL). The
combined organic layers were dried (MgSO4), and the solvent
was evaporated under vacuum. The resulting brown solid was
recrystallized from methanol–water (1 : 1) to afford white crystals
(83 mg, 65%). Mp 98 ◦C. 1H NMR 300 MHz, (CDCl3) d 8.62 (d,
J = 4.5 Hz, 1H), 8.40–8.34 (m, 2H), 8.21 (d, J = 7.9 Hz, 1H), 7.77
(t, J = 7.9 Hz, 1H), 7.30 (t, J = 4.5 Hz, 1H), 4.38 (q, J = 7.2 Hz,
2H), 1.37 (t, J = 7.2 Hz, 3H). 13C NMR 75 MHz, (CDCl3) d 165.0,
158.8, 154.0, 149.8, 141.65, 137.5, 125.3, 122.5, 119.4, 62.4, 14.6.
IR tmax cm−1 (KBr): 3050, 1731, 1585, 1435, 1151. Anal. Calc. for
C13H11ClN2O2: C, 59.44; H, 4.22; N, 10.66. Found: C, 59.42; H,
4.15; N, 10.54.


6-(2-Acetylphenyl)-2,2′-bipyridine-5-carboxylic acid ethyl ester
(8). To a solution of 2,2′-bipyridine 7 (150 mg, 0.57 mmol) in
toluene (15 mL) and ethanol (1.2 mL), 2-acetylphenylboronic acid
(103 mg, 0.63 mmol) and K2CO3 aqueous solution (0.414 g in
1.5 mL of water) were added. The mixture was degassed under a N2


flow for 30 min. After adding Pd[(PPh3)]4 (58 mg, 5%) the mixture
was degassed under a N2 flow for a further 15 min. The mixture
was stirred at reflux under an inert atmosphere for 48 h, cooled
to room temperature and filtered through a plug of celite. Toluene
was removed, Et2O (100 mL) was added and the organic layer
was extracted with water (50 mL). After drying over MgSO4, the
solvents were removed under vacuum, and the residue was purified
by flash chromatography (eluent used was EtOAc–cyclohexane 1 :
1) to afford 8 (130 mg, 66%) as a yellow oil. 1H NMR 300 MHz,
(CDCl3) d 8.60 (d, J = 4.2 Hz, 1H), 8.40 (d, J = 8.3 Hz, 1H),
8.28 (m, 2H), 7.70 (m, 2H), 7.43 (m, 2H), 7.22 (m, 2H), 4.08 (q,
J = 7.2 Hz, 2H), 2.18 (s, 3H), 1.00 (t, J = 7.2 Hz, 3H). 13C NMR
75 MHz, (CDCl3) d 201.6, 166.8, 159.8, 155.2, 149.6, 141.2, 137.5,
124.8, 122.5, 119.4, 61.7, 30.1, 14.6. Anal. Calc. for C21H18N2O3:
C, 72.82; H, 5.24; N, 8.09. Found: C, 72.77; H, 5.30; N, 8.06.


Trans-(3R,13bS,aS )-13b-methyl-3-phenyl-2,3-dihydro-13bH -
benz[c]oxazolo[3,2-a](6-cyanopyrido)[2,3-e]azepin-5-one (9) (proce-
dure A). To a solution of N-oxide 4 (200 mg, 0.56 mmol)
in CH2Cl2 (2 mL) was added trimethylsilyl cyanide (61 mg,
0.61 mmol) and dimethylcarbamoyl chloride (53 lL, 0.55 mmol).
The mixture was stirred at room temperature for 2 days, after
which the same amount of dimethylcarbamoyl chloride and
cyanotrimethylsilane were added and the solution was allowed
to stir for a further 2 days. The mixture was treated with


a 10% K2CO3 aqueous solution. After phase separation, the
aqueous phase was extracted with CH2Cl2 (2 × 5 mL). The
combined dichloromethane layers were dried (MgSO4) and rotary
evaporated. Flash chromatography of the residue (eluent used was
EtOAc–cyclohexane 1 : 1) provided 9 as a white solid (198 mg,
97%). Mp 91 ◦C. 1H NMR 300 MHz, (CDCl3) d 8.20 (d, J =
7.9 Hz, 1H), 8.02 (m, 1H), 7.60 (m, 2H), 7.44 (m, 4H), 7.25 (m,
3H), 5.31 (d, J = 5.7 Hz, 1H), 4.33 (dd, J = 9.0 Hz and 6.0 Hz,
1H), 4.22 (d, J = 9.0 Hz, 1H), 1.48 (s, 3H). 13C NMR 75 MHz,
(CDCl3) d 161.4, 154.5, 141.8, 140.2, 139.8, 135.2, 133.4, 131.9,
130.7, 129.0, 128.6, 127.8, 126.9, 126.6, 122.2, 116.5, 93.4, 70.9,
62.0, 27.0. IR tmax cm−1 (KBr): 1640, 1416, 1240, 1037, 765, 699.
Anal. Calc. for C23H17N3O2: C, 75.19; H, 4.66; N, 11.44. Found:
C, 75.26; H, 4.65; N, 11.26. [a]20


D = +35.9 (c = 0.39, CH2Cl2).


Trans-(3R,13bS,aS)-13b-methyl-3-phenyl-2,3-dihydro-13bH-
benz[c]oxazolo[3,2-a](6-(4,5-dihydro-4,4-dimethyloxazol-2-yl))-
pyrido[2,3-e]azepin-5-one (2a) (procedure B). To a solution of dry
ZnCl2 (5.6 mg, 0.04 mmol) in chlorobenzene (5 mL) was added
under nitrogen cyanopyridine 9 (150 mg, 0.41 mmol) and 2-amino-
2-methylpropanol (40 mg, 0.45 mmol). The mixture was refluxed
for 2 days under nitrogen and then cooled to room temperature.
Water (10 mL) was added. After phase separation, the aqueous
phase was extracted with CH2Cl2 (2 × 20 mL). The organic phase
was dried (MgSO4) and the solvent evaporated under vacuum.
Flash chromatography on silica gel (eluent used was EtOAc–
cyclohexane 3 : 7) furnished ligand 2a as a white powder (162 mg,
90%). Mp 95 ◦C. 1H NMR 300 MHz, (CDCl3) d 8.29 (d, J =
1.9 Hz, 1H), 8.13–8.17 (m, 2H), 7.65 (m, 1H), 7.50–7.56 (m, 4H),
7.32–7.42 (m, 3H), 5.43 (d, J = 5.6 Hz, 1H), 4.44 (dd, J = 8.6 Hz
and 4.0 Hz, 1H), 4.32 (d, J = 8.7 Hz, 1H), 4.25 (s, 2H), 1.58 (s,
3H), 1.45 (s, 3H), 1.42 (s, 3H). 13C NMR 75 MHz, (CDCl3) d 163.1,
161.2, 153.7, 149.3, 142.1, 140.7, 140.0, 135.4, 132.6, 131.1, 130.3,
129.5, 129.1, 128.2, 127.5, 123.1, 122.3, 94.2, 80.2, 71.4, 68.6, 62.4,
30.6, 28.8, 27.3. IR tmax cm−1 (KBr): 1638, 1415, 1364, 1086, 733.
Anal. Calc. for C27H25N3O3: C, 73.78; H, 5.73; N, 9.56. Found: C,
73.83; H, 5.80; N, 9.45. [a]20


D = +15.8 (c = 0.38, CH2Cl2).


Trans-(3R,13bS,aS)-13b-methyl-3-phenyl-2,3-dihydro-13bH-
benz[c]oxazolo[3,2-a]-6- [(R)-4,5-dihydro-4-phenyloxazol-2-yl]-
[2,3-e]azepin-5-one (2b) (procedure C). To a solution of
methanol–THF (6 mL, 5 : 1) was added cyanopyridine 9 (200 mg,
0.54 mmol) and sodium methylate (8.8 mg, 0.16 mmol). The
mixture was stirred at room temperature for one day. Water
(10 mL) was added and after phase separation, the aqueous phase
was extracted with CH2Cl2 (15 mL). The organic solvents were
evaporated under vacuum. To the resulting residue was added (R)-
phenylglycinol (164 mg, 1.2 mmol) and chlorobenzene (10 mL)
and the mixture was refluxed for 24 hours. After evaporation of
the solvent, flash chromatography of the crude product (eluent
used was cyclohexane–EtOAc 7 : 3) provided ligand 2b (210 mg,
79%) as a white solid. Mp 94 ◦C. 1H NMR 300 MHz, (CDCl3)
d 8.34–8.19 (m, 3H), 7.68 (m, 1H), 7.57–7.51 (m, 4H), 7.43–7.29
(m, 8H), 5.53–5.44 (m, 2H), 4.94 (dd, J = 10.4 and 8.7 Hz, 1H),
4.46 (m, 2H), 4.34 (dd, J = 10.9 and 0.8 Hz, 1H), 3.10 (s, 3H).
13C NMR 75 MHz, (CDCl3) d 163.9, 163.1, 153.8, 148.9, 142.2,
142.0, 140.7, 140.2, 135.3, 132.5, 131.4, 130.4, 129.6, 129.3, 129.1,
128.3, 128.2, 127.5, 127.3, 123.4, 122.4, 94.2, 76.0, 71.4, 70.9, 62.4,
27.4. IR tmax cm−1 (KBr): 2926, 1638, 1417, 1367. HRMS calc. for
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C31H26N3O3 [MH+]: 488.1973, found: 488.1973. [a]20
D = +60.6 (c =


1.04, CH2Cl2).


Trans-(3R,13bS,aS)-13b-methyl-3-phenyl-2,3-dihydro-13bH -
benz[c]oxazolo[3,2-a]-6- [(S) -4,5-dihydro-4-phenyloxazol-2-yl]-
[2,3-e]azepin-5-one (2c). Prepared as described for 2b according
to procedure C from cyanopyridine 9 (200.0 mg, 0.54 mmol) and
(S)-phenylglycinol (82.2 mg, 0.60 mmol). Flash chromatography
(eluent used was EtOAc–cyclohexane 3 : 7) of the crude product
afforded ligand 2c (223 mg, 84%) as a white solid. Mp 106 ◦C.
1H NMR 300 MHz, (CDCl3) d 8.34–8.19 (m, 3H), 7.67 (m, 1H),
7.57 (m, 4H), 7.43–7.30 (m, 8H), 5.51 (dd, J = 10.1 and 9.0 Hz,
1H), 5.45 (d, J = 6.0 Hz, 1H), 4.96 (dd, J = 10.3 and 8.9 Hz,
1H), 4.48–4.40 (m, 2H), 4.33 (d, J = 8.7 Hz, 1H), 1.62, (s, 3H).
13C NMR 75 MHz, (CDCl3) d 163.8, 163.1, 153.8, 148.9, 142.2,
142.0, 140.7, 140.2, 135.3, 132.5, 131.4, 130.4, 129.6, 129.3, 129.1,
128.3, 128.2, 127.5, 127.3, 123.4, 122.4, 94.2, 76.0, 71.4, 70.9, 62.5,
27.4. IR tmax cm−1 (KBr): 2924, 2851, 1635, 1416, 1366. Calcd. for
C31H25N3O3: C, 76.37; H, 5.17; N, 8.62. Found: C, 76.30; H, 5.29;
N, 8.54. [a]20


D = −28.6 (c = 0.28, CH2Cl2).


General procedure for asymmetric cyclopropanation catalyzed by
ligand–Cu(I) complexes. A solution of the ligand (0.03 mmol)
and Cu(TfO)2 (9 mg, 0.025 mmol) in CH2Cl2 (1 mL) was stirred
under a nitrogen atmosphere at 20 ◦C for 1 hour. Phenylhydrazine
(3 lL, 0.03 mmol) was then added, and the color of the
solution changed from light green to deep red. After 10 min,
alkene (4.37 mmol) was added. A solution of the corresponding
diazoester (ethyldiazoacetate or t-butyldiazoacetate) (2.5 mmol)
in dry CH2Cl2 was added over ca. 5 hours via a syringe pump.
After the addition was complete, the reaction was stirred for an
additional 12 h. The reaction was then concentrated in vacuo
to afford the crude product. Conversion was determined by
1H NMR. Flash chromatography of the residue (Eluent used
was EtOAc–cyclohexane 1 : 24) provided a mixture of trans/cis
isomers. The trans/cis ratio and enantiomeric excess of each
isomer were determined by chiral GC (Chiraldex CB 25 m ×
0.25 mm) after filtration on silica gel.
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A concise and efficient total synthesis of alkaloid narceine imide is disclosed. The key steps are based
upon the sequential construction of the isoindolinone template followed by metalation and coupling
with an isoquinolinium salt. Subsequent E1cb elimination enables the creation of the
arylmethylene unit with the concomitant formation of the dimethylaminoethyl chain and ultimate
deprotection completes the synthesis of the natural product.


Introduction


Narceine imide 1a is undoubtedly the most architecturally sophis-
ticated embodiment of the aromatic enelactams that have been
extracted from vegetable sources to date, along with fumaramidine
1b, fumaramine 1c and fumaridine 1d (Fig. 1).1


Fig. 1 Aromatic enelactams isolated from vegetable sources.


This secophthalide isoquinoline alkaloid has been isolated from
the morphine fraction of poppy capsules from the plant family
Papaver somniferum.2 However, its presence in the natural source
is not guaranteed and this enelactam is not generally considered
to be a true alkaloid but is regarded conceivably as an artefact
of the isolation of poppy alkaloid. Despite the fact that com-
pounds 1a–d incorporate an isoindolinone ring system, which has
gained considerable attention due to the profound physiological
and chemotherapeutic activities of many of their derivatives,3


notably the 3-aryl and alkylmethylene derivatives,4 studies on the
pharmacological potential of these enelactamic compounds are
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rather scanty. However, narceine imide has recently been shown to
possess a strong inhibitory action on aldehyde reductase (ALR)
and on liver alcohol dehydrogenase (LADH)5 and also to be a very
potent cytotoxic agent in inhibiting P388 murine leukemia cell
lines.6 It has also served as a key intermediate for the elaboration
of a variety of biologically active substances.7 As far as we are
aware, the first synthesis of narceine imide 1a based upon an
esterification/annulation sequence applied to narceine 2 (Fig. 2)
was incidentally reported a long time ago,8 but curiously, the report
of this hemisynthetic route predated the isolation and structural
elucidation of the natural product.2


Fig. 2 Precursor in the hemisynthetic route to 1a.


In the course of our ongoing project dealing with the synthesis
and subsequent biological evaluation of a variety of opened and
fused arylmethyleneisoindolinone-centred natural products9 we
herein wish to disclose an efficient and tactically new synthetic
approach to opium alkaloid narceine imide that relies upon our
long-standing experience in the field of isoindolinone chemistry.10


Results and discussion


For the elaboration of compound 1a we opted for the synthetic
route depicted in the retrosynthetic analysis (Scheme 1). We
assumed that narceine imide 1a, containing a Z configured
stilbenoid system fused with a lactam ring, would be obtained
by ultimate deprotection of the aromatic enelactam 3 with the
exquisite arrangement of diverse and dense functionalities within
the compact framework of the target alkaloid. We also conjectured
that a Hoffmann elimination process applied to the di-heterocyclic
compound 4 would provide the potential for direct access to this
protected version of the target 1a with the concomitant connection
of the dialkylaminoalkyl chain to the southern aromatic nucleus
of the model. We also reasoned that the requisite precursor 4
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Scheme 1 Retrosynthetic analysis for the synthesis of the narceine imide 1a.


could conceivably be assembled by sequential basic treatment of
the appropriate isoindolinone 5 followed by interception with the
suitably substituted isoquinolinium salt 6. The latter, conceptually
new synthetic approach, which might ensure the creation of the C–
C bond linking the two different aromatic units, originated from
the following premises: (i) Isoindolinones have been successfully
metalated at the benzylic position of the hetero-ring system thus
allowing the connection of a range of electrophiles at the 3-position
of the lactam ring;11 (ii) isoquinolinium salts are very sensitive to
nucleophilic attack,12 a property that has been skilfully exploited
in alkaloid synthesis.13


The first facet of the synthesis then started with the elaboration
of the unsymmetrically substituted dimethoxyisoindolinone 5.
This was readily accomplished using the Parham cyclization
process,14 i.e. aromatic lithiation and subsequent trapping with
an internal electrophile, and for this purpose we set out to
prepare the bromoarylcarbamate 7 equipped with the appropriate
functionalities to secure the creation of the lactam unit. This
compound was readily synthesized by the five step sequence
depicted in Scheme 2. Sequential bromination and O-methylation
of isovanillin provided the tetrasubstituted bromobenzaldehyde
derivative 9. The subsequent synthesis of the secondary amine
10 incorporating the nitrogen protecting group PMB (para-
methoxybenzyl) was achieved by a reductive amination process,


and finally treatment of 10 with methyl chloroformate delivered
the carbamate 7 almost quantitatively, thereby providing the
candidate for the planned Parham cyclization process. Exposure
of the bromoarylcarbamate 7 to nBuLi at −90 ◦C ensured
the mandatory bromine/lithium interconversion and led to the
complete consumption of the starting material and to the isolation
of solely the required isoindolinone 5 in a fairly good yield.


The subsequent installation of the pendant isoquinoline unit on
the isoindolinone framework was performed as a single one pot
reaction (Scheme 3). In this regard, compound 5 was smoothly
deprotonated with KHMDS (potassium hexamethyldisilylazide)
in THF at −78 ◦C and subsequently allowed to react with the
adequately substituted isoquinolinium iodide 6.13 Gratifyingly this
operation straightforwardly delivered the requisite adduct 4 which
was obtained as an equimolar mixture of separable diastereomers,
4a and 4b.


To trigger off the E1cb elimination process liable to give
access to enelactam 3, the di-heterocyclic precursor 4 was initially
quaternized with methyl iodide in acetonitrile and the resulting
isoquinolinium salt 11 was subsequently exposed to KHMDS
at −78 ◦C followed by slow warming to room temperature. We
were pleased to observe that conducting this reaction according to
this procedure brought about the intramolecular elimination re-
action leading to the expected dimethylaminoethyl chain tethered


Scheme 2 Synthesis of the parent isoindolinone 5. Reagents and conditions: (i) Br2, AcONa, Fe, AcOH, 5 h, 92%; (ii) MeI, KOH, MeOH, reflux, 16 h,
66%; (iii) 4-MeOC6H4CH2NH2 (PMB-NH2), toluene, reflux, 3 h; (iv) NaBH4, MeOH, rt, 96% over two steps; (v) ClCOOMe, NaOH, Et2O–H2O, 0 ◦C,
30 min, 89%; (vi) nBuLi, −90 ◦C, 20 min, −90 ◦C to −40 ◦C, 30 min, 61%.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 1466–1471 | 1467







Scheme 3 Total synthesis of narceine imide 1a. Reagents and conditions: (i) KHMDS, THF, −78 ◦C, 15 min, then 6, −78 ◦C, 15 min, 65%; (ii) MeI,
CH3CN, 4 h; (iii) KHMDS, THF, −78 ◦C; (iv) −78 ◦C to rt, 87% over three steps; (v) TFA, anisole, reflux, 24 h, 77%.


arylmethylene isoindolinone 3 in a fully satisfactory yield. The
efficiency of this process was probably imparted by the driving
force arising from the high degree of conjugation of the final
compound. Compound 3 was obtained as a mixture of E and
Z isomers with the E isomer predominating by a large margin
(E/Z = 85 : 15), the configuration of the double bond being
established from the 1H NMR spectrum with the use of NOE
experiments. The E stereochemistry of the exocyclic double bond
is conceivably ordained by the presence of the bulky PMB group in
conjunction with the congested 2,2′-disubstituted benzene nucleus
tailed with the long, highly flexible dimethylaminoethyl chain.
Interestingly stereochemical considerations regarding the central
C–C bond linking the two heterocyclic units in 4 and/or 11 were
not crucial for the creation of the pendant arylmethylene unit.
Indeed when the reaction sequence portrayed in Scheme 3 was
applied to diastereochemically pure adducts 4a or 4b, the same
geometrical isomer ratio was obtained. It is, therefore, likely that
deprotonation of 11a and/or 11b leads to the metalated species 12
(and/or 13), which can adopt the isomeric form 13 (and/or 12)
through the semiquinonic mesomeric form 14 owing to electronic
delocalization. Consequently, once formed, 12 or 13 can collapse
to (E)-stereospecifically enriched 3 through the E1cb mechanism.15


With this highly congested benzylideneisoindolinone 3 in hand,
we were only a deprotection away from the target natural product.
The adoption of the bulky PMB group was rewarded here. Indeed
removal of this selected PMB protection is usually achieved by
treatment in boiling TFA in the presence of anisole as cation
scavenger.16 These conditions are prone to favour the formation of
the thermodynamically more stable stereomer with the mandatory
Z configuration and the target product (Z)-1a was obtained
exclusively and in an excellent yield by this technique. The
constitution of this synthetic aromatic enelactam 1a was secured
by matching the physical and spectral data with those published
for the product extracted from vegetable sources.2


Conclusions


In conclusion we have completed a new, concise and efficient
total synthesis of alkaloid narceine imide. This new route hinges
upon the initial construction of the isoindolinone template by
the Parham procedure. Subsequent metalation of the lactam unit,
interception with an isoquinolinium salt followed by elimination
through the E1cb mechanism and ultimate deprotection complete
the total synthesis of the target natural product. The advantages
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of this synthesis, which lie mainly in the procedural simplicity,
high efficiency and mildness of the reaction conditions, provide a
strong incentive for the elaboration of a variety of biogenetically
related congeners.


Experimental


General methods


Melting points were determined on a Reichert-Thermopan appa-
ratus and are uncorrected. 1H and 13C NMR spectra were recorded
on a Bruker AM 300 spectrometer. Coupling constants (J) are
given in Hz and rounded to the nearest 0.1 Hz. Elemental analyses
were determined by the CNRS microanalysis centre. The silica gel
used for flash column chromatography was Merck Kieselgel of
0.040–0.063 mm particle size. Hexanes, ethyl acetate (AcOEt),
acetone and triethylamine (Et3N) were used as eluents. Dry
glassware was obtained by oven-drying and assembly under N2. N2


was used as the inert atmosphere and was passed through a drying
tube to remove moisture. The glassware was equipped with rubber
septa and reagent transfer was performed by syringe techniques.
Tetrahydrofuran (THF) was distilled from sodium benzophenone
ketyl immediately before use. Methanol (MeOH) was distilled
from magnesium turnings and dichloromethane (CH2Cl2) from
CaH2, before storage on 4 Å molecular sieves.


Starting material


The aldehydes 817 and 918 were prepared according to reported
procedures.


4-Methoxy-6-methyl-7,8-dihydro-1,3-dioxolo[4,5-g]isoquinolin-6-
ium iodide (6)


The isoquinolinium iodide 6 was synthesized following a previ-
ously described procedure.13


1H NMR dH (DMSO-d6, 300 MHz): 3.09 (2H, m, CH2), 3.69
(3H, s, NCH3), 3.86 (2H, m, CH2), 4.10 (3H, s, OCH3), 6.20 (2H, s,
OCH2O), 6.84 (1H, s, Har), 9.02 (1H, s, CH=N); 13C NMR 13C
NMR dC (DMSO-d6, 75 MHz): 25.0 (CH2), 46.8 (NCH3), 48.6
(CH2), 60.4 (OCH3), 103.5 (OCH2O), 103.9 (CHar), 110.8 (C),
134.3 (C), 134.9 (C), 143.6 (C), 157.1 (C), 159.5 (CH=N).


(2-Bromo-3,4-dimethoxybenzyl)-(4-methoxybenzyl)amine (10)


A solution of 2-bromo-3,4-dimethoxybenzaldehyde 9 (2.2 g,
9 mmol) and 4-methoxybenzylamine (1.36 g, 9.9 mmol) in toluene
(50 mL) was refluxed for 3 h in a Dean–Stark apparatus. The
solvent was removed in vacuo to give the crude imine which was
used in the next step without further purification. NaBH4 (375 mg,
9.9 mmol) was added portionwise to a solution of the crude imine
in MeOH (100 mL). The mixture was then stirred at rt for 30 min.
The solution was concentrated in vacuo and diluted with Et2O
(100 mL). The solution was washed with water (3 × 30 mL) and
brine. The organic layer was dried (MgSO4) and concentrated. The
crude solid residue was recrystallized from hexanes–toluene to give
the pure amine 10 as a white solid (3.16 g, 96%), mp 73–74 ◦C.


1H NMR dH (CDCl3, 300 MHz): 1.82 (1H, br s, NH), 3.73 (2H, s,
CH2), 3.81 (3H, s, OCH3), 3.83 (2H, s, CH2), 3.88 (6H, s, 2 ×
OCH3), 6.83–6.90 (3H, m, Har), 7.10 (1H, d, J = 8.0 Hz, Har), 7.28


(2H, br s, Har); 13C NMR dC (CDCl3, 75 MHz): 52.4 (CH2), 52.9
(CH2), 55.3 (CH3), 56.1 (CH3), 60.5 (CH3), 111.0 (CH), 113.8 (2 ×
CH), 119.7 (C), 125.3 (CH), 129.4 (2 × CH), 132.6 (C), 132.3 (C),
146.5 (C), 152.6 (C), 158.6 (C); CHN Analysis (Found: C, 55.8; H,
5.35; N, 4.0%. C17H20BrNO3 requires C, 55.75; H, 5.5; N, 3.8%).


(2-Bromo-3,4-dimethoxybenzyl)-(4-methoxybenzyl)carbamic acid
methyl ester (7)


Methyl chloroformate (1.04 g, 11 mmol) was added dropwise
under stirring to a cooled (0 ◦C) solution of amine 10 (3.65 g,
10 mmol) in Et2O (50 mL) followed by a solution of NaOH
(440 mg, 11 mmol) in water (5 mL). The mixture was stirred at 0 ◦C
for 30 min and the ethereal layer was separated, washed with aq.
HCl (4 M, 3 × 30 mL), water (30 mL) and dried (Na2SO4). After
evaporation of the solvent, the crude oily residue was purified by
column chromatography (AcOEt–hexanes, 40 : 60) to deliver the
carbamate 7 as a white solid (3.75 g, 89%), mp 83–84 ◦C.


1H NMR dH (CDCl3, 300 MHz): 3.76 (3H, s, OCH3), 3.80 (3H, s,
OCH3), 3.84 (3H, s, OCH3), 3.86 (3H, s, OCH3), 4.37–4.51 (m, 4H,
2 × CH2), 6.83–7.00 (4H, m, Har), 7.13–7.19 (2H, m, Harom); 13C
NMR dC (CDCl3, 75 MHz): 49.1 (CH2), 49.5 (CH2), 53.0 (CH3),
55.3 (CH3), 56.1 (CH3), 60.4 (CH3), 111.3 (CH), 113.9 (CH), 118.5
(C), 119.1 (C), 122.7 (CH), 124.0 (CH), 128.8 (CH), 129.5 (CH),
146.5 (C), 152.7 (C), 157.2 (C), 157.3 (C), 159.0 (C); CHN Analysis
(Found: C, 54.0; H, 5.0; N, 3.0%. C19H22BrNO5 requires C, 53.8;
H, 5.2; N, 3.3%).


6,7-Dimethoxy-2-(4-methoxybenzyl)-2,3-dihydroisoindol-1-one (5)


A solution of nBuLi (3.6 mL, 1.6 M in hexane, 5.76 mmol) was
added dropwise by syringe at −90 ◦C under N2 to a solution of
carbamate 7 (2.03 g, 4.8 mmol) in dry THF (50 mL). The reaction
mixture was stirred at −90 ◦C for 20 min then allowed to warm to
−40 ◦C over a period of 30 min, followed by addition of saturated
aq. NH4Cl (5 mL). The mixture was diluted with water (20 mL),
extracted with Et2O (3 × 25 ml) and the combined organic layers
were dried (MgSO4). Evaporation of the solvent in vacuo left an
oily residue which was purified by flash column chromatography
(AcOEt–hexanes, 60 : 40) to furnish the isoindolinone 5 as a yellow
solid (915 mg, 61%), mp 72–73 ◦C.


1H NMR dH (CDCl3, 300 MHz): 3.79 (3H, s, OCH3), 3.89 (3H, s,
OCH3), 4.12 (3H, s, OCH3), 4.14 (2H, s, CH2), 4.69 (2H, s, CH2),
6.86 (2H, d, J = 8.5 Hz, Har), 7.00 (1H, d, J = 8.2 Hz, Har), 7.06
(1H, d, J = 8.2 Hz, Har), 7.25 (2H, d, J = 8.5, Har); 13C NMR
dC (CDCl3, 75 MHz): 45.7 (CH2), 48.4 (CH2), 55.3 (CH3), 56.8
(CH3), 62.6 (CH3), 114.1 (2 × CH), 116.4 (CH), 117.8 (CH), 125.0
(C), 129.2 (C), 129.6 (2 × CH), 134.5 (C), 147.3 (C), 152.3 (C),
159.1 (C), 166.6 (C=O); CHN Analysis (Found: C, 68.75; H, 6.1;
N, 4.4%. C18H19NO4 requires C, 69.0; H, 6.1; N, 4.5%).


6,7-Dimethoxy-2-(4-methoxybenzyl)-3-(4-methoxy-6-methyl-5,
6,7,8-tetrahydro[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-2,
3-dihydroisoindol-1-one (4)


A solution of KHMDS (5.4 mL, 0.5 M in toluene, 2.7 mmol) was
added dropwise to a stirred solution of isoindolinone 5 (780 mg,
2.5 mmol) in dry THF (50 mL) under N2 at −78 ◦C. After stirring
for 15 minutes at this temperature, the iminium salt 6 (1.12 g,
3.2 mmol) was added in one go. The solution was maintained at
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−78 ◦C for 15 minutes then allowed to warm to rt. The mixture
was quenched with aq. saturated NH4Cl solution (5 mL), and then
extracted with Et2O (2 × 30 mL), the organic layer was washed
with water (15 mL) and with brine, then dried (Na2SO4). The
solution was concentrated under reduced pressure, then the oily
residue was separated by flash column chromatography on silica
gel (acetone–hexanes, 50 : 50) to afford the two diastereomers 4a
and 4b (50 : 50) as white solids. For atom numbering see Fig. 3.


Fig. 3 Atom numbering for compound 4.


Diastereomer 4a. White solid (440 mg, 33%) mp: thermal
transformation around 190 ◦C. 1H NMR dH (CDCl3, 300 MHz):
2.04 (3H, s, NCH3), 2.44–2.61 [2H, m, (7′)-H + (8′)-H], 2.63–2.77
[1H, m, (8′)-H], 2.97–3.09 [1H, m, (7′)-H], 3.50 (3H, s, OCH3),
3.65 (3H, s, OCH3), 3.68 [1H, d, J = 14.7 Hz, (8)-H], 3.80 (3H, s,
OCH3), 4.03 [1H, d, J = 2.5 Hz, (5′-)H], 4.06 (3H, s, OCH3), 4.52
[1H, d, J = 2.5 Hz, (3)-H], 5.23 [1H, d, J = 14.7 Hz, (8)-H], 5.80
(2H, s, OCH2O), 6.31 [1H, s, 1H, (1′)-Har] 6.61 (2H, d, J = 8.6 Hz,
Har), 6.64 (2H, d, J = 8.6 Hz, Har), 6.78 (1H, d, J = 8.1 Hz, Har),
6.92 (1H, d, J = 8.1 Hz, Har); 13C NMR dC (CDCl3, 75 MHz): 24.6
(8′-CH2), 43.9 (NCH3), 44.3 (8-CH2), 47.8 (7′-CH2), 55.2 (OCH3),
56.7 (OCH3), 58.5 (OCH3), 61.3 (3- or 5′-CH), 61.4 (3- or 5′-CH),
62.6 (OCH3), 100.5 (OCH2O), 102.5 (CH), 113.5 (2 × CH), 115.8
(CH), 117.1 (CH), 119.2 (C), 124.5 (C), 129.3 (2 × CH), 129.6
(C), 129.8 (C), 133.9 (C), 139.5 (C), 140.8 (C), 147.0 (C), 148.2
(C), 152.0 (C), 158.7 (C), 167.6 (C=O); CHN Analysis (Found:
C, 67.8; H, 6.0; N, 5.1%. C30H32N2O7 requires C, 67.7; H, 6.1; N,
5.3%).


Diastereomer 4b. White solid (429 mg, 32%) mp: thermal
transformation around 190 ◦C. 1H NMR dH (CDCl3, 300 MHz):
1.86–1.96 [1H, m, (8′)-H], 2.00–2.10 [1H, m, (7′)-H], 2.15–2.25
[1H, m, (7′)-H], 2.30 (3H, s, NCH3), 2.45–2.60 [1H, m, (8′)-H],
3.67 (3H, s, OCH3), 3.71 (3H, s, OCH3), 3.73 (3H, s, OCH3), 3.91
[1H, d, J = 14.9 Hz, (8)-H], 4.03 (3H, s, OCH3), 4.24 [1H, s, (5′-
)H], 4.55 [1H, s, (3)-H], 5.40 [1H, d, J = 2.5 Hz, (8)-H], 5.78 [2H,
d, J = 8.2 Hz, Har], 5.81 (2H, s, OCH2O), 6.23 [1H, s, 1H, (1′)-Har],
6.68 (2H, d, J = 8.2 Hz, Har), 6.78 (1H, d, J = 8.4 Hz, Har), 7.22
(1H, d, J = 8.4 Hz, Har); 13C NMR dC (CDCl3, 75 MHz): 23.1
(8′-CH2), 44.1 (NCH3), 43.4 (8-CH2), 46.6 (7′-CH2), 55.3 (OCH3),
56.5 (OCH3), 58.0 (OCH3), 59.0 (3- or 5′-CH), 60.1 (3- or 5′-CH),
62.6 (OCH3), 100.5 (OCH2O), 102.6 (CH), 113.8 (2 × CH), 115.2
(CH), 118.4 (CH), 117.5 (C), 125.3 (C), 129.3 (C), 129.8 (2 ×
CH), 130.4 (C), 133.8 (C), 137.7 (C), 140.4 (C), 147.0 (C), 148.2
(C), 152.0 (C), 158.9 (C), 166.9 (C=O); CHN Analysis (Found:
C, 67.4; H, 6.2; N, 5.2%. C30H32N2O7 requires C, 67.7; H, 6.1; N,
5.3%).


3-{1-[6-(2-Dimethylaminoethyl)-4-methoxybenzo[1,3]dioxol-5-yl]-
methylidene}-6,7-dimethoxy-2-(4-methoxybenzyl)-2,3-
dihydroisoindol-1-one (3)


A solution of 4 (530 mg, 1 mmol) in acetonitrile (10 mL) was
refluxed with an excess of methyl iodide (0.5 mL, 8 mmol) for
4 h. The solvent was removed under reduced pressure to furnish
11 as a white solid. A solution of KHMDS (2.6 mL, 0.5 M in
toluene, 1.3 mmol) was added to a suspension of 11 in dry THF
under N2 at −78 ◦C. The mixture was allowed to warm to rt and
the solution was quenched with water (10 mL) and extracted with
Et2O (3 × 20 mL). The organic layers were washed with water
(10 mL), brine and dried (Na2SO4). The solvent was removed
under reduced pressure and the oily residue was separated by flash
column chromatography on silica gel (AcOEt–Et3N, 90 : 10) to
afford the two isomers (E)-3 and (Z)-3 as yellow solids.


(E)-Isomer. Yellow solid (401 mg, 74%), mp 154–155 ◦C. 1H
NMR dH (CDCl3, 300 MHz): 1.98 (6H, s, 2 × NCH3), 2.06–2.25
(2H, m, CH2), 2.27–2.41 (1H, m, CH2), 2.43–2.57 (1H, m, CH2),
3.73 (3H, s, OCH3), 3.77 (3H, s, OCH3), 3.85 (3H, s, OCH3), 4.11
(3H, s, OCH3), 4.89 (1H, d, J = 15.5 Hz, NCH2Ar), 5.16 (1H, d,
J = 15.5 Hz, NCH2Ar), 5.93 (1H, d, J = 1.3 Hz, OCH2O), 5.97
(1H, d, J = 1.3 Hz, OCH2O), 6.00 (1H, s, CHvinyl), 6.51 (1H, s,
Har), 6.55 (1H, d, J = 8.3 Hz, Har), 6.81–6.88 (3H, m, Har), 7.28
(2H, d, J = 6.5 Hz, 2H, Har); 13C NMR dC (CDCl3, 75 MHz): 31.5
(CH2), 42.5 (CH2), 45.1 (2 × NCH3), 55.2 (OCH3), 56.5 (OCH3),
59.7 (OCH3), 62.4 (OCH3), 60.1 (CH2), 101.0 (OCH2O), 102.7
(CHvinyl), 104.1 (CH), 114.0 (2 × CH), 116.1 (CH), 118.5 (CH),
120.1 (C), 122.1 (C), 128.6 (2 × CH), 129.2 (C), 129.4 (C), 133.8
(C), 135.3 (C), 136.1 (C), 141.4 (C), 146.5 (C), 148.9 (C), 153.3(C),
158.8 (C), 164.9 (C=O). CHN Analysis (Found: C, 68.3; H, 6.15;
N, 4.8%. C31H34N2O7 requires C, 68.1; H, 6.3; N, 5.1%).


(Z)-Isomer. Yellow solid (73 mg, 13%), mp 124–125 ◦C. 1H
NMR dH (CDCl3, 300 MHz): 2.01 (6H, s, 2 × NCH3), 2.05–2.25
(3H, m, 3H, CH2), 2.30–2.47 (1H, m, CH2), 3.63 (3H, s, OCH3),
3.67 (3H, s, OCH3), 3.87 (3H, s, OCH3), 4.08 (3H, s, OCH3),
4.57 (1H, d, J = 15.6 Hz, NCH2Ar), 4.72 (1H, d, J = 15.6 Hz,
NCH2Ar), 5.84 (1H, d, J = 1.3 Hz, OCH2O), 5.88 (1H, d, J =
1.3 Hz, OCH2O), 6.10 (1H, s, CHvinyl), 6.32 (1H, s, Har), 6.46 (2H,
d, J = 8.7 Hz, Har), 6.54 (2H, d, J = 8.7 Hz, Har), 7.07 (1H, d,
J = 8.3 Hz, Harom), 7.35 (1H, d, J = 8.3 Hz, Harom); 13C NMR dC


(CDCl3, 75 MHz): 31.5 (CH2), 43.4 (CH2), 45.3 (2 × NCH3), 55.2
(OCH3), 56.8 (OCH3), 59.1 (OCH3), 59.7 (CH2), 62.5 (OCH3),
99.3 (CHvinyl), 100.8 (OCH2O), 103.0 (CH), 113.3 (2 × CH), 114.9
(CH), 116.7 (CH), 119.0 (C), 120.3 (C), 127.7 (2 × CH), 129.8
(C), 132.0 (C), 134.0 (C), 134.5 (C), 134.9 (C), 141.5 (C), 145.7
(C), 149.0 (C), 153.0 (C), 158.5 (C), 166.7 (C=O); CHN Analysis
(Found: C, 68.2; H, 6.0; N, 4.8%. C31H34N2O7 requires C, 68.1; H,
6.3; N, 5.1%).


Narceine imide (1a)


A solution of 3 (275 mg, 0.5 mmol) and anisole (540 mg, 5.0 mmol)
in trifluoroacetic acid (10 mL) was refluxed under N2 for 24 h. The
reaction mixture was concentrated in vacuo, the residue was dis-
solved in CH2Cl2 (20 mL) and Et3N (0.5 mL) was added with stir-
ring. Water (3 × 50 mL) was then added, and the separated organic
layer was washed with brine, dried (MgSO4) and concentrated to
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yield an oily residue. Purification by flash column chromatography
(AcOEt–Et3N, 95 : 5) and recrystallization from EtOH gave 1a as
a yellow solid (163 mg, 77%), mp 149–150 ◦C (lit.:2 151–152 ◦C).


1H NMR dH (CDCl3, 300 MHz): 2.26 (6H, s, 2 × NCH3), 2.48
(1H, d, J = 7.2 Hz, CH2), 2.51 (1H, d, J = 5.8 Hz, CH2), 2.76
(1H, d, J = 5.8 Hz, CH2), 2.79 (1H, d, J = 7.2 Hz, CH2), 3.94
(6H, s, 2 × OCH3), 4.11 (3H, s, OCH3), 5.96 (2H, s, OCH2O),
6.25 (1H, s, CHvinyl), 6.53 (1H, s, CHar), 7.16 (1H, d, J = 8.3 Hz,
Har), 7.47 (1H, d, J = 8.3 Hz, Har), 8.37 (1H, br s, NH); 13C
NMR dC (CDCl3, 75 MHz): 32.2 (CH2), 45.6 (2 × NCH3), 56.7
(OCH3), 60.1 (OCH3), 60.3 (CH2), 62.5 (OCH3), 97.9 (CH), 101.2
(OCH2O), 104.8 (CH), 115.1 (CH), 116.7 (CH), 119.3 (C), 121.4
(C), 132.1 (C), 133.6 (C), 133.7 (C), 135.7 (C), 140.5 (C), 147.0
(C), 148.8 (C), 153.1 (C), 166.6 (C=O).
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and P. Renard, Bioorg. Med. Chem. Lett., 2002, 12, 3537.


10 (a) A. Moreau, M. Lorion, A. Couture, E. Deniau and P. Grand-
claudon, J. Org. Chem., 2006, 71, 3303; (b) M. Lamblin, A. Couture,
E. Deniau and P. Grandclaudon, Tetrahedron, 2006, 62, 2917; (c) A.
Moreau, A. Couture, E. Deniau and P. Grandclaudon, Eur. J. Org.
Chem., 2005, 3437; (d) A. Moreau, A. Couture, E. Deniau, P.
Grandclaudon and S. Lebrun, Org. Biomol. Chem., 2005, 3, 2305;
(e) A. Moreau, A. Couture, E. Deniau, P. Grandclaudon and S. Lebrun,
Tetrahedron, 2004, 60, 6169.


11 (a) A. Couture, E. Deniau, D. Ionescu and P. Grandclaudon, Tetrahe-
dron Lett., 1998, 39, 2319; (b) Z. Guo and A. G. Schultz, J. Org. Chem.,
2001, 66, 2154.


12 J. P. Heer, J. D. Harling and M. Thompson, Synth. Commun., 2002, 32,
2555.


13 T. Shirasaka, Y. Takuma, T. Shimpuku and N. Imaki, J. Org. Chem.,
1990, 55, 3767.


14 Reviews: (a) W. E. Parham and C. K. Bradsher, Acc. Chem. Res., 1982,
15, 300; (b) B. J. Wakefield, The Chemistry of Organolithium Compounds,
2nd ed., Pergamon, New York, 1990; (c) M. Gray, M. Tinkl and V.
Snieckus, in Comprehensive Organometallic Chemistry II, E. W. Abel,
F. G. A. Stone and G. Wilkinson, eds., Pergamon, Exeter, 1995, vol.
11, pp. 66–92; (d) A. Ardeo, M. I. Collado, I. Osante, J. Ruiz, N.
Sotomayor and E. Lete, in Targets in Heterocyclic Systems, O. Atanassi
and D. Spinelli, eds., Italian Society of Chemistry, Rome, 2001, vol. 5,
pp. 393–418; (e) J. Clayden, Organolithiums: Selectivity for Synthesis,
Elsevier Science Ltd, Oxford, 2002; (f) M. J. Mealy and W. F. Bailey,
J. Organomet. Chem., 2002, 646, 59; (g) N. Sotomayor and E. Lete, Curr.
Org. Chem., 2003, 7, 275; (h) C. Nájera, J. M. Sansano and M. Yus,
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The addition of heteroaromatic lithium reagents 2 to a THF solution of perfluorocyclopentene (1)
provided preferentially the corresponding monosubstituted products 5, while the addition of 1 to 2
effectively gave the 1,2-disubstituted products 6 in good to excellent yields. The reaction of 1 with
sodiomalonate 3 or phosphonium ylide 4 also proceeded smoothly to form the 1,3-disubstituted
product 8 or 10 in high yield, respectively.


1 Introduction


Incorporation of fluorine(s) into organic molecules often changes
their structure, stability, reactivity and biological activity, and
thereby frequently leads to the discovery of novel and potent
applications in various domains from liquid crystalline materials
to biologically-active substances, peptide isosteres or enzyme
inhibitors.1 Consequently, a wide variety of methods have hitherto
been developed for the preparation of various types of fluorine-
incorporated compounds.2


Among such compounds, organic molecules containing a per-
fluorocyclopentene backbone have recently been recognized as one
of the most attractive units for the applications to optoelectronic
devices, etc.3,4


The nucleophilic substitution reaction of perfluorocyclopentene
(1) would provide a promising entry to the synthesis of such
molecules. However, very little attention has been paid to the nucle-
ophilic substitution reactions of 1 with carbon nucleophiles thus
far,5 though many studies have been made on the reaction of 1 with
hetero nucleophiles, such as phenoxide,6 arene- or alkanethiolates,7


primary or secondary amines8 and so on.9,10 Herein, we wish to
disclose the results of the reaction with heteroaromatic lithium
reagents 2, enolates 3 and phosphonium ylide 4 (Scheme 1).


Scheme 1 Intended research outline.


2 Results and discussion


2.1 Reaction of 1 with heteroaromatic lithium reagents


2.1.1 Screening of reaction conditions. Initially, we examined
the reaction of perfluorocyclopentene (1) with 2-furyllithium (2a)
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as a heteroaromatic lithium reagent. The results are summarized
in Table 1. Thus, to a solution of 1.1 equiv. of 2-furyllithium
(2a), prepared from furan and n-butyllithium in Et2O, was added
dropwise a THF solution of 1.1 equiv. of 1 at –78 ◦C. After stirring
of the reaction mixture for 2 h, the corresponding monosubstituted
perfluorocyclopentene 5a was obtained in 34% yield, together with
the 1,2-disubstituted product 6a in 37% yield (entry 1). The use
of 2.2 equiv. of 2a resulted in the exclusive formation of 6a in
74% yield (entry 2). In contrast, the addition of 1.0 equiv. of the
lithium reagent 2a to a THF solution of 1.1 equiv. of 1 (the reverse
addition) gave the corresponding monosubstituted product 5a in
79% yield as a sole product (entry 3). The reaction with 2.0 equiv.
of 1 did not cause any change in the yield (entry 4).


2.1.2 Reaction with a variety of heteroaromatic lithium reagents
2. Subsequently, we carried out the reaction of perfluoro-
cyclopentene (1) with various heteroaromatic lithium reagents,
such as 3-furyl- (2b), 2-thienyl- (2c), 3-thienyllithium (2d), 2-lithio-
N-methylpyrrole (2e), 2-lithiobenzo[b]furan (2f), 2-lithiobenzo-
[b]thiophene (2g) and 2-lithio-N-methylindole (2h) under the
optimized reaction conditions (method A: entry 3 in Table 1,
method B: entry 2 in Table 1). The results are summarized in
Table 2.


On treating 1 with 3-furyllithium (2b) by method A, the
mono 3-furylated perfluorocyclopentene 5b was obtained in
57% yield (entry 3). Similarly, 3-thienyllithium (2d), 2-lithio-N-
methylpyrrole (2e) and 2-lithio-N-methylindole (2h) were found
to be good nucleophiles, the corresponding monosubstituted
products 5d, 5e and 5h being afforded in 44, 68 and 70% yields,
respectively (entries 7, 9 and 15). As shown in entries 5, 11 and
13, the reaction with 2-thienyllithium (2c), 2-lithiobenzo[b]furan
(2f), and 2-lithiobenzo[b]thiophene (2g) was somewhat sluggish,
the mono- and 1,2-disubstituted perfluorocyclopentenes 5 and 6
being obtained as an inseparable mixture. On the other hand,
the reactions by method B proceeded smoothly to give the
corresponding disubstituted products 6 in good to excellent yields
in all cases (entries 2, 4, 6, 8, 10, 12, 14, and 16).


2.2 Reaction of 1 with stabilized carbanions


2.2.1 Reaction with an enolate derived from acetophenone.
We also attempted the reaction of perfluorocyclopentene (1) with
an enolate species derived from acetophenone. Thus, the treatment
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Table 1 Reaction of 1 with 2-furyllithium (2a) in various reaction conditions


Entry Equivalents of 1 Equivalents of 2a Yielda of 5a (%) Yielda of 6a (%)


1b 1.0 1.1 34 37
2b 1.0 2.2 0 74
3c 1.1 1.0 79 0
4c 2.0 1.0 78 0


a Determined by 19F NMR. b A solution of 1 in THF was added dropwise to a solution of 2-furyllithium (2a) at –78 ◦C. c To a solution of 1 in THF was
slowly added a solution of 2-furyllithium (2a) at −78 ◦C (the reverse addition).


Table 2 Reaction of 1 with various heteroaromatic lithium reagents 2


Entry ArLi (2) Methoda Yieldb of 5 (%) Yieldc of 6 (%)


1 2a A 79 0
2 B 0 74 (48)


3d 2b A 57 0
4 B 0 Quant (81)


5 2c A 36 23
6 B 0 68


7 2d A 44 0
8 B 0 65


9 2e A 68 0
10 B 0 60 (55)


11 2f A 29 32
12 B 0 Quant (97)


13 2g A 65 25
14 B 0 87 (54)


15 2h A 70 0
16 B 0 77 (60)


a Method A. To a solution of 1 (1.1 mmol) in THF was slowly added a
solution of ArLi 2 (1.0 mmol) in Et2O. Method B. To a solution of ArLi 2
(2.2 mmol) in Et2O was added slowly a solution of 1 (1.0 mmol) in THF.
b Determined by 19F NMR based on 2. c Determined by 19F NMR based
on the substrate 1. Values in parentheses are of isolated yield. d Easily
vaporable unknown product was obtained in 32% yield.


of 1 with lithium enolate, generated from acetophenone and
LDA, at room temperature for 20 h did not give a satisfactory
result, several unidentified products being formed. Additionally,
we carried out the reaction of 1 with the silyl enol ether of ace-
tophenone, 1-phenyl-1-(trimethylsilyloxy)ethene, in the presence
of a catalytic amount of tetrabutylammonium fluoride (TBAF) at
room temperature for 20 h. Interestingly, O-substituted products
5-O and 6-O were obtained in 23 and 53% yields, respectively, and
neither 5-C nor 6-C were detected at all (Scheme 2).


Scheme 2 Reaction of 1 with the enolate derived from acetophenone.


2.2.2 Reaction with diethyl sodiomalonate. We next examined
the reaction of 1 with diethyl sodiomalonate (3). The results are
collected in Table 3. Thus, on treating 1 with 1.1 equiv. of diethyl
sodiomalonate (3) in THF at −78 ◦C for 2 h, the corresponding
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Table 3 Reaction of 1 with diethyl sodiomalonate (3)


Entry Equivalents of 3 Temperature/◦C Time/h Yielda of 7A (%) Yielda of 7B (%) Yielda of 8 (%)


1b 1.1 −78 2 18 5 0
2 2.2 −78 2 46 7 0
3 2.2 −78 6 38 15 0
4 2.2 R.t. 20 0 32 41
5 4.4 R.t. 20 0 0 81
6 6.6 R.t. 20 0 0 91


a Determined by 19F NMR. b The starting substrate 1 remained in the reaction mixture.


monosubstituted product 7A was obtained in 18% yield, along
with 5% of a,b,c,d-dienoate derivative 7B (entry 1). The use of
2.2 equiv. of 3 increased the yield of 7A (46% yield, entry 2),
however, prolonged reaction time resulted in the decrease of
7A and in the increase of 7B (entry 3). The reaction at room
temperature for 20 h gave the 1,3-disubstituted product 8 in 41%
yield, together with 32% of 7B (entry 4). When 4.4 equiv. of 3
was used, the reaction proceeded efficiently to provide 8 as a
sole product (entry 5). Furthermore, when 6.6 equiv. of 3 were
employed, the 1,3-disubstituted product 8 was given in 91% yield
(entry 6).


On the basis of the above results, we propose the mechanism
for the reaction of 1 with diethyl sodiomalonate (3), as shown in
Scheme 3.


Scheme 3 A proposed reaction mechanism.


First, the nucleophilic addition of diethyl sodiomalonate (3)
to perfluorocyclopentene (1) and the subsequent elimination of


a fluoride ion give rise to the monosubstituted product 7A. The
a-proton in 7A may be abstracted by an excess of 3, followed by
elimination of a fluoride ion, leading to a,b,c,d-dienoate 7B. The
1,6-conjugate addition of 3 to 7B, followed by elimination of a
fluoride ion, gives the 1,3-disubstituted product 8.


2.2.3 Reaction with phosphonium ylide. We also investigated
the reaction of perfluorocyclopentene (1) with a phosphonium
ylide as a carbon nucleophile as shown in Table 4. Thus, the
treatment of 1 with 1.1 equiv. of triphenylphosphonium methylide
(4) in THF at −78 ◦C for 2 h produced the corresponding
cyclopentenone derivative 9 in 22% yield, which was formed after
hydrolysis, together with a large amount of unreacted 1 (entry
1). When the reaction was carried out with 2.2 equiv. of 4 at –
78 ◦C or at room temperature, the monosubstituted product 9 was
obtained in 40 or 43% yields, respectively (entries 2 and 3). The
prolonged reaction time (6 h) facilitated the formation of the 1,3-
disubstituted phosphonium salt 10, which was given in 54% yield
(entry 4). After several attempts, the best yield (96%) was obtained
when the reaction was performed by using 6.6 equiv. of 4 at room
temperature for 2 h (entry 7).


A possible reaction mechanism of this reaction is outlined in
Scheme 4. Thus, the nucleophilic addition–elimination reaction
of 1 with ylide 4 produces a monosubstituted intermediate 11A,
which may be subject to 1,4-elimination of HF to form an
intermediate 11B. Hydrolysis of 11B leads to the cyclopetenone
derivative 9, while further nucleophilic addition–elimination re-
action of 11B with an excess of ylide 4 may take place to afford
the 1,3-disubstituted phosphonium salt 10. The structures of the
obtained cyclopentenone derivative 9 and phosphonium salt 10
were determined by single-crystal X-ray analysis.†


† CCDC reference numbers 635724–635725. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b701702b
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Table 4 Reaction of 1 with phosphonium ylide 4


Entry Equivalents of 4 Temperature/◦C Time/h Yielda of 9 (%) Yielda of 10 (%)


1b 1.1 −78 2 22 0
2b 2.2 −78 2 40 0
3b 2.2 R.t. 2 43 (38) 0
4b 2.2 R.t. 6 6 54
5 4.4 R.t. 2 7 81
6 4.4 R.t. 6 7 86
7 6.6 R.t. 2 0 96 (80)
8 6.6 R.t. 6 0 93


a Determined by 19F NMR. Values in parentheses are of isolated yield. b The substrate 1 remained in the reaction mixture.


Scheme 4 A possible mechanism for the reaction of 1 with ylide 4.


3 Conclusion


We have investigated the reactions of perfluorocyclopentene (1)
with various carbon nucleophiles, such as heteroaromatic lithium
reagents 2, sodiomalonate 3 and phosphonium ylide 4, and found
that the addition of heteroaromatic lithium reagents 2 to a THF
solution of 1 preferentially gave the corresponding monosubsti-
tuted perfluorocyclopentenes 5, and the reverse addition led to the
corresponding 1,2-disubstituted compounds 6 in good to excellent
yields. The reaction of 1 with an excess amount of sodiomalonate 3
or phosphonium ylide 4 was found to proceed smoothly to provide
exclusively the corresponding 1,3-disubstituted product 8 or 10 in
high yields.


4 Experimental


4.1 Measurements and materials


Melting points were recorded on a Shimadzu MM-2 type instru-
ment at atmospheric pressure. 1H and 13C NMR spectra were
measured with a Bruker DRX-500 (500.13 MHz for 1H and
125.75 MHz for 13C) spectrometer in a chloroform-d (CDCl3)
solution with tetramethylsilane as an internal reference. A JEOL
JNM-AL400 (376.05 MHz) and a Bruker DPX-300 (282.38 MHz)
spectrometer was used to measure 19F NMR spectra in CDCl3


using trichlorofluoromethane as an internal standard. Infrared
spectra (IR) were determined in a liquid film or KBr disk
method with a Shimadzu FT-IR 8200PC spectrophotometer and
AVATAR-370DTGS (Thermo ELECTRON) spectrometer. High
resolution mass spectra were taken with a JEOL JMS-700 MS
spectrometer. Elemental analyses were conducted with a Yanaco
CHN CORDER MT-5 instrument.


Anhydrous tetrahydrofuran (THF) and diethyl ether were
purchased from Wako chemicals. n-Butyllithium (a 1.6 M hexane
solution) was commercially available from Wako chemicals. Het-
eroaromatic lithium reagents (2-furyllithium,11 3-furyllithium,12


2-thienyllithium,3 3-thienyllithium,3 2-lithio-N-methylpyrrole,13


2-lithiobenzo[b]furan,11 2-lithiobenzo[b]thiophene,3 2-lithio-N-
methylindole13) were prepared according to the previous reports.
All chemicals were of reagent grade and, if necessary, were purified
in the usual manner prior to use. All reactions were carried
out under an atmosphere of argon. Thin layer chromatography
(TLC) was done with Merck silica gel 60 F254 plates and column
chromatography was carried out with Wako gel C-200.


4.2 Typical procedure for the preparation of monosubstituted
perfluorocyclopentenes 5


A 50-mL three-necked, round-bottomed flask equipped with a
magnetic stirrer bar, a thermometer, a rubber septum and an
inlet tube for argon was charged with a solution of 1.1 mmol
of perfluorocyclopentene (1, 0.233 g) in THF (2 mL). To this
solution was slowly added 1.8 mL (1.0 mmol) of 2-furyllithium
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(0.55 M, 2a) in Et2O via a syringe at −78 ◦C. After being stirred
for 2 h at −78 ◦C, the reaction mixture was poured into a saturated
aqueous solution of ammonium chloride (30 mL), followed by
extraction with ether (20 mL × 5). The organic layers were
dried over anhydrous sodium sulfate, filtered and concentrated
with a rotary evaporator. Column chromatography of the residue
using pentane yielded the monosubstituted product, 1-(2-furyl)-
2,3,3,4,4,5,5-heptafluorocyclopentene (5a). The monosubstituted
products 5a–e were obtained as pentane solutions due to their low
boiling point and volatility.


4.2.1 1-(2-Furyl)-2,3,3,4,4,5,5-heptafluorocyclopentene (5a).
1H NMR (CDCl3) d 6.61 (1H, dd, J = 3.5, 1.7 Hz), 6.99 (1H,
d, J = 3.5 Hz), 7.68 (1H, brs); 19F NMR (CDCl3) d −132.2 to
−132.0 (1F, m), −129.98 (2F, s), −117.36 (1F, s), −117.32 (1F, s),
−109.97 (1F, s), −109.94 (1F, s); IR (neat) m 3156 (w), 2965 (w),
2876 (w), 1698 (w), 1412 (s), 1321 (vs), 1283 (vs), 1144 (vs), 1046
(s), 971 (vs) cm−1; HRMS (EI) found: m/z 260.0082. Calcd for
C9H3F7O: 260.0072.


4.2.2 1-(3-Furyl)-2,3,3,4,4,5,5-heptafluorocyclopentene (5b).
1H NMR (CDCl3) d 6.77 (1H, brs), 7.56 (1H, dd, J = 1.6, 1.6 Hz),
7.95 (1H, brs); 19F NMR (CDCl3) d −132.8 to −132.3 (1F, m),
−130.12 (2F, s), −117.79 (1F, s), −117.75 (1F, s), −110.30 (1F, s),
−110.27 (1F, s); IR (neat) m 2955 (s), 2848 (s), 1704 (m), 1589 (w),
1404 (m), 1327 (m), 1206 (m), 1149 (m), 1046 (m), 972 (m) cm−1;
HRMS (EI) found: m/z 260.0070. Calcd for C9H3F7O: 260.0072.


4.2.3 1-(2-Thienyl)-2,3,3,4,4,5,5-heptafluorocyclopentene (5c).
1H NMR (CDCl3) d 7.20 (1H, td, J = 5.0, 1.1 Hz), 7.65 (1H, d,
J = 2.8 Hz), 7.68 (1H, d, J = 5.0 Hz); 19F NMR (CDCl3) d −131.5
to −131.4 (1F, m), −129.80 (2F, s), −117.29 (1F, s), −117.25 (1F,
s), −109.58 (1F, s), −109.55 (1F, s); IR (neat) m 3115 (w), 2959
(w), 2930 (w), 1817 (w), 1688 (m), 1428 (m), 1383 (vs), 1280 (s),
1202 (s), 1136 (vs), 968 (vs), 784 (s) cm−1; HRMS (EI) found: m/z
275.9854. Calcd for C9H3F7S: 275.9844.


4.2.4 1-(3-Thienyl)-2,3,3,4,4,5,5-heptafluorocyclopentene (5d).
The product 5d could not be isolated as a pure product. 1H NMR
(CDCl3) d 7.16 (1H, d, J = 5.3 Hz), 7.59 (1H, d, J = 5.3 Hz),
7.9–8.0 (1H, m);19F NMR (CDCl3) d −132.3 to −132.2 (1F, m),
−130.12 (2F, s), −117.85 (1F, s), −117.81 (1F, s), −109.57 (1F,
s), −109.55 (1F, s); HRMS (EI) found: m/z 275.9841. Calcd for
C9H3F7S: 275.9844.


4.2.5 1-(2-N -Methylpyrrolyl)-2,3,3,4,4,5,5-heptafluorocyclo-
pentene (5e). 1H NMR (CDCl3) d 3.71 (1H, d, J = 3.7 Hz), 6.28
(1H, dd, J = 3.7, 2.6 Hz), 6.71 (1H, brs), 6.87 (1H, brs); 19F NMR
(CDCl3) d −132.3 to −132.2 (1F, m), −130.60 (2F, s), −117.70
(1F, s), −117.65 (1F, s), −108.90 (1F, s), −108.88 (1F, s); IR (neat)
m 3035 (m), 2927 (m), 2852 (m), 1772 (vs), 1685 (s), 1531 (s), 1429
(s), 1321 (vs), 1280 (vs), 1140 (vs), 1041 (vs) cm−1; HRMS (FAB)
found: m/z 273.0389. Calcd for C10H6F7N: 273.0388.


4.2.6 1-(2-Benzo[b]furyl)-2,3,3,4,4,5,5-heptafluorocyclopentene
(5f). Mp 35–37 ◦C; 1H NMR (CDCl3) d 7.31 (1H, s), 7.33
(1H, td, J = 7.8, 0.6 Hz), 7.46 (1H, t, J = 7.8 Hz), 7.58 (1H,
d, J = 8.4 Hz), 7.67 (1H, d, J = 7.8 Hz); 13C NMR (CDCl3)
d 110.11 (tquint.d, J = 218.8, 23.9, 4.8 Hz), 110.95 (tq, J =
258.7, 22.9 Hz), 111.87, 112.53 (d, J = 6.4 Hz), 114.16 (tt, J =
27.2, 4.4 Hz), 114.79 (ttd, J = 260.2, 24.9, 9.2 Hz), 122.35,
124.11, 126.94, 127.57, 140.95 (d, J = 4.4 Hz), 147.7–151.0 (dm,


J = 304.4 Hz), 155.86 (d, J = 1.9 Hz); 19F NMR (CDCl3) d
−129.95 (2F, s), −127.8 to −127.9 (1F, m), −117.63 (1F, s),
−117.59 (1F, s), −109.57 (1F, s), −109.54 (1F, s); IR (KBr) m
2959 (m), 2927 (m), 2844 (m), 1980 (w), 1634 (m), 1383 (w), 1074
(vs), 783 (w), 667 (m), 468 (vs) cm−1; HRMS (FAB) found: m/z
310.0211. Calcd for C13H5F7O: 310.0229.


4.2.7 1 - (2 - Benzo[b]thienyl) - 2,3,3,4,4,5,5 - heptafluorocyclo-
pentene (5g). Mp 47–48 ◦C; 1H NMR (CDCl3) d 7.46 (1H, quint.,
J = 7.0 Hz), 7.80 (1H, s), 7.80–7.90 (2H, m); 13C NMR (CDCl3) d
110.16 (tquint.d, J = 275.0, 24.7, 5.4 Hz), 110.90 (tq, J = 257.4,
22.3 Hz), 115.37 (ttd, J = 260.9, 24.8, 10.1 Hz), 117.8–118.5 (m),
122.09, 122.77 (d, J = 14.0 Hz), 125.09, 125.29, 126.93, 128.42 (d,
J = 4.3 Hz), 138.31, 141.41 (d, J = 5.5 Hz), 148.0–150.8 (dm, J =
300.7 Hz); 19F NMR (CDCl3) d −129.70 (2F, s), −129.6 to −129.5
(1F, m), −117.52 (1F, s), −117.48 (1F, s), −109.03 (1F, s), −109.00
(1F, s); IR (KBr) m 3062 (w), 2922 (w), 1688 (m), 1384 (vs), 1272
(s), 1248 (m), 1136 (vs), 1021 (vs), 968 (vs) cm−1; HRMS (FAB)
found: m/z 325.9995. Calcd for C13H5F7S: 326.0000. Anal. calcd
for C13H5F7S: C, 47.86: H, 1.54. Found: C, 48.13; H, 1.63.


4.2.8 1-(2-Indolyl)-2,3,3,4,4,5,5-heptafluorocyclopentene (5h).
Mp 37–39 ◦C; 1H NMR (CDCl3) d 3.76 (3H, d, J = 3.4 Hz),
7.00 (1H, s), 7.20 (1H, ddd, J = 8.0, 6.4, 1.6 Hz), 7.3–7.4 (2H,
m), 7.69 (1H, d, J = 8.0 Hz); 13C NMR (CDCl3) d 31.72 (d, J =
7.3 Hz), 107.80, 110.06, 110.11 (tquint.d, J = 275.5, 24.0, 3.6 Hz),
110.89 (tq, J = 259.0, 23.9 Hz), 115.06 (ttd, J = 260.1, 24.9,
10.4 Hz), 116.0–116.5 (m), 120.97, 121.96, 122.01, 124.71, 127.22,
139. 50, 148.8–152.0 (dm, J = 294.0 Hz); 19F NMR (CDCl3)
d −130.39 (2F, s), −127.6 to −127.7 (1F, m), −118.24 (1F, s),
−118.20 (1F, s), −108.90 (1F, s), −108.87 (1F, s); IR (KBr) m 2099
(m), 1643 (s), 1461 (w), 1340 (m), 1277 (w), 1140 (m), 1038 (m),
974 (m), 910 (w) cm−1; HRMS (FAB) found: m/z 323.0545. Calcd
for C14H8F7N: 323.0545.


4.3 Typical procedure for the preparation of 1,2-disubstituted
perfluorocyclopentenes 6


A 50-mL three-necked, round-bottomed flask quipped with a
magnetic stirrer bar, a thermometer, a rubber septum and an
inlet tube for argon was charged with a solution of 2.2 equiv.
of 2-furyllithium (2a) in Et2O. To this solution was slowly added
0.212 g (1.0 mmol) of perfluorocyclopentene 1 in THF (2 mL)
via a syringe at −78 ◦C. After stirring for 2 h at −78 ◦C, the
reaction mixture was poured into a saturated aqueous solution of
ammonium chloride (30 mL). The resultant mixture was extracted
with ether (20 mL × 5). The organic layers were dried over
anhydrous sodium sulfate, filtered and concentrated with a rotary
evaporator under reduced pressure. Column chromatography of
the residue using hexane–ethyl acetate (12 : 1) gave 1,2-di(2-furyl)-
3,3,4,4,5,5-hexafluorocyclopentene (6a).


4.3.1 1,2-Di(2-furyl)-3,3,4,4,5,5-hexafluorocyclopentene (6a).
1H NMR (CDCl3) d 6.57 (2H, dd, J = 3.5, 1.6 Hz), 7.16 (2H, d,
J = 3.3 Hz), 7.61 (2H, brs); 13C NMR (CDCl3) d 110.57 (tquint.,
J = 245.6, 24.5 Hz), 112.41, 116.25 (tt, J = 257.7, 24.0 Hz), 117.24,
122.5–123.0 (m), 143.46, 145.52; 19F NMR (CDCl3) d −131.8 to
−131.9 (2F, m), −109.4 to −109.5 (4F, m); IR (neat) m 3152 (w),
2959 (w), 2873 (w), 1619 (m), 1576 (s), 1486 (vs), 1342 (vs), 1223
(vs), 1195 (vs), 1071 (vs), 997 (vs) cm−1; HRMS (FAB) found: m/z
308.0280. Calcd for C13H6F6O2: 308.0272.
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4.3.2 1,2-Di(3-furyl)-3,3,4,4,5,5-hexafluorocyclopentene (6b).
1H NMR (CDCl3) d 6.53 (2H, d, J = 1.3 Hz), 7.50 (2H, t,
J = 1.7 Hz), 7.81 (2H, brs); 13C NMR (CDCl3) d 109.60, 110.74
(tquint., J = 270.5, 24.8 Hz), 113.18, 116.41 (tt, J = 258.7,
26.7 Hz), 130.0–130.5 (m), 143.93, 144.03; 19F NMR (CDCl3) d
−131.9 to −131.5 (2F, m), −110.96 (4F, brs); IR (neat) m 3157 (w),
2918 (w), 1657 (m), 1581 (s), 1515 (vs), 1342 (vs), 1281 (vs), 1168
(vs), 1128 (vs), 1098 (vs), 963 (vs) cm−1; HRMS (FAB) found: m/z
308.0279. Calcd for C13H6F6O2: 308.0272.


4.3.3 1,2-Di(2-thienyl)-3,3,4,4,5,5-hexafluorocyclopentene (6c).
1H NMR (CDCl3) d 7.15 (2H, dd, J = 5.0, 3.8 Hz), 7.47 (2H, d,
J = 3.5 Hz), 7.55 (2H, dd, J = 5.1, 0.7 Hz); 13C NMR (CDCl3)
d 110.77 (tquint., J = 271.4, 24.8 Hz), 115.76 (tt, J = 257.3,
23.9 Hz), 127.54, 127.76, 130.84, 131.77, 132.1–132.7 (m); 19F
NMR (CDCl3) d −131.15 (2F, tt, J = 4.9, 4.9 Hz), −110.56 (4F,
t, J = 4.9 Hz); IR (neat) m 3097 (s), 2962 (s), 2856 (m), 1629
(s), 1527 (s), 1437 (s), 1336 (s), 1262 (vs), 1124 (vs), 977 (s), 796
(s) cm−1; HRMS (FAB) found: m/z 339.9822. Calcd for C13H6F6S2:
339.9815.


4.3.4 1,2-Di(3-thienyl)-3,3,4,4,5,5-hexafluorocyclopentene (6d).
1H NMR (CDCl3) d 7.04 (2H, d, J = 5.0 Hz), 7.36 (2H, dd, J =
5.0, 3.0 Hz), 7.63 (2H, brs); 13C NMR (CDCl3) d 110.91 (tquint.,
J = 271.0, 24.8 Hz), 116.43 (tt, J = 253.9, 26.4 Hz), 126.62, 127.35,
128.46, 130.60, 132.9–133.6 (m); 19F NMR (CDCl3) d −131.56 (2F,
tt, J = 4.9, 4.9 Hz), −110.68 (4F, t, J = 4.9 Hz); IR (neat) m 3117
(m), 2927 (m), 1640 (m), 1529 (s), 1432 (s), 1367 (s), 1275 (vs), 1123
(vs), 1076 (vs), 999 (vs), 782 (s) cm−1; HRMS (FAB) found: m/z
339.9825. Calcd for C13H6F6S2: 339.9815.


4.3.5 1,2-Bis(2-N -methylpyrrolyl) -3,3,4,4,5,5-hexafluorocy-
clopentene (6e). Mp 104–107 ◦C; 1H NMR (CDCl3) d 2.95 (6H,
s), 6.29 (2H, dd, J = 3.8, 2.8 Hz), 6.61 (2H, d, J = 2.8 Hz), 6.73
(2H, d, J = 1.8 Hz); 13C NMR (CDCl3) d 34.33, 110.90 (tquint.,
J = 270.0, 23.8 Hz), 116.16 (tt, J = 255.3, 23.8 Hz), 121.22, 127.32,
132.1–132.7 (m); 19F NMR (CDCl3) d −132.30 (2F, tt, J = 4.9,
4.9 Hz), −110.10 (4F, t, J = 4.9 Hz); IR (KBr) m 2959 (w), 2929 (w),
2885 (w), 1634 (m), 1535 (w), 1435 (w), 1257 (m), 1116 (vs), 1058
(vs), 811 (w), 701 (w) cm−1; HRMS (FAB) found: m/z 334.0909.
Calcd for C15H12F6N2: 334.0905.


4.3.6 1,2 - Bis(2 - benzo[b]furyl)–3,3,4,4,5,5 - hexafluorocyclo-
pentene (6f). Mp 107–109 ◦C; 1H NMR (CDCl3) d 7.34 (2H, t,
J = 7.7 Hz), 7.45 (2H, t, J = 7.9 Hz), 7.5–7.6 (4H, m), 7.72 (2H,
d, J = 7.8 Hz); 13C NMR (CDCl3) d 110.64 (tquint., J = 245.6,
24.4 Hz), 111.54, 113.93, 116.15 (tt, J = 258.3, 24.0 Hz), 122.29,
123.89, 125.1–125.8 (m), 127.41, 127.52, 144.47, 155.58; 19F NMR
(CDCl3) d −132.0 to −131.6 (2F, m), −109.39 (4F, brs); IR (KBr) m
3050 (w), 2914 (w), 1609 (m), 1560 (s), 1393 (s), 1277 (vs), 1215 (vs),
1126 (vs), 1000 (vs), 947 (vs), 741 (vs) cm−1; HRMS (FAB) found:
m/z 408.0590. Calcd for C21H10F6O2: 408.0585. Anal. calcd for
C21H10F6O2: C, 61.78: H, 2.47. Found: C, 62.09; H, 2.42.


4.3.7 1,2 - Bis(2 - benzo[b]thienyl) - 3,3,4,4,5,5 - hexafluorocyclo-
pentene (6g). Mp 136–138 ◦C; 1H NMR (CDCl3) d 7.4–7.5 (4H,
m), 7.7–7.8 (4H, m), 7.8–7.9 (2H, m); 13C NMR (CDCl3) d 110.81
(tquint., J = 270.9, 24.4 Hz), 115.81 (tt, J = 258.0, 23.9 Hz),
122.21, 124.87, 125.01, 126.55, 127.49, 129.65, 133.3–134.0 (m),
138.61, 141.51; 19F NMR (CDCl3) d −131.02 (2F, brs), −110.18
(4F, brs); IR (KBr) m 3066 (w), 2926 (w), 1627 (m), 1526 (m), 1331


(m), 1277 (s), 1122 (vs), 1042 (vs), 974 (vs), 757 (s) cm−1; HRMS
(FAB) found: m/z 440.0139. Calcd for C21H10F6S2: 440.0128. Anal.
calcd for C21H10F6S2: C, 57.27: H, 2.29. Found: C, 57.15; H, 2.32.


4.3.8 1,2-Di(2-indolyl)-3,3,4,4,5,5-hexafluorocyclopentene (6h).
Mp 208–210 ◦C; 1H NMR (CDCl3) d 2.99 (6H, s), 7.08 (4H,
brs), 7.27 (4H, dd, J = 13.9, 7.1 Hz), 7.27 (2H, ddd, J = 15.3,
8.2, 1.0 Hz), 7.68 (2H, d, J = 8.0 Hz); 13C NMR (CDCl3) d
31.02, 107.89, 110.21, 110.86 (tquint., J = 270.9, 25.3 Hz), 116.01
(tt, J = 256.8, 23.0 Hz), 120.96, 121.88, 124.53, 127.40, 127.60,
130.6–131.4 (m), 139.29; 19F NMR (CDCl3) d −132.23 (2F, brs),
−109.83 (4F, brs); IR (KBr) m 2959 (w), 2848 (w), 1653 (m), 1529
(w), 1463 (m), 1338 (m), 1264 (s), 1112 (vs), 988 (s), 855 (m),
750 (m) cm−1; HRMS (FAB) found: m/z 434.1225. Calcd for
C23H16F6N2: 434.1218.


4.4 Typical procedure for the preparation of 1,2-bis(1-
phenylvinyloxy)-3,3,4,4,5,5-hexafluorocyclopentene (6-O)


A 50-mL three-necked, round-bottomed flask equipped with a
magnetic stirrer bar, a thermometer, a rubber septum and an
inlet tube for argon was charged with 2.2 equiv. of 1-phenyl-
1-(trimethylsilyloxy)ethylene, prepared from acetophenone in
THF. To this solution was added 0.212 g (1.0 mmol) of 1 in THF
(2 mL) via a syringe at room temperature. To the solution was
slowly added 0.5 mL (0.5 mmol) of 1.0 M tetrabutylammonium
fluoride (TBAF) in THF via a syringe at 0 ◦C. After being stirred
for 20 h at room temperature, the reaction mixture was poured
into a saturated aqueous solution of ammonium chloride (30 mL),
followed by extraction with diethyl ether (20 mL × 5). The organic
layers were dried over anhydrous sodium sulfate, filtered and
concentrated with a rotary evaporator. Column chromatography
of the residue using hexane as an eluent yielded 1,2-bis(1-
phenylvinyloxy)-3,3,4,4,5,5-hexafluorocyclopentene (6-O).


4.4.1 1,2 - Bis(1 - phenylvinyloxy) - 3,3,4,4,5,5 - hexafluorocyclo-
pentene (6-O). 1H NMR (CDCl3) d 4.72 (1H, d, J = 3.8 Hz),
5.05 (1H, d, J = 3.8 Hz), 7.3–7.5 (5H, m); 13C NMR (CDCl3) d
93.64, 109.68 (tquint., J = 273.1, 24.4 Hz), 113.05 (tt, J = 257.7,
24.1 Hz), 125.23, 128.34, 129.42, 132.65, 134.2–134.9 (m), 155.14;
19F NMR (CDCl3) d −130.94 (2F, s), −114.77 (4F, s); IR (neat) m
3060 (w), 1689 (vs), 1577 (m), 1494 (s), 1369 (vs), 1290 (vs), 1198
(vs), 1074 (vs), 982 (vs), 837 (m) cm−1; HRMS (FAB) found: m/z
412.0898. Calcd for C21H14F6O2: 412.0898.


4.4.2 1-(1-Phenylvinyloxy)-2,3,3,4,4,5,5-heptafluorocyclopent-
ene (5-O). 1H NMR (CDCl3) d 5.06 (1H, dd, J = 3.4, 1.1 Hz),
5.38 (1H, d, J = 3.4 Hz), 7.4–7.5 (3H, m), 7.5–7.6 (2H, m); 19F
NMR (CDCl3) d −150.4 to −150.1 (1F, m), −130.10 (2F, s),
−116.14 (1F, s), −116.10 (1F, s), −116.07 (1F, s), −116.02 (1F, s);
IR (neat) m 3092 (w), 3064 (w), 2958 (w), 2929 (w), 1728 (vs), 1645
(s), 1496 (m), 1377 (vs), 1290 (vs), 1151 (vs), 1090 (s) cm−1; HRMS
(FAB) found: m/z 312.0384. Calcd for C13H7F7O: 312.0385.


4.5 Typical procedure for the preparation of diethyl 3-
[bis(ethoxycarbonyl)]-methylene-2,4,4,5,5-pentafluorocyclo-
pent-1-enylmalonate (8)


A 50-mL three-necked, round-bottomed flask equipped with a
magnetic stirrer bar, a thermometer, a rubber septum and an
inlet tube for argon was charged with a suspended solution of
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4.4 equiv. of sodium hydride in THF. To this suspended solution
was dropwise added 0.743 g (4.6 mmol) of diethyl malonate via
syringe at 0 ◦C and the whole was stirred for 30 min at 0 ◦C. To
the resulting solution was slowly added 0.212 g (1.0 mmol) of
1 in THF (1 mL) via syringe at 0 ◦C. After being stirred for
20 h at room temperature, the reaction mixture was poured into
a saturated aqueous solution of ammonium chloride (30 mL).
The resultant mixture was extracted with ether (20 mL × 5).
The organic layers were dried over anhydrous sodium sulfate,
filtered and concentrated with a rotary evaporator under reduced
pressure. Column chromatography of the residue using hexane–
ethyl acetate (3 : 1) gave diethyl 3-[bis(ethoxycarbonyl)]methylene-
2,4,4,5,5-pentafluorocyclopent-1-enylmalonate (8). The products
7A and 7B could not be isolated as a pure product. 19F NMR
of the mixture was as follows. 7A : d (CDCl3) −130.59 (2F, brs),
−126.81 (1F, brs), −119.662 (1F, brs), −119.62 (1F, brs), −110.45
(1F, brs), −110.41 (1F, brs); 7B : d (CDCl3) −150.5 to −150.1 (1F,
m), −130.47 (1F, brs), −123.5 −123.2 (2F, m), −114.33 (1F, brs),
−114.30 (1F, brs).


4.5.1 Diethyl-3-[bis(ethoxycarbonyl)]methylene-2,4,4,5,5-
pentafluorocyclopent-1-enylmalonate (8)


Mp 35–37 ◦C; 1H NMR (CDCl3) d 1.30 (6H, t, J = 7.1 Hz),
1.34 (6H, t, J = 7.1 Hz), 4.28 (4H, q, J = 7.1 Hz), 4.36 (4H,
q, J = 7.1 Hz), 4.42 (1H, s); 13C NMR (CDCl3) d 13.58, 13.68,
46.91, 53.34, 62.84, 62.91, 112.94 (ttd, J = 261.4, 24.4, 5.4 Hz),
116.22 (ttd, J = 315.2, 25.9, 9.1 Hz), 127.64, 127.68, 130.80 (t,
J = 24.9 Hz), 130.93 (t, J = 24.9 Hz), 159.0–161.8 (dm), 160.20,
162.02, 163.96; 19F NMR (CDCl3) d −114.56 (1F, brs), −114.51
(1F, brs), −111.07 (1F, brs), −110.94 (1F, brs), −109.0 to −108.4
(1F, m); IR (KBr) m 2991 (m), 1740 (vs), 1678 (m), 1468 (m), 1371
(s), 1254 (vs), 1157 (s), 1099 (vs), 901 (s) cm−1; HRMS (FAB)
found: m/z 473.1237. Calcd for C19H22 F5O8: 473.1235.


4.6 Typical procedure for the preparation of 2,4,4,5,5-
pentafluoro-3-[(triphenyl-k5-phosphonylidene)methyl]-2-
cyclopenten-1-one (9)


A 50-mL three-necked, round-bottomed flask equipped with a
magnetic stirrer bar, a thermometer, a rubber septum and an
inlet tube for argon was charged with a solution of 2.2 equiv.
of methyltriphenylphosphonium bromide in THF. To this solution
was slowly added a solution of n-butyllithium in hexane (2.2 mmol)
via syringe at –78 ◦C. The whole was stirred for 30 min at 0 ◦C
and then cooled to –78 ◦C. To the solution was slowly added
0.212 g (1.0 mmol) of 1 in methylene chloride (4 mL) via syringe
at –78 ◦C. After being stirred for 2 h at room temperature, the
reaction mixture was poured into a saturated aqueous solution
of ammonium chloride (30 mL), followed by extraction with
methylene chloride (20 mL × 5). The organic layers were dried over
anhydrous sodium sulfate, filtered and concentrated with a rotary
evaporator. Column chromatography of the residue using hexane–
ethyl acetate (1 : 2) as eluents yielded 2,4,4,5,5-pentafluoro-3-
[(triphenyl-k5-phosphonylidene)methyl]-2-cyclopenten-1-one (9).


4.6.1 2,4,4,5,5-Pentafluoro-3-[(triphenyl-k5-phosphonylidene)-
methyl]-2-cyclopenten-1-one (9). Mp 205–207 ◦C; 1H NMR
(CDCl3) d 4.16 (1H, d, J = 14.2 Hz), 7.5–7.6 (12H, m), 7.65–7.72
(3H, m); 13C NMR (CDCl3) d 55.36 (d, J = 111.6 Hz), 110.29


(ttd, J = 258.9, 23.3, 5.9 Hz), 114.25 (ttd, J = 254.0, 28.3, 6.3 Hz),
123.67 (d, J = 92.3 Hz), 129.53 (d, J = 12.8 Hz), 132.64 (d, J =
10.4 Hz), 133.56 (d, J = 2.6 Hz), 140.9–143.5 (m), 146.2–146.9
(m), 163.93 (td, J = 25.2, 11.4 Hz); 19F NMR (CDCl3) d −152.8
to −152.0 (1F, m), −124.91 (1F, brs), −124.80 (1F, brs), −116.06
(1F, brs), −115.96 (1F, brs); 31P NMR (H3PO4) d 16.25–17.30 (1P,
m); IR (KBr) m 3055 (w), 2368 (w), 1685 (s), 1560 (vs), 1438 (s),
1303 (m), 1240 (m), 1101 (vs), 1016 (vs), 964 (vs) cm−1; HRMS
(FAB) found: m/z 447.0938. Calcd for C24H17F5OP: 447.0937.


4.7 Typical procedure for the preparation of {2,4,4,5,5-
pentafluoro-3-[(triphenyl-k5-phosphonylidene)methyl]-2-
cyclopentenylidenemethyl}triphenylphosphonium bromide (10)


A 50-mL three-necked, round-bottomed flask equipped with a
magnetic stirrer bar, a thermometer, a rubber septum and an
inlet tube for argon was charged with a solution of 6.6 equiv. of
methyltriphenylphosphonium bromide in THF. To this solution
was dropwise added a solution of n-butyllithium in hexane
(6.6 mmol) via syringe at –78 ◦C. The whole was stirred for 30 min
at 0 ◦C and then cooled to –78 ◦C. To the solution was slowly
added 0.212 g (1.0 mmol) of 1 in methylene chloride (6 mL) via
syringe at –78 ◦C. After being stirred for 2 h at room temperature,
the reaction mixture was poured into a saturated aqueous solution
of ammonium chloride (30 mL), followed by extraction with
methylene chloride (20 mL × 5). The organic layers were dried
over anhydrous sodium sulfate, filtered and concentrated with
a rotary evaporator. Column chromatography of the residue
using ethyl acetate–ethanol (5 : 1) gave {2,4,4,5,5-pentafluoro-3-
[(triphenyl-k5-phosphonylidene)methyl]-2-cyclopentenylidene-
methyl}triphenylphosphonium bromide (10).


4.7.1 {2,4,4,5,5-Pentafluoro-3-[(triphenyl-k5-phosphonylidene)-
methyl]-2-cyclopentenylidenemethyl}triphenylphosphonium bromide
(10). Mp: >300 ◦C; 1H NMR (CDCl3) d 4.24 (2H, d, J =
12.6 Hz), 7.27–7.35 (10H, m), 7.50–7.58 (13H, m), 7.6–7.8 (7H,
m); 13C NMR (CDCl3) d 57.99 (d, J = 111.9 Hz), 114.53 (tt,
J = 242.3, 32.4 Hz), 121.76 (d, J = 92.4 Hz), 129.08 (d, J =
12.9 Hz), 131.52 (d, J = 10.7 Hz), 133.34, 138.5–139.5 (m),
140.0–142.5 (m); 19F NMR (CDCl3) d −137.00 to −136.20 (1F,
m), −113.92 (2F, brs), −113.81 (2F, brs); IR (KBr) m 3049 (w),
2365 (w), 1524 (vs), 1437 (s), 1232 (m), 1107 (s), 1028 (vs), 964
(s), 767 (vs) cm−1; HRMS (FAB) found: m/z 705.1896. Calcd for
C43H32F5P2: 705.1899.


4.8. X-Ray structural analysis of 9


A purple block crystal of C24H16F5OP having approximate dimen-
sions of 0.30 × 0.27 × 0.25 mm was mounted on a glass fiber.
All measurements were made on a Rigaku AFC7R diffractometer
with filtered Cu Ka radiation and a rotating anode generator.


Compound 9. C24H16F5OP, M = 446.36, orthorhombic, a =
17.266(7), b = 17.317(7), c = 13.791(4) Å, a = 90.0000, b =
90.0000, c = 90.0000◦, U = 4123(3) Å3, T = 198.1 K, space
group Pbca (no. 61), Z = 8, l(Mo Ka) = 1.54178 mm−1, 15820
reflections measured, 3661 unique (Rint = 0.077) which were used
in all calculations. The final R1 and wR2 were 0.047 and 0.114
(I>2r(I)).†


All calculations were performed by using the CrystalStructure14


crystallographic software package (Rigaku and Rigaku/MSC
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(2000–2003)) except for refinement, which was performed
using SHELXL-97.15 The structure was solved by direct
methods (SIR200216) and expanded using Fourier techniques
(DIRDIF9917). The goodness of fit indicator was 1.061.


4.9. X-Ray structural analysis of 10


A yellow block crystal of C43H32P2F5Br having approximate
dimensions of 0.25 × 0.20 × 0.30 mm was mounted on a glass fiber.
All measurements were made on a Rigaku AFC7R diffractometer
with filtered Cu Ka radiation and a rotating anode generator.


Compound 10. C43H32BrF5P2, M = 785.57, monoclinic, a =
16.463(9), b = 18.19(1), c = 13.50(1) Å, a = 90.0000, b =
111.93(4), c = 90.0000◦, U = 3750(4) Å3, T = 198.1 K, space
group P21/n (no. 14), Z = 4, l(Mo Ka) = 1.54178 mm−1, 18854
reflections measured, 6653 unique (Rint = 0.150) which were used
in all calculations. The final R1 and wR2 were 0.129 and 0.314
(I>2r(I)).†


All calculations were performed by using the CrystalStructure
crystallographic software package (Rigaku and Rigaku/MSC
(2000–2003)) except for refinement, which was performed
using SHELXL-97.15 The structure was solved by direct
methods (SIR200216) and expanded using Fourier techniques
(DIRDIF9917). The goodness of fit indicator was 1.229.
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The unique photochromic bis-chromene 5 incorporates the
structural attributes of both 3 and 4. UV–vis irradiation of 5
leads to a dark brown colour, which is formed by mixing the
purple and red colours observed for the photolysates of 3 and
4, respectively.


Organic photochromic compounds have significant implications
in a number of applications that include optical data storage and
switching, imaging devices, smart windows, etc.1 In particular,
benzo- and naphthopyran derivatives have emerged as an impor-
tant class of photochromic materials due to their practical appli-
cations in variable optical transmission glasses and optoelectronic
devices.2 As compared to benzopyrans, naphthopyrans have been
extensively investigated due to their high colourability, fast thermal
bleaching and high fatigue resistance—the attributes of a good
photochromic material;2 the studies on the former have largely
been limited to mechanistic insights.3 In our recent investigations,
we discovered that simple 6-/7-arylbenzopyrans, which may be
accessed in a facile manner via Suzuki coupling protocols, lend
themselves to remarkable photochromic properties that parallel
those of the naphthopyrans.4 Further, we uncovered a significant
difference (ca. 100 nm) in the absorption maxima of 6- and 7-
arylchromenes 1 and 2, respectively (Scheme 1). A wide window in
the absorption maxima of these closely related analogues spurred
us to explore the biphotochromic systems such as bis-chromenes
3–5 (Fig. 1).


Scheme 1 Photochromism of aryl-substituted chromenes 1 and 2 via
p-conjugation.


The biphotochromic compounds have assumed considerable
significance at the present time in the development of complex sin-
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Fig. 1 The structures of chromenes investigated in the present study.


gle molecular systems that integrate several switchable functions.5


Such multi-addressable photochromic compounds are believed to
be of great utility in the development of optical memory media
capable of processing two pieces of information at the same
storage site.6 In principle, three different types of biphotochromic
compounds may be conceived, as described by Guglielmetti et al.;
the two photochromic entities are separated by a non-interactive
spacer in the first category, annulated in the second category and
are linked through a spacer that results in effective conjugation
between the two in the last category.7 Thus, the bis-chromenes
3–5 in which the two entities responsible for photochromism are
directly linked may correspond to a new type. Herein, we have
inquired specifically into the photobehaviour of 6,7′-bischromene
5 vis-à-vis 6,6′- and 7,7′-bischromenes, 3 and 4, respectively. With
each of the chromene rings viewed as an aryl ring, the mono-
opened forms in the case of 3 and 4 were expected a priori to
exhibit the photochromic properties akin to those of the simple
aryl analogues 6 and 7. However, the cross-linked bis-chromene
5 was anticipated to be an interesting and extraordinary case due
to the fact that the heterolysis may lead to the formation of two
optically-distinct species, cf. Scheme 2. Thus, the investigation of
the photobehaviour of 5 as compared to 3 and 4 was deemed very
appealing.


The bis-chromenes 3–5 were synthesized following the protocol
shown in Scheme 3. Accordingly, the required bis-phenols were
synthesized via Suzuki coupling followed by demethylation with
BBr3. Condensation of the phenols with 1,1-diphenyl-2-propynol
in the presence of pyridinium p-toluenesulfonate as a catalyst
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Scheme 2 Possible pathways of cleavage upon photolysis of 5.


Scheme 3 Synthetic protocol for the preparation of chromenes 3–7.


in 1,2-dichloroethane led to 3–5 in 24–64% isolated yields. The
bis-chromenes 3–5 were fully characterized by IR, 1H, and 13C
NMR spectroscopic techniques. In a similar manner the model
compounds 6 and 7 were prepared and characterized.


The UV–vis absorption spectra of the bis-chromenes 3–5 in
toluene are shown in Fig. 2. Clearly, all three analogues exhibit
very distinct absorption profiles. This, in conjunction with the
absorption maximum for the parent unsubstituted 2,2-diphenyl-
2H-1-benzopyran (kmax ca. 312 nm), attests to the fact that
there exists significant p-conjugation between the two chromene
moieties in all of the bis-chromenes 3–5. The absorption in the
case of 6,6′-bis-chromene 3 is highly blue-shifted relative to that
of the 6,7′-bis-chromene 5, while that of the 7,7′-analogue 4 is
tremendously red-shifted. As Fig. 2 reveals, all three bis-chromenes
3–5 exhibit respectable absorption at ca. 300 nm.


Fig. 2 Normalized UV–vis absorption spectra of 3–5.


Steady-state photolysis of the solutions of 3–5 as well as
the model chromenes 6 and 7 in toluene (5 × 10−5 M) led
to readily observable colour changes. In Fig. 3 are shown
the attendant colour changes when the solutions were briefly
(90 s) exposed to ultraviolet radiation (kmax ca. 300/350 nm)
in a Luzchem photoreactor. As can be seen, the species re-
sponsible for the colour in the case of 6,6′-bis-chromene 3
exhibits absorption with a maximum at ca. 550 nm leading to
a visible purple colour, whereas those of 7,7′- and 6,7′-bis-
chromenes (4 and 5) exhibit highly blue-shifted absorptions with
their kmax at ca. 430 nm; a shoulder in the absorption in the
region between 500–600 nm is also noteworthy for both cases. The
model arylchromenes 6 and 7 are found to exhibit photochromism
similar to those of bis-chromenes 3 and 4, respectively, see
ESI.†Thus, the bis-chromenes 3 and 4 truly behave as those
of the simple aryl analogues. What is remarkable is the subtle
difference in the absorption profiles for 4 and 5. It may be
readily discerned from Fig. 3 that the absorption in the region
between 500–600 nm is considerably higher for the cross-linked


Fig. 3 UV–vis absorption spectra of the photolysates of 3–7.
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bis-chromene 5 as compared to that for 4. This subtle difference
in the spectral distribution evidently causes dramatic change in
the way the photolysates exhibit colour; while the photolyzed
solution in the case of 4 looks orange-red, that in the case of 5
appears dark brown (Fig. 3). Further, 5 was found to exhibit a
considerable temperature-dependent absorption feature for the
coloured species formed subsequent to photoirradiation. That
is, the ratio [Abs]550 nm/[Abs]430 nm was found to increase with a
decrease in temperature (Fig. 4). In contrast, no such temperature-
dependent absorption features were observed for the photolysates
of bis-chromenes 3 and 4. Also, the bis-chromenes 3–5 exhibited
wavelength-independent transient absorption behaviour.


Fig. 4 The absorption spectra (normalized at 450 nm) of bis-chromene 5
at different temperatures.


The species responsible for the observation of colour in 3–7
upon photolysis are attributed to the mono-opened o-quinonoid
intermediates of the kind shown in Scheme 4.8,9 The initially
formed trans–cis conformer may undergo, under steady-state
conditions, further light-induced isomerization to the trans–trans
form such that the decay of the coloured species is, in essence, a
composite of the decays of the two isomers, vide infra.


Scheme 4 Structures of the four possible isomeric o-quinonoid interme-
diates, which may result from the photolysis of an arylchromene.


How can the unique absorption feature as well as the
temperature-dependent behaviour of 5 be reconciled? As men-
tioned at the outset, the bis-chromene 5 may, in principle, undergo
heterolysis in two different ways to generate the o-quinonoid
intermediates that differ significantly in their absorption prop-
erties, cf. Scheme 2. Thus, the 6 C–O and 7 C–O cleavages may
lead to the o-quinonoid intermediates, whose absorptions may
be readily compared to those of the intermediates derived from


3/6 and 4/7. A comparison of the spectral features in Fig. 3
suggests that both of the intermediates derived via 6 C–O as well
as 7 C–O heterolyses exhibit absorptions at 430 and 550 nm,
but the absorbance at 550 nm is higher as compared to that
at 430 nm for the intermediate of 6 C–O heterolysis and vice
versa for the intermediate of 7 C–O heterolysis. Thus, a significant
increase in the absorbance at 550 nm relative to that at 430 nm
for bis-chromene 5 indicates unequivocally the formation of the
intermediates of both 6 C–O as well as 7 C–O heterolyses. The
visible dark brown colour for the photolysate of 5 suggests the
occurrence of two possible cleavages that lead to varying ratios
of the respective o-quinonoid intermediates (Scheme 2); indeed,
the visible dark brown colour can be generated by mixing the
complementary purple and orange colours, which are observed for
the photolysis of 3 and 4, respectively. The temperature-dependent
absorption spectra in Fig. 4 for irradiation at 300 nm show that the
absorption at ca. 550 nm decreases with increasing temperature
relative to that at 430 nm, which implies the fact that i) the overall
transient absorption is a superposition of varying proportions of
the o-quinonoid intermediates of 6 C–O and 7 C–O heterolyses and
ii) a certain population of the intermediates of 6 C–O heterolysis
decays rapidly as compared to that of 7 C–O heterolysis.


We have followed the kinetics for the disappearance of the
transient intermediates of 3–5 at the photostationary state, the
necessary durations of irradiation to reach the equilibrium con-
ditions were determined from their respective colouration plots,
see ESI.†The decays of the intermediates of 4 and 5 (Fig. 5)
could be fitted to a biexponential function. The slow-decaying
component of the intermediate of 3 was virtually negligible leading
to a monoexponential fit.10 The decay rate constants (s−1) thus
extracted from curve-fitting analyses are as follows: k(3) = 0.034;
k1(4) = 0.043, k2(4) = 0.006 and k1(5) = 0.024, k2(5) = 0.006.
As can be seen, the fast-decaying species exhibit comparable
lifetimes for all of the bis-chromenes 3–5. In general, the fast- and
slow-decaying components are believed to be trans–cis and trans–
trans species, cf. Scheme 4; the cis–cis isomer is known to decay
quite readily, while the cis–trans isomer can only be formed with
difficulty.8 Most remarkable is the finding that the bis-chromenes
3–5 exhibit ready photochromism in comparison to their parent
monomer benzopyran, for which the photochromic property is
observable only with difficulty at low temperatures.11


Fig. 5 The normalized thermal decay profiles of 3–5. The decays were
monitored at 550 (for 3) and 450 nm (for 4 and 5).


In conclusion, we have explored the photochromism in a
unique set of directly-linked bis-chromenes 3–5. Upon photolysis,
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the bis-chromenes 3 and 4 undergo mono-heterolysis leading to
o-quinonoid intermediates, whose absorption properties parallel
those of the model aryl analogues 6 and 7, respectively. Whereas
the intermediate derived from 3 was found to exhibit an ab-
sorption maximum at 550 nm (purple), the absorption of the o-
quinonoid intermediate derived from 4 was found be highly blue-
shifted with kmax ca. 430 nm (orange-red). The cross-linked and
substitutionally-biased bis-chromene 5, which may be viewed as
a 6-(7-chromenyl)chromene as well as 7-(6-chromenyl)chromene,
lends itself to novel photobehaviour in that the irradiation leads
to differing proportions (depending on the temperature) of the
intermediates of 6 C–O and 7 C–O heterolysis. The unique
absorption spectral distribution arising from the formation of
two o-quinonoid intermediates derived from 6 C–O and 7 C–O
heterolyses gives a dark brown colour to the solutions of irradiated
5. In other words, the photobehaviour of 5 is equivalent to
a composite of that observed for 3 as well as 4. In view of
the fact that naphthopyrans with a neutral grey colour are
important for applications in conjunction with spiro-oxazines
for the development of ophthalmic plastic lenses and that there
exists tremendous interest currently in the development of multi-
addressable photoswitchable systems, the bis-chromenes with
novel photochromism represent a new class of molecular systems.
We are presently exploring the behaviour of analogous bis-
naphthopyrans toward bis-photochromic materials.
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A novel linker strategy is presented based on a double
reductive amination of a dialdehyde to the amine of the
amphotericin B mycosamine sugar and the biological activity
of a series of conjugates is compared to the native ampho-
tericin B.


Despite the fact that is was discovered well over 40 years ago,
the mode of action of the polyene macrolide antimycotic agent
amphotericin B remains enigmatic, puzzling biochemists and
pharmacologists alike.1,2


Although there is clear evidence that its incorporation into
biological and abiological membranes results in electrolyte efflux,
there persists an ongoing debate as to the causal relationship of
this observed effect on cell death. Indeed, numerous investigations
reveal contradicting behaviour between model studies and those
in vivo.3


We have been interested in developing biochemical probes based
on amphotericin B (1, Fig. 1) as a means of studying several
hypotheses concerning the mode of action of this important
antifungal agent and to facilitate the study of processes believed to
occur at the membrane. We have initiated a program in the design
and synthesis of tailor-made amphotericin B conjugates bearing
reporter groups that permit insight into the fate of amphotericin
in cells and liposomes.4,5 In our preliminary disclosure, we
documented the preparation of an amphotericin B–fluorescein
conjugate which exhibited interesting properties when employed
as a probe in the fungal membrane. In this communication we


Fig. 1 Structure of the antifungal agent amphotericin B.
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report the synthesis of additional conjugates using a piperazine
as a point of attachment, and we introduce a related conju-
gation strategy involving a 4-carboxypiperidinyl linker, which is


Scheme 1 Synthesis of aminohexanoyl piperazinyl amphotericin B.


Fig. 2 K+ release from POPC based liposomes measured via potentiom-
etry. Substrate was added externally to lipid vesicles at a molar ratio
of 1 : 200 (reagent : total lipid), solid line: POPC alone, dashed line:
POPC admixed with 30 mol% cholesterol; dotted line: POPC admixed
with 13 mol% ergosterol.
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Fig. 3 Piperazinoyl-linked amphotericin B conjugates with reporter groups biotin (5), fluorescein (6), cholesterol (7), and photo-crosslinking diazirane
(8), along with dimer 9.


prepared through a short convenient sequence of reactions from
commercially available 3-cyclopentene-1-carboxylic acid and 1-
Fmoc-1,6-diaminohexane. Furthermore a preliminary validation
on the potential utility of one of these conjugates is carried in yeast;
we also document ion-flux studies in POPC vesicles (liposomes).


Earlier structure–activity relationship studies on amphotericin
B underlined the importance of the basic amine for the mechanism
of action. Simple acylations of this functional group have led
to compounds with significantly lowered biological activity.6


As such, this delimits the types of functionality that can be
relied upon to prepare conjugates. Two different solutions to this Fig. 4 Amide-linked biotin-amphotericin B.
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problem have appeared recently. Murata and co-workers
have reported the monoalkylation of amphotericin mycosamine
sugar through reductive amination of an aldehyde.7 We have
documented the use of dialdehydes in a double reductive
alkylation reaction of amphotericin mycosamine to afford novel
piperazinyl linked structures (Scheme 1). This latter approach
is convenient in that the formation of dialkylated products
produced when monoaldehydes are employed are avoided, thus
giving products that are easier to purify.


In order to evaluate the new linker we determined the minimal
inhibitory concentration (MIC) required to inhibit growth of
Saccharomyces cerevisiae. Amphotericin B (1) completely stopped
cell growth when added at a concentration of 1 lM. Conju-
gate 4 retained activity and was toxic above a threshold of
1.6 lM.


We also prepared large (100 nm) unilamellar vesicles (LUVs)
and directly measured the induced K+ permeability of the LUVs
with a K+-selective electrode. This assay contrasts with that
recently employed, which monitors the pH-sensitive shift corre-
sponding to the 31P NMR signal of a membrane probe.6 For such a
commonly employed assay, amphotericin B-induced leakage of K+


ions from liposomes triggers a counter H+ ion influx, levelling out a
transmembrane pH gradient. We reasoned that the direct analysis
of K+ efflux via a K+-selective electrode would have the benefit of
fast on-line measurements with increased accuracy as well as have
the advantage of maintaining the same physiologically-relevant
pH throughout the efflux experiment. This is especially important
since amphotericin B–liposome interactions are known to be very
sensitive to pH change.8


In the vesicle assay that we have adapted for our purposes,9


LUVs from POPC or from POPC with admixed sterols (mimicking
conditions in natural biomembranes10) were prepared in a KCl
solution and the vesicles were dialyzed against NaCl in order to
create an ion gradient (K+ inside, Na+ outside). Freshly prepared
valinomycin-based K+-selective electrodes were characterized and
employed as described earlier.4c


The parent amphotericin B (1) triggered an immediate release
of K+ ions from liposomes containing cholesterol or ergosterol
(Fig. 2). Conjugate 4 showed an efflux pattern that was very similar
to native amphotericin B in the case of ergosterol containing
vesicles. However, a difference was found when comparing the
efflux from cholesterol and non-sterol containing liposomes.
The new conjugate 4 induced a clear distinction between the
three vesicle systems, a fact that may show beneficial influence
on the selectivity of the drug for fungal versus mammalian
cells.


We set out to establish the utility of 4 by preparation of
several amphotericin B conjugates incorporating typical affinity-
(5), fluorescent- (6), photolabelling- (8) groups (Fig. 3) as well
as amphotericin–cholesterol conjugate 7 and dimer 9. Piperazine-
linked amphotericin analog 4 was allowed to react with biotin N-
hydroxysuccinimide ester to give 5, with fluorescein isothiocyanate
to furnish 6, with cholesterol chloroformate to provide 7, and
with the N-hydroxysuccinimide ester of 4-(3-trifluoromethyl-3H-
diazirin-3-yl)-benzoate ester to afford diazirane 8. When 4 was
condensed with an activated form of glutaric acid dimer 9 was
isolated in 24% yield from amphotericin B, which is a considerable
improvement over the yield that had been previously described for
related dimeric compounds.7


Biotin conjugate 5 was selected for thorough examination in
both liposomal (K+ efflux) and cellular assays. For comparison
purposes, amide-linked conjugate 10 was prepared (Fig. 4).


Both biotin-amphotericin B conjugates showed a K+ release pat-
tern similar to native amphotericin B (1) (Fig. 5). The piperazinyl-
linked conjugate 5 however, retained a high toxicity against fungal
cells (MIC = 20 lM) whereas the amide linked conjugate 10
showed a fivefold drop in activity (MIC = 100 lM) compared to 5.
This feature of probe 5 permits its use for subsequent investigations
of channel-forming properties in the membrane.11


As an alternative approach we have examined the use of a 3-
cyclopentene-1-carboxylic acid derivative, providing a diverse set
of building blocks for the construction of amphotericin conjugates.
The new linker strategy also allows for simple synthetic variations
of the binding motive. The commercially available cyclopentene
carboxylic acid is converted into the corresponding acid chloride
(oxalyl chloride, DMF) and treated with monoprotected 1,6-
diaminohexane in pyridine to afford a cyclopentenyl amide
which following dihydroxylation furnishes 11. Oxidation of this
diol to the dialdehyde and double reductive amination with
amphotericin B (1) installed the new linker. After deprotection
the diaminohexanoyl pyridyl amphotericin B 12 was isolated in
91% yield (Scheme 2).


Scheme 2 Synthesis of diaminohexyl pyridyl amphotericin B.


Both conjugates 4 and 12 bearing the novel linkers retained
the activity and were toxic above a threshold of 1.6 lM. The
piperidyl conjugate 12 not only showed remarkably reduced
release kinetics but a positive change was also found in the
increased selectivity for cholesterol-over ergosterol-containing
vesicles (Fig. 6).


In conclusion, we have established a new linker for bioconjuga-
tion through amines that allows for the synthesis of amphotericin
B conjugates in multi-gram scale. In a broader sense, the linking
strategy we document is suitable for bioconjugation in a number
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Fig. 5 K+ release from POPC based liposomes measured via potentiom-
etry. Substrate was added externally to lipid vesicles at a molar ratio
of 1 : 200 (reagent : total lipid), solid line: POPC alone, dashed line:
POPC admixed with 30 mol% cholesterol; dotted line: POPC admixed
with 13 mol% ergosterol.


Fig. 6 K+ release from POPC based liposomes measured via potentiom-
etry. Substrate was added externally to lipid vesicles at a molar ratio
of 1 : 200 (reagent : total lipid), solid line: POPC alone, dashed line:
POPC admixed with 30 mol% cholesterol; dotted line: POPC admixed
with 13 mol% ergosterol.


of other biologically important systems wherein functionalization
through a primary amine is required yielding molecules with
interesting new properties. A biotin conjugate was prepared as a
benchmark case which displayed comparable biological activity to
the parent compound and preserved K+ efflux-inducing properties
in a LUV assay. The new linker strategy and various prepared
amphotericin B conjugates will be useful in shedding some more
light on the mechanism of action of this important antifungal
drug.
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4 (a) J. Krüger and E. M. Carreira, Tetrahedron Lett., 1998, 39, 7013–
7016; (b) J. Tholander and E. M. Carreira, Helv. Chim. Acta, 2001,
84(3), 613–622; (c) A. Zumbuehl, P. Stano, M. Sohrmann, T. Vigassy,
E. Pretsch, M. Peter, P. Walde, D. Jeannerat and E. M. Carreira, Angew.
Chem., Int. Ed., 2004, 43, 5181–5185.


5 For additional recent studies with amphotericin, see: (a) A. Zumbuehl,
P. Stano, D. Heer, P. Walde and E. M. Carreira, Org. Lett., 2004,
6, 3683–3686; (b) V. Paquet and E. M. Carreira, Org. Lett., 2006, 8,
1807–1809; (c) J. M. Manthorpe, A. M. Szpilman and E. M. Carreira,
Synthesis, 2005, 3380–3388; (d) N. Matsumori, Y. Sawada and M.
Murata, J. Am. Chem. Soc., 2006, 128, 11977–11984.
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Many natural a-helical amphiphilic peptides are known to have lytic activity toward different cells.
Herein, we describe the synthesis and the characterization of synthetic a-helical amphiphilic peptide
nanostructures containing crown ethers, as well as the modulation of their cytolytic activity by adding
different acidic dipeptide chains at the N- or C-terminus.


Introduction


a-Helical amphiphilic peptides have been shown to have lytic
activity towards a wide range of cells: gram-positive and gram-
negative bacteria, fungi, eukaryotic mammalian and cancer cells.1


Lytic and antimicrobial activities of these peptides is still not com-
pletely understood and these activities depend on many factors:
capacity to form amphiphilic structures, net charge, hydropho-
bicity/hydrophilicity balance, molecule length and amino acid
sequence.2 To obtain lytic peptides, research groups have exploited
different methods: synthesis of natural peptide analogues,3 use of
b-peptides,4 use of cyclic peptides composed of D and L amino
acids,5 and using simple amphiphilic peptides.6


Previously, we have reported functional studies on a series of
peptides with a repeating sequence of seven amino acids.7–13 The
repeating sequence contains polar but uncharged residues bearing
a benzo-21-crown-7 ring spaced in such a way that upon formation
of an a-helical secondary structure, the crown ether side chains are
aligned on one side of the peptidic backbone.14 The opposite face
of such nanoscale peptide structures is lined by hydrophobic side-
chains of leucine (Leu), an amino acid recognized for its strong
propensity to induce a-helical conformation, therefore confering
an amphiphilic character to such peptide nanostructures.


Results showed that the peptide consisting of three repeating
sequences of the seven amino acids (21-mer) acts as an artificial ion
channel8–11,13 capable of facilitating the transport of monovalent
cations across bilayer membrane in different assays (pH-stat, patch
clamp and 23Na NMR).13,15 The peptide consisting of one repeating
sequence (7-mer) acted as a typical ion carrier and not as an ion
channel.8 A 14-residue peptide with two heptapeptide sequences
such as 1 interacts with bilayer membranes in a very different way;
it is a powerful membrane-disrupting agent that promotes the
leakage of large fluorescent dyes from vesicles, and haemoglobin
from erythrocytes.7 In an attempt to develop improved peptide
nanostructures with tunable lytic ability, we describe herein the
synthesis of a family of 14-residue peptide analogues, as well as
studies of their conformational and lytic activity behaviors.
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Results


Design of peptide nanostructures


Past studies have shown that terminal groups on 14-mer molecules
have an effect on leakage induced on lipid bilayers.7 Therefore
to modulate lytic activity of such compounds, we have added at
the N- or C-terminus different short negatively-charged dipeptide
chains (1–8, Fig. 1). These chains are formed by a combination of
glutamic (Glu) and/or aspartic (Asp) acid, linked by an a, b or c
peptidic bond.


Fig. 1 Peptide nanostructures used in the present investigation.


Synthesis


The synthetic approach used exploits a combination of solution
and solid phase synthesis. The general synthetic strategy is
divided in four parts: the solution synthesis of benzo-21-crown-7
ether modified amino acid12 (N-Boc-3-(3,4-(21-crown-7)-phenyl)-
L-alanine; CE), the solid phase synthesis of a 14-mer peptide,
the solution synthesis of Asp/Glu chains, and the chain coupling
followed by the cleavage-deprotection of the desired peptides.


There are several advantages to this strategy. First, 14-mer
peptides can be prepared by dimerization of a heptapeptide
segment on a solid support, facilitating synthesis and purification.
Second, post-synthesis modifications of the core 14-mer peptide
and end group engineering16 can be selectively, easily and efficiently
done. Third, the Asp/Glu chains synthesis is convergent, so each
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chain can be coupled to the N- or C-terminus of the core peptide.
Finally, solid phase synthesis is well developed and allows rapid,
parallel preparation of analogues on a relatively large scale.


Synthesis of the 14-mer core peptide


The 14-mer peptide was obtained by condensation of two hep-
tameric segments on the oxime resin, used as solid support.
Coupling reactions to prepare the heptapeptide 9 were performed
using N-Boc amino acids and N,N ′-diisopropylcarbodiimide–2-
hydroxybenzotriazole (DIC–HOBt) as reagents in CH2Cl2–DMF
(1 : 1), as shown in Scheme 1. The first leucine was activated
with DIC at 0 ◦C and then HOBt was added and the resulting
solution was stirred for 30 min. The solution was added to the resin
swollen in DMF and was shaken mechanically for 24 h at room
temperature. After acetylation of an unsubtituted oxime group
by acetic anhydride, the N-Boc group was removed by using 50%
CF3COOH (TFA) in CH2Cl2 to yield 10. The substitution level was
determined by a quantitative nynhydrin test17 and ranged from 0.5
to 0.6 mmol of oxime group per gram of resin. The second amino
acid bearing a crown ether ring and the subsequent amino acids
were coupled under the same conditions but with a 2 h shaking
time. The completion of couplings was monitored by a qualitative
nynhydrin test.


Scheme 1 Synthesis of N-Boc protected 7-mer on the oxime resin. (CE =
21-crown-7-L-Phe).


As shown in Scheme 2, 70% of the resin that contained
heptapeptide 9 on solid support was cleaved by a mixture of THF
and water (9 : 1) in the presence of 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) to generate the N-Boc heptapeptide acid 11. Coupling
of this segment on the deprotected heptapeptide on solid support
(12) was performed using DIC–HOBt in 1-methyl-2-pyrrolidone
(NMP) to yield the 14-mer on solid support 13. Half of the 14-mer
on solid support was cleaved to obtain Boc–14-mer–OH 3, using
the previously described procedure, and then different Asp/Glu
chains were coupled to the C-terminus. The remaining 14-mer
on the solid support was used for subsequent Asp/Glu chains
coupling to the N-terminus after deprotection of the N-Boc group.
It should be noted that segment coupling reactions under the
conditions used proceed with low levels of epimerization.12 Indeed,
analytical HPLC demonstrated that less than 5% epimerization
occurs during the coupling of 11 to 12.


Scheme 2 Synthesis of N-Boc protected 14-mer 3 by a heptapeptide
segment condensation on solid support.


Synthesis of Asp/Glu chains


Using a convergent strategy, several Asp/Glu chains were synthe-
sized. The general pathway for the synthesis of all dipeptides is
shown in Scheme 3. The procedure was applied for each Asp/Glu
chain used in this investigation. As mentioned previously, chains
are composed of two residues, glutamic and/or aspartic acid,
linked by an a, b or c peptidic bond, leading to several possibilities.


Scheme 3 A representative synthesis of a dipeptide chain: (a) CH2N2,
Et2O; (b) H2, 10% Pd/C, MeOH; (c) 4M HCl, dioxane; (d) EDC·HCl,
HOBt, NEt3, CH2Cl2.


The first step in the synthesis is the methylation of the free
carboxylic acid of the diprotected peptide by diazomethane
(CH2N2) formed in situ from Diazald C©.18 The product 14, obtained
in a quantitative yield, was then divided in two parts. A catalytic
hydrogenation using 10% palladium on activated carbon (Pd/C)
was used on one part to liberate the carboxylic acid of the
side chain (15). The N-Boc group of the second part was
removed using 4M HCl in dioxane to yield 16. Reaction of 15
with 16 using 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide
hydrochloride (EDC·HCl) as the condensing agent resulted in the
fully protected dipeptide compound 17. To allow the coupling
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at the N- or C-terminus of the 14-mer core peptide, half of the
product 17 obtained was treated with HCl in dioxane to cleave
the Boc group (18). Likewise, hydrogenation of 17 led to the free
carboxylic acid 19, which is ready to be coupled to the N-terminus
of the 14-mer peptide.


Coupling of Asp/Glu chains to 14-mer, cleavage and deprotection


Coupling of the Asp/Glu chain 18 at C-terminus of the core 14-
mer 3 was done in solution after activation of the carboxylic acid
with EDC·HCl (Scheme 4). Hydrolysis of methyl and benzyl esters
with 0.5N NaOH in MeOH led to 7 with a 37% yield for the last
two steps.


Scheme 4 Coupling of c-Glu-Glu chain at the C-terminus of the 14-mer
3 and final deprotection.


Coupling at the N-terminus was done on solid phase with usual
conditions. Dipeptide acid 19 was activated with DIC/HOBt in
DMF and then added to the 14-mer on solid support, previously
deprotected with 50% TFA in CH2Cl2 20. The N-Boc group of
the 16-mer peptide obtained was removed by treatment with
TFA. Finally, deprotected 16-mer peptide was cleaved and the
methyl ester group was hydrolyzed in one step by the action of 10%
water in THF with DBU to give 4 with a 15% overall yield as shown
in Scheme 5. In this case, NaOH treatment was not necessary.
Purification of all peptide nanostructures presented in Fig. 1 was
achieved by reversed-phase HPLC and they were characterized
successfully by 1H NMR and mass spectrometry.


Conformational studies


The solution conformation of peptide nanostructures was eval-
uated by circular dichroism spectropolarimetry (CD). Previous
studies have shown that Boc–14-mer–OH 3 adopts an a-helical
conformation in different media and at different concentrations.
The fully protected, Boc–14-mer–OMe 2 CD spectrum (Fig. 2)
indicates also a preference for an a-helical conformation, under
which the crown ether units are aligned on the same side of the
peptidic framework.


Scheme 5 Coupling of a c-Glu-c-Glu chain to the N-terminus of the
14-mer core peptide, cleavage and deprotection.


Fig. 2 CD spectra of peptide nanostructures 1–8 and 11 in 2,2,2-trifluo-
roethanol (TFE) at 25 ◦C at 0.28 mM. (h = mdeg cm2 dmol−1).


Likewise, results show that all peptide nanostructures synthe-
sized preferentially adopt an a-helical conformation but not the
shortest, Boc–7-mer–OH 11. As seen by the enhanced absorption
at 222 nm as compared with 3, presence of a glutamic and/or
aspartic acid chain at an N- or C-terminus of the 14-mer
core structure increases helicity. This increase of helicity can
be attributed to the additional hydrogen bond formed by the
Glu/Asp residues added. Also, in the case of 4–6, this could be due
to a favorable electrostatic effect between the negatively charged
residues at the N-terminus and the helix macrodipole.19 Capping
the N-terminus with a methyl ester (2) also enhances helicity as
demonstrated by an increasing band at 222 nm on CD spectra.
However, deprotection of the amine protecting group (1) leads to
a slight decrease in the helical conformation, probably in favor of
a b-sheet. The latter results can also be the result of an unfavorable
electrostatic effect of the positively charged N-terminus with the
helix macrodipole and the loss of one stabilizing hydrogen bond.
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Table 1 Calcein release from unilamellar vesiclesa induced by peptide
nanostructures at three different concentrations


% Release


Compound 0.72 lM 1.25 lM 12.5 lM


— Blank 1 2 2
1 +H2–14-mer–OH 74 77 80
2 Boc–14-mer–OMe 14 30 58
3 Boc–14-mer–OH 89 90 90
4 H–c-Glu-c-Glu–14-mer–OH 31 52 65
5 H–Glu-Glu–14-mer–OH 46 63 68
6 H–Glu-Asp–14-mer–OH 39 53 68
7 Boc–14-mer–c-Glu-Glu–OH 85 86 95
8 Boc–14-mer–b-Asp-Glu–OH 75 89 95
11 Boc–7-mer–OH 2 1 3


a DOPC: Chol (70:30) vesicles.


Lytic activity


The membrane disruption ability of peptide nanostructures 1–8
and Boc-7-mer-OH 11 was investigated using a fluorescent vesicle
lysis assay.20 Table 1 reports the calcein release induced by addition
of peptide nanostructures to unilamellar vesicles prepared from
1,2-dioleoyl-sn-glycerol-3-phosphocholine (DOPC) and choles-
terol (Chol) (70:30), at three different concentrations.


Results can be compared to the model compound Boc–14-
mer–OH 3, which was our most studied and active cytolytic
compound, showing strong lysis (90%) at the lowest concentration
investigated. First, Boc–7-mer–OH 11 did not induce calcein
release. When the Boc group in 3 was substituted by aspartic
and/or glutamic chains (4–6), the calcein leakage decreased
substantially. When the substitution is at the C-terminus (7, 8),
there is also a decrease in calcein release, but to a lower extent. A
decrease of the vesicle permeability is also observed when negative
charges at C-terminus are absent as in the case of 2. Finally,
zwitterrionic peptide 1 induces calcein leakage slightly less than
was induced by model compound 3, but 1 is also quite active.
The concentration of the peptide nanostructure is also important
for membrane disruption activity as expected. The leakage rate
at any peptide concentration slows down with time as shown in
Fig. 3. These results are consistent with a barrel-stave mechanism
of cytolytic action.21


Fig. 3 Calcein release induced by addition of peptide nanostructures 1
to 8 and 11 (0.72 lM) to DOPC : Chol (70 : 30) vesicles (50 lM lipid) in
10 mM HEPES–100 mM NaCl at pH 7.4. Vesicles lysed with detergent
(Triton X) at 300 s.


Overall, results demonstrate that an increase of membrane
permeability induced by crown peptides depends on many factors.
First, results obtained with Boc–7-mer–OH 11 show that helicity
is required for activity, even if it appears that there is no direct
correlation between helical content and lytic activity. For example,
+H2–14-mer–OH 1 possesses the lowest a-helix content, and has
more than 70% lytic activity at the lowest concentration tested.
However, for core peptides modified with aspartic and/or glutamic
acid chains, the one with the highest a-helix content (8) induced
the greatest lysis at 1.25 and 12.5 lM.


Second, a positively charged N-terminal group has a minor in-
fluence on the activity. This is confirmed by the similar membrane
permeability profile of 1 and 3, though the latter induced more lysis
than the former (Fig. 3). On the contrary, the polarity of the C-
terminus position greatly influences the lytic activity. We observed
significantly more lytic activity with crown peptides having one
or more negative charges at the C-terminus as compared to the
neutral analogue 2. The increase in hydrophilicity by adding
anionic amino acids at the C-terminus could also explain the
enhanced membrane lysis observed with peptides 3–8 as compared
with 2.


Finally, it is worth nothing that the lytic activity behaviors of 1–
8 depend on the number of charged end groups. Indeed, the most
active compounds have one end group free and one protected.
This suggest that one end of the peptide nanostructures needs
to incorporate the bilayer membrane to be active. This behavior
supports the barrel stave pore-forming mechanism proposed for
the action of crown peptide nanostructures such as 1–8. This
behavior has been also observed for certain cationic peptide
antibiotics, synthetic melittin analogues, and rigid push–pull rod
model compounds.22,23


Conclusions


The present experimental data demonstrate that cytolytic activity
of crown peptide nanostructures may be modulated by engineering
the N- or C-terminus groups. Hydrophobicity/hydrophilicity of
the N- or C-terminus of the peptide nanostructures has a major
impact on their membrane lysing ability. Due to their sequence
simplicity and their ease of preparation, crown ether modified
peptides such as 1–8 constitute a novel and interesting family of
compounds that could be used to understand the mechanism of
action of many natural bioactive peptides. Also, based on this
groundwork, we are currently investigating the potential use of
these peptide nanostructures as prodrugs that could be activated
by a specific proteolytic enzyme to selectively target and destroy
undesirable cells.


Experimental


General


Oxime resin was prepared according to a reported procedure24 us-
ing polystyrene beads (100–200 mesh, 1% divinyl benzene (DVB),
Advanced ChemTech, Louisville, KY). Resins with substitution
levels around 0.5 mmol per gram of oxime group were used. Boc-
protected amino acids were purchased from Advanced ChemTech.
All solvents were Reagent, Spectro, or HPLC grade quality,
purchased commercially and used without any further purification
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except for DMF (degassed with N2), dichloromethane (distilled),
and diethyl ether (distilled from sodium and benzophenone).
Water used throughout studies was distilled and deionized using
a Barnstead NANOpurII system (Boston, MA) with four pu-
rification columns. 1,2-dioleoyl-sn-glycerol-3-phosphocholine and
cholesterol were purchased from Avanti Polar-Lipids and used
without further purification. All other reagents were purchased
from Sigma Aldrich Co. (Milwaukee, WI). Solid phase peptide
synthesis was performed manually using solid-phase reaction
vessels equipped with a coarse glass frit (ChemGlass, Vineland,
NJ). Purification of peptides was achieved by reversed phase
HPLC with a C4 semipreparative column (Phenomenex, Torrance,
CA). All solvents were degassed and gradients of A (H2O/0.1%
TFA) and B (49.9% CH3CN/49.9% isopropanol/0.1% TFA) were
used. 1H NMR spectra were recorded on a Varian 400 MHz
spectrometer. Sonication was done using a Branson water bath
model 3510. Mass spectra were obtained from the Mass Spec-
trometry Laboratory of the Faculty of Medicine at the University
of Toronto, ON, Canada. N-Boc-3-(3,4-(21-crown-7)-phenyl)-
L-alanine was prepared acording to the procedure we have
reported.12


Asp/Glu Chains synthesis


The following examples illustrate the synthesis of all dipeptides.
The procedures were applied for each Asp/Glu chain described
herein. Spectroscopic data are reported in the supporting infor-
mation.


Protection of carboxylic acid with diazomethane. For this
procedure, a flask with a Clear-Seal joint must be used. To a
solution of potassium hydroxide (5.0 g, 89 mmol) in water (8 mL)
in a reaction vessel, 10 mL of 95% ethanol were added. A 100 mL
receiving flask containing the carboxylic acid to be protected
was attached to the condenser. The flask was placed in an ice
bath. A separatory funnel was installed over the reaction vessel
and charged with a solution of Diazald C© (5.0 g, 23 mmol) in
diethyl ether (45 mL). The reaction vessel was warmed to 65◦ C
and the Diazald C© solution was added over a period of 20 min,
with the rate of distillation approximating the rate of addition.
At the end, nitrogen was bulled into the solution to remove
excess diazomethane. When the yellow coloration disappeared, the
solvent was evaporated to obtain a white solid in a quantitative
yield.


Deprotection of N-Boc group. To a solution of a N-Boc-amino
acid in CH2Cl2, 4N HCl in dioxane was added at 0 ◦C and the
resulting mixture was stirred at room temperature for 3 h. At
the end, the solvent was evaporated to obtain the deprotected
compounds as white solids in quantitative yields.


Deprotection of benzyl esters. An amino acid with benzylic
ester as protecting group was dissolved in a minimum of ethanol in
a hydrogenation vessel. A catalytic amount of 10% Pd on activated
carbon was delicately added to the solution. The system was
purged three times with hydrogen. Then the mixture was shaken
mechanically for 2 h at room temperature under a pressure of
40 psi of H2. The reaction mixture was filtered on Celite C© and the
solvent was evaporated to yield the free carboxylic acid as a white
solid in a quantitative yield.


Solution coupling for the formation of Asp/Glu chains. To
a solution containing a compound with a free carboxylic acid
(1.0 eq) in CH2Cl2 (1 M), EDC·HCl (1.2 eq) and HOBt (1.0 eq)
were added at 0 ◦C. The mixture was stirred at room temperature
for 30 min. Then, the free amino compound (1.0 eq) and
triethylamine (1.2 eq) were added to the solution. The reaction was
stirred for a period of 5 to 24 h depending on the reaction. The
reaction mixture was washed with saturated NaHCO3 aqueous
solution, water, 10% citric acid solution, and water, then dried
over anhydrous MgSO4. The solvent was evaporated and the crude
dipeptide compound thus obtained was recrystallized in a mixture
of diethyl ether–hexane to yield a white powder in yields ranging
from 57% to 92%, depending on the compound prepared.


Solid phase synthesis


Deprotection of the N-Boc group. The N-Boc group was
deprotected by a 30 min treatment with a 50% TFA solution in
CH2Cl2.


Procedure for amino acid coupling on solid support. The amino
acid (5 eq) was activated with DIC–HOBt for 30 min at 0 ◦C in
CH2Cl2–DMF (1 : 1), then added to the resin swollen in DMF,
followed by addition of 1.5 eq of N,N-diisopropylethylamine
(DIEA). The mixture was shaken mechanically for 2 h at room
temperature. The completion of coupling reactions was monitored
by the ninhydrin test. The resin was filtered and washed thoroughly
with DMF (3 × 50 mL), MeOH (3 × 50 mL), DMF (3 × 50 mL),
MeOH (3 × mL) and then dried in vacuo. When necessary, a second
coupling was performed under the same conditions.


N-Boc–Leu-CE-Leu-Leu-Leu-CE-Leu–Resin 9. The key hep-
tapeptide was prepared using 5 g of oxime resin. Deprotection
and coupling reactions were performed as described above with
N-Boc–Leu–OH and N-Boc–21-C-7–OH.


N-Boc–Leu-CE-Leu-Leu-Leu-CE-Leu–OH 11. Cleavage of
the key heptapeptide 9 from 4 g of resin was realized using a 10%
H2O–THF solution with 2 eq of DBU at room temperature for
2 h. The solution was recovered by filtration and after evaporation
of solvent in vacuo, the crude peptide was dissolved in CH2Cl2 and
washed twice with 0.5M HCl and water. After drying with MgSO4,
solvent was evaporated and residue triturated with anhydrous
diethyl ether and petroleum ether to give 2.1 g of a white powder
pure enough (>95%) by HPLC to be used as-is in the next step.


MALDI TOF-MS m/z (M + H+) 1535, (M + Na+) 1558
HPLC : Rt = 24.04 min


N-Boc–(Leu-CE-Leu-Leu-Leu-CE-Leu)2–Resin 13. The key
heptapeptide 13 (1.1 g, 0.72 mmol) was activated with DIC–HOBt
for 45 min at 0 ◦C in CH2Cl2–DMF (1 : 1), and then added with
1.5 equiv. of DIEA to the deprotected heptapeptide on resin 12
(0.8 g, 0.32 mmol) swollen with DMF. The mixture was shaken
mechanically for 4 h at room temperature. The resin was drained
and washed as described above.


N-Boc–(Leu-CE-Leu-Leu-Leu-CE-Leu)2–OH 3. Cleavage of
the 14-mer peptide 13 from 1.4 g of resin was done in 10% THF–
H2O using 2 eq of DBU. After recovering the solution and evapora-
tion, purification was effected by reversed-phase HPLC. Solvents
and water were removed in vacuo to give a colorless oil that was
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dissolved in glacial acetic acid, and lyophilized to yield 700 mg of
a fluffy white solid.


MALDI TOF-MS m/z (M + H+) 2952, (M + Na+) 2974, (M +
K+) 2990


HPLC: Rt : 39.1 min


N-Boc–(Leu-CE-Leu-Leu-Leu-CE-Leu)2–OMe 2. Cleavage
of the 14-mer peptide 13 from 140 mg of resin was done in MeOH
using 2 eq of DBU. After recovering the solution and evaporation,
purification was effected by reversed-phase HPLC (0–100% B in
45 min). Solvents were removed in vacuo to give a colorless oil
that was dissolved in glacial acetic acid, and lyophilized to yield
75 mg of a fluffy white solid.


MALDI TOF-MS m/z (M + Na+) 2988, (M + K+) 3006
HPLC: Rt : 40.8 min


+H2–(Leu-CE-Leu-Leu-Leu-CE-Leu)2–OH 1. Peptide 3
(20 mg) was dissolved in 4M HCl in dioxane. The mixture was
shaken for 3 h at room temperature. Solvents were removed in
vacuo to give a colorless oil that was dissolved in glacial acetic
acid, and lyophilized to yield 18 mg of a fluffy white solid.


MALDI TOF-MS m/z (M + H+) 2851, (M + Na+) 2874, (M +
K+) 2890


HPLC: Rt : 34.4 min


N-terminal coupling of Asp/Glu chains on Boc–14-mer–resin 13
cleavage and final deprotection


Dipeptide chain Asp/Glu with a free carboxylic group was
activated with DIC–HOBt for 45 min at 0 ◦C in CH2Cl2–DMF
(1 : 1), and then added with 1.5 eq of DIEA to the deprotected
14-mer on resin 20 (0.8 g, 0.32 mmol) swollen with DMF. The
mixture was shaken mechanically for 6 h at room temperature. The
completion of coupling reactions was monitored by the ninhydrin
test. When necessary, a second coupling was performed under the
same conditions. The resin was drained and washed as described
above. The N-Boc group was deprotected by a 30 min treatment
with a 50% TFA solution in CH2Cl2. The resin was drained and
washed as described above. Cleavage and deprotection of the 16-
mer peptide from resin was done in 10% H2O–THF using 2 eq
of DBU. Purification was effected by exclusion chromatography
using a column filled with Sephadex LH-20 using methanol as
eluent. Solvent was removed in vacuo to give a colorless oil that
was dissolved in glacial acetic acid, and lyophilized to obtain 4–6
as fluffy white solid.


Salient data.
H–c-Glu-c-Glu-(Leu-CE-Leu-Leu-Leu-CE-Leu)2–OH 4.
MALDI TOF-MS m/z (M + H+) 3110, (M + Na+) 3133
HPLC: Rt : 34.2 min
H–Glu-Glu-(Leu-CE-Leu-Leu-Leu-CE-Leu)2–OH 5.
MALDI TOF-MS m/z (M + H+) 3110, (M + Na+) 3132,
(M + K+) 3153
HPLC: Rt : 31.1 min
H–Glu-Asp-(Leu-CE-Leu-Leu-Leu-CE-Leu)2–OH 6.
MALDI TOF-MS m/z (M + H+) 3096, (M + Na+) 3117,
(M + K+) 3133
HPLC: Rt : 37.8 min


C-terminal coupling of Asp/Glu chains on Boc–14-mer–OH 3


To a solution containing the 14-mer 3 in CH2Cl2, EDC·HCl was
added at 0◦ C. The mixture was stirred at room temperature for
30 min. Then a dipeptide with free N-terminus and triethylamine
(Et3N) were added to the solution. The reaction was stirred for a
period of 5 to 24 h, depending on the compound prepared. The
reaction mixture was washed with saturated NaHCO3 solution,
water, 10% citric acid solution, and water, then dried over
anhydrous MgSO4. Evaporation and drying in vacuo gave the
crude peptide. For the deprotection of carboxylic acid, the crude
peptide was dissolved in a minimum of methanol. The temperature
was adjusted to 60◦ C and a solution of 0.5M sodium hydroxide
was added. The mixture was stirred for 6 h. The pH was then
lowered to between 2 and 3, and the product was extracted with
with CH2Cl2 (3 times) and washed with water (3 times). The
organic phase was dried over anhydrous MgSO4 and solvent was
evaporated to obtain a colorless oil. Purification was effected by
exclusion chromatography with a column filled with Sephadex
LH-20 using methanol as eluant. Solvent was removed in vacuo
to give a colorless oil that was dissolved in glacial acetic acid, and
lyophilized to give a fluffy white solid.


Salient data.
N-Boc–(Leu-CE-Leu-Leu-Leu-CE-Leu)2-c-Glu-Glu–OH 7.
MALDI TOF-MS m/z (M + H+) 3208, (M + Na+) 3232,
(M + K+) 3249
HPLC: Rt : 39.6 min
N-Boc–(Leu-CE-Leu-Leu-Leu-CE-Leu)2-b-Asp-Glu–OH 8.
MALDI TOF-MS m/z (M + Na+) 3218, (M + K+) 3236
HPLC: Rt : 39.2 min


Vesicle lysis experiments using fluorescence


For fluorescence measurements used to study vesicle lysis, the
procedure described by Benachir and Lafleur21 was followed
with some modifications. A calcein solution was prepared by
solubilizing calcein in the internal buffer [100 mM of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 30 mM
NaCl and 5 mM of ethylenediaminetetraacetic acid (EDTA)]
to obtain a calcein concentration of 80 mM. The pH of the
solution was adjusted to 7.4 with a 1M NaOH solution. At
room temperature, 13 mg of phosphatidylglycerol and 5.2 mg
of phosphatidylcholine were diluted in 25 mL of CHCl3. The
solvent was evaporated in vacuo and lipids were dried under
vacuum for 12 h. 5 mL of calcein solution were added to the lipid
film. The resulting mixture was placed in water bath sonicator
at 2–5 ◦C and sonicated for 40 min. Vesicles thus obtained
were filtrated through a polycarbonate membrane (Poretics, 0.4
microns). Calcein-containing vesicles were separated from the free
calcein by size exclusion chromatography using a column filled
with Sephadex G-50 super-fine gel swollen in the external buffer
(100 mM HEPES, 170 mM NaCl and 5 mM EDTA at pH 7.4).
Fluorescence measurements were performed on a Varian Cary
Eclipse spectrofluorometer. Fluorescence intensity of calcein was
monitored at emission wavelength of 513 nm (response time of 0.5
s) after excitation at 490 nm. The temperature was set to 25 ◦C. In
a 1 cm quartz cuvette, 4 mL of external buffer solution and 50 lL
of vesicle solution were introduced. Stirring and measurement
were started. After 50 s, an appropriate amount (1–10 lL) of a
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TFE solution of the crown peptide nanostructures (5–40 mM)
was added. Then, after 400 s, a 10% Triton X-100 solution was
added and the experiment was terminated after 500 s.
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The regiocontrolled preparation of triarylisothiazoles is presented. 3-Halo-5-phenylisothiazole-
4-carbonitriles, 1 (hal = Cl) and 18 (hal = I), are converted into the corresponding 4-bromo derivatives
5 (3-hal = Cl) and 24 (3-hal = I) via a Hunsdiecker strategy while the 4-iodo analogues 7 (3-hal = Cl)
and 22 (3-hal = I) are prepared via a Hoffmann and Sandmeyer strategy. Regioselective Suzuki, Stille
and Negishi reactions occur at C-4 with both the 4-bromo- and 4-iodoisothiazoles 5 and 7, the latter
being more reactive than the former. 3-Iodoisothiazoles 22 and 24 fail to give regiocontrolled Suzuki,
Stille or Negishi couplings, however, 4-bromo-3-iodo-5-phenylisothiazole 24 gives the regiospecific
palladium catalysed Ullmann-type reaction product 3,3′-bi(4-bromo-5-phenylisothiazole) 25. Alkali
hydrolysis of 3-chloro-4,5-diphenylisothiazole 8 gives the 3-hydroxy analogue 12 which is converted
into 3-bromo-4,5-diphenylisothiazole 13 with POBr3. 3-Bromoisothiazole 13 reacts with phenylzinc
chloride to give 3,4,5-triphenylisothiazole 17 but fails to undergo effective Suzuki or Stille couplings.
3,5-Diphenylisothiazole-4-carbonitrile 26 is converted into the 4-bromo- and 4-iodo-3,5-
diphenylisothiazoles 30 and 34 both of which are effective for Suzuki and Stille couplings. A series of
triarylisothiazoles are prepared in this manner and fully characterised.


Introduction


1,2-Heteroazoles such as pyrazoles, isoxazoles, and isothiazoles are
found in many biologically active compounds and synthetic meth-
ods for their preparation are well documented.1 These 5-membered
heterocycles are frequently interchanged as broadly equivalent
isosteres. Synthetic routes involving acyclic precursors that afford
either 3,4,5-triarylpyrazoles2–9 or 3,4,5-triarylisoxazoles10,11 have
been reported. Surprisingly, analogous strategies have not been
reported for the preparation of 3,4,5-triarylisothiazoles.12–16


Nevertheless 3,4,5-triphenylisothiazole, the only reported triaryl-
isothiazole, has been prepared from 1,3-dithiazolium17 and 1,4,2-
dithiazolium precursors.18 Interestingly the very first reported
synthesis19 of 3,4,5-triphenylisothiazole was incorrect.20


Our interest in pursuing a new general route to triarylisoth-
iazoles arises due to the growing importance of isothiazoles.
Important isothiazoles include the Kathon R© preservatives, the
artificial sweetener Saccharin and the antibacterial sulfa drug,
Sulfasomizole. Recently, isothiazoles have been reported as po-
tential anticancer agents which act via inhibition of the MEK-1
and MEK-2 kinases,21,22 as useful prodrugs for the treatment of
hyperproliferative disorders,23 and as novel active site inhibitors
for the hepatitis C virus NS5B polymerase.24


Possible strategies to triarylisothiazoles include ring formation
via 2 + 3 cycloadditions of aryl nitrile sulfides with diarylacetylenes
and the oxidative cyclisation of 3-amino-1,2,3-triarylprop-2-ene-
1-thiones. These strategies however, have drawbacks since the
former cycloaddition route could lead to isomeric mixtures of
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isothiazoles and the latter route is product-specific. Recently,
Pd catalysed cross-coupling methods25,26 have been used to ac-
cess 3,4,5-triarylpyrazole 1-oxides via sequential metalation and
functionalisation of pyrazole 1-oxides27 and 3,4,5-triarylisoxazoles
via the modification of suitably substituted isoxazolylsilanols.28


An analogous approach starting from an appropriately func-
tionalised isothiazole could provide a general route to 3,4,5-
triarylisothiazoles. Our work on the development of C–C cou-
pling methods for the readily available 3,5-dichloroisothiazole-
4-carbonitrile 29 afforded a route to 5-aryl-3-chloroisothiazole-4-
carbonitriles30 and 3,5-diarylisothiazole-4-carbonitriles.31 We now
report the logical extension of this work to provide two routes to
3,4,5-triarylisothiazoles following the arylation sequence C-5:C-
4:C-3 and C-5:C-3:C-4.


Arylation sequence C-5:C-4:C-3


Synthesis of 3-chloro-4-bromo-5-phenylisothiazole and coupling
reactions at C-4


Initially, a sequential arylation of the isothiazole at the C-5,
then C-4 and finally the C-3 ring carbons was investigated.
Aryl and heteroaryl substituents can be introduced at the
isothiazole C-5 position starting from the readily available 3,5-
dichloroisothiazole-4-carbonitrile using Suzuki, Stille and Negishi
coupling reactions.30,31 The 4-cyano substituent could be readily
converted into either a bromo substituent via a Hunsdiecker
strategy (Scheme 1) or into an iodo substituent via a Sandmeyer
strategy (Scheme 2) allowing for the possibility of introducing aryl
substituents at the isothiazole C-4 position.


Hydration of the cyano group in concentrated sulfuric acid32


proceeded smoothly to afford the carboxamide 2 in high yield
(97%). Formation of the desired carboxylic acid 3 by addition of
aqueous NaNO2 to a solution of carboxamide 2 in concentrated
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Scheme 1 Reagents and conditions: (i) c. H2SO4, 20–100 ◦C, 2 h + 40 min,
97%; (ii) s. NaNO2 (10 equiv.), c. H2SO4, 20–100 ◦C, 2.5 h, 88%; (iii) KOH
(1 equiv.), H2O, AgNO3 (1 equiv.), 20 ◦C, 100%; (iv) CCl4, Br2 (1.2 equiv.),
20 ◦C, 1 h, 80%.


Scheme 2 Reagents and conditions: (i) NaOH (5 equiv.), H2O, Br2


(1.5 equiv.), 0–70 ◦C, 1 h, 83%; (ii) isoamylONO (4 equiv.), I2 (2.5 equiv.),
MeCN, 80 ◦C, 20 min, 82%.


sulfuric acid was complicated by the presence of minor
by-products arising from nitration of the phenyl substituents.
These nitrated by-products could be avoided if water was elim-
inated from the reaction mixture. As such, the portionwise
addition of solid NaNO2 (10 equiv.) to a solution of carboxamide
2 in concentrated sulfuric acid at 100 ◦C gave 3-chloro-5-
phenylisothiazole-4-carboxylic acid 3 in 88% yield. The silver salt
4 was precipitated quantitatively, thoroughly dried and treated
with bromine in tetrachloromethane to give the desired 4-bromo-
3-chloro-5-phenylisothiazole 5 in 80% yield.


The conversion of the carboxamide 2 into 3-chloro-4-iodo-
5-phenylisothiazole 7 was achieved in two steps. First, a Hoff-
mann degradation of the carboxamide gave 4-amino-3-chloro-5-


phenylisothiazole 6. Then a Sandmeyer iodination using isoamyl
nitrite and I2 saturated MeCN gave the desired 3-chloro-4-iodo-5-
phenylisothiazole 7 in good yield (Scheme 2).


As expected, the 3-chloro-4-iodo-5-phenylisothiazole 7 was
more reactive than the analogous 4-bromoisothiazole 5. The 4-
iodoisothiazole 7 readily participated in Suzuki and Stille coupling
reactions to afford regioselectively the 4-arylated isothiazole
products 8–10 in high yields. The 4-bromoisothiazole 5 gave a
successful Suzuki coupling with phenylboronic acid but failed to
give the Stille reaction with tributylphenyltin (up to 4 equiv.).
Both the 4-bromo- and 4-iodoisothiazoles 5 and 7 did not give
the desired Negishi or the homocoupled Ullmann products. In
these cases, the bromoisothiazole 5 was unreactive while the
iodoisothiazole 7 gave predominantly the protodeiodinated 3-
chloro-5-phenyl-isothiazole 11 (Table 1).


Coupling reactions at the less reactive C-3 isothiazole position


Palladium catalysed C–C coupling reactions at the isothiazole C-
3 position were recently reported for 3-halo-5-phenylisothiazole-
4-carbonitriles31 and required either a bromo or iodo halogen
since a chloro substituent at C-3 was not sufficiently reactive. Not
surprisingly, 3-chloro-4,5-diphenylisothiazole 8 also failed to give
successful Suzuki, Stille, Negishi and Ullmann type C–C coupling
reactions. Consequently, the introduction of a more reactive group
at the isothiazole C-3 position was investigated.


Activation of 3-chloro-4,5-diphenylisothiazole


The introduction of a 3-bromo substituent was achieved in
two steps starting from 3-chloro-4,5-diphenylisothiazole 8 via
the 3-hydroxy-4,5-diphenylisothiazole 12. Unlike 3-chloro-5-
phenylisothiazole-4-carbonitrile 1 which can be readily trans-
formed into the 3-hydroxy derivative with NaNO2 in refluxing
DMF,33 3-chloro-4,5-diphenylisothiazole 8 did not react. Hydroly-
sis of 3-chloro-4,5-diphenylisothiazole 8 was nevertheless achieved
using aqueous KOH at 200 ◦C and 250 psi in a pressure reactor


Table 1 Pd catalysed C–C coupling reactions of 3-chloro-4-halo-5-phenylisothiazole 5 or 7 (0.094 mmol) in anhydrous DMF under an argon atmosphere
heated from 20 to 100 ◦C


Hal Reagent (equiv.) Catalyst (mol%) Base (equiv.) Time/min Yields (%)


Br PhB(OH)3 (3) Pd(OAc)2 (5) K2CO3 (1.5) 75 8 (96)
I PhB(OH)3 (3) Pd(OAc)2 (5) K2CO3 (1.5) 40 8 (98)
Br PhSnBu3 (4) Pd(OAc)2 (5) — >24 h a


I PhSnBu3 (1.2) Pd(OAc)2 (5) — 25 8 (99)
I 2-ThienylSnBu3 (1.2) Pd(OAc)2 (5) — 15 9 (100)
I 2-FurylSnBu3 (1.2) Pd(OAc)2 (5) — 15 10 (100)
Br PhZnCl (3) (PPh3)2PdCl2 (5) — >24 h a


I PhZnCl (1.5) (PPh3)2PdCl2 (5) — >24 h a


I PhZnCl (3) (PPh3)2PdCl2 (5) — 35 8 (20) + 11 (80)
Brb — Pd(OAc)2 (100) — >24 h a


Ib — Pd(OAc)2 (100) — 48 h 11 (98)


a Mainly unreacted isothiazole by TLC after 24 h. b Heated from 20 to 140 ◦C.
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to afford the desired 3-hydroxyisothiazole 12 in 95% yield. The
reaction of 3-hydroxy-4,5-diphenylisothiazole 12 with POBr3 gave
the desired 3-bromo-4,5-diphenylisothiazole 13 in 85% yield. 3-
Hydroxy-4,5-diphenylisothiazole 12 was resistant to POCl3 at
100 ◦C and was recovered unreacted after 24 h. Conversion
of the hydroxyisothiazole 12 back into the 3-chloroisothiazole
8 was however, achieved after 72 h at 150 ◦C in a sealed
tube (Scheme 3). 3-Hydroxy-4,5-diphenylisothiazole 12 reacted
with trfluoromethanesulfonic anhydride to give the potentially
useful 4,5-diphenylisothiazol-3-yl trifluoromethanesulfonate 14
in 71% yield together with the N-trifluoromethylsulfonylated
isothiazolone 15 (29%).


Scheme 3 Reagents and conditions: (i) KOH (4 equiv.), 200 ◦C, 250 psi,
pressure reactor, 24 h, 95%; (ii) POCl3, 20–150 ◦C, sealed tube, 72 h, 98%;
(iii) POBr3, 20–100 ◦C, 24 h, 85%; (iv) Tf2O (1 equiv.), Et3N (1 equiv.),
DCM, 0–10 ◦C, 30 min.


Attempts to introduce a 3-iodo substituent to the 4,5-diphenyl
substituted isothiazoles 8 (3-Cl) and 12 (3-OH) failed. Lithiation
of the 3-chloro-4,5-diphenylisothiazole 8 with n-BuLi at −78 ◦C in
Et2O followed by an I2 quench led to a complex reaction mixture
and on workup a strong odour of H2S was detected. No reaction
was observed when the reaction was repeated with Li, LDA or
MeMgCl in either Et2O or THF at −78 to 40 ◦C. Treatment of 3-
hydroxy-4,5-diphenylisothiazole 12 with neat HI, HI-KI at 100 ◦C,
excess of KI-I2 in refluxing THF, Ph3P-I2 in DMF at 50 ◦C, P2I4 in
CS2 or PI3 in refluxing DCM also gave only unreacted 3-hydroxy-
4,5-diphenylisothiazole 12 while the use of neat PI3 at 100 ◦C led to
decomposition of the starting material. No reaction was observed
when the 3-chloro- or 3-bromo-4,5-diphenylisothiazoles 8 and 13
were treated with KI or KI-Et4NI in refluxing acetone or THF.


Iodine at the isothiazole C-3 position has been introduced
to 3-amino-5-phenylisothiazole-4-carbonitrile by a Sandmeyer
iodination.31 The introduction of the 3-amino substituent in
isothiazole 1 was achieved in two steps by heating a mixture of
3-chloro-5-phenylisothiazole-4-carbonitrile 1 in neat benzylamine
at 80 ◦C to afford the 3-(benzylamino)-isothiazole followed by
oxidative debenzylation with bromine. A heated mixture of 3-
chloro-4,5-diphenylisothiazole 8 and neat benzylamine however,
gave no reaction probably owing to reduced electrophilicity of
3-chloro-4,5-diphenylisothiazole 8 in comparison to that of the
analogous 4-cyano-5-phenylisothiazole 1. The use of aqueous or
gaseous ammonia at 80 ◦C and an attempted Gabriel synthesis
with potassium phthalimide gave only unreacted starting material.
3-Amino-4,5-diphenylisothiazole 16 was eventually prepared from
3-chloro-4,5-diphenylisothiazole 8 using sodamide (10 equiv.) in
THF at 20 ◦C for 13 h. The use of only 2 equivalents of sodamide in
refluxing THF led to incomplete reactions after 24 h while at these


higher temperatures the use of between 4–10 equivalents increased
reaction times but reduced yields (59–67%). In contrast 3-chloro-5-
phenylisothiazole-4-carbonitrile 1 and sodamide in refluxing THF
gave a complex reaction mixture.31


The Sandmeyer iodination of 3-amino-4,5-diphenylisothiazole
16 using KI (1.5 equiv.) and NaNO2 (1.5 equiv.) in sulfuric acid
gave 3-hydroxy-4,5-diphenylisothiazole 12 as the main product.
Diazotisation using nitrosyl tertafluoroborate in a 1 : 1 mixture
of acetic and propionic acids gave a complex reaction mixture.
The reaction of 3-amino-4,5-diphenylisothiazole 16 with isoamyl
nitrite (4 equiv.) in the presence of various sources of iodine (I2,
NIS, BnEt3NI) (3 equiv.) in MeCN at 0 or 80 ◦C gave incomplete
reactions, however one main colourless product was observed by
TLC. Isolation of this product by chromatography and subsequent
spectroscopic analysis revealed the colourless material to be a
mixture of inseparable compounds. Mass spectrometry gave a
weak peak for the expected molecular ion at 363 (19%), a
stronger peak at 331 (33%) and a base peak at 204 Da (100%).
IR spectroscopy supported the presence of a nitrile m(C≡N) at
2208 cm−1 that indicated cleavage of the isothiazole ring. 1H-NMR
spectroscopy gave a poorly resolved set of multiplets in the range
of 7.60–7.14 ppm which was not informative, however 13C NMR
spectroscopy indicated 22 carbon signals in the range of 142.0–
115.8 ppm, 12 of which in the range of 130.7–128.3 ppm could
be assigned to CHs by DEPT-90 NMR. The signals at 116.8 and
115.8 ppm supported the presence of at least 1 cyano group. Based
on the above data the mixture was very tentatively proposed to be
a mixture of 3-iodo-2,3-diphenylacrylonitrile and the desired 3-
iodoisothiazole.


C–C coupling chemistry at the isothiazole C-3 position


The C–C coupling chemistry of 4,5-diphenylisothiazol-3-yl tri-
fluoromethanesulfonate 14 and 3-bromo-4,5-diphenylisothiazole
13 was then examined following procedures developed for C–C
coupling reactions of 3-bromo- and 3-iodo-5-phenylisothiazole-
4-carbonitrile.31 Suzuki, Stille, and Ullmann-type reactions on
4,5-diphenylisothiazol-3-yl trifluoromethanesulfonate 14 gave
mainly unreacted starting material while the Negishi reaction
was complex (by TLC) and the presence of 3-hydroxy-4,5-
diphenylisothiazole 12 suggested a competing hydrolysis of the
triflate. Similarly, 3-bromo-4,5-diphenylisothiazole 13 did not
participate effectively in either the Suzuki or the Stille reactions.
Although the desired 3,4,5-triphenylisothiazole 17 could be iden-
tified by TLC neither reaction could be driven to completion
even with excess reagents and prolonged reaction times (>24 h).
Furthermore, no reaction was observed when an Ullmann-type
homocoupling with Pd(OAc)2 (1 equiv.) was attempted in DMF
at 140 ◦C.


Nevertheless the Negishi reaction gave 3,4,5-triphenyliso-
thiazole 17 in 72% yield when 3-bromo-4,5-diphenylisothiazole 13
was treated with phenylzinc chloride (4 equiv.) and (PPh3)2PdCl2


(5 mol%) in DMF at 100 ◦C under argon (Scheme 4).
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Scheme 4 Reagents and conditions: (i) PhZnCl (4 equiv.), (PPh3)2PdCl2


(5 mol%) DMF, Ar, 20–100 ◦C, 40 min, 72%.


The triarylation of the isothiazole ring system was achieved
but the failure to perform both Suzuki and Stille reactions was
limiting. As such, an additional effort was made to prepare the
potentially more reactive 3-iodo-4,5-diphenylisothiazole starting
from the known 3-iodo-5-phenylisothiazole-4-carbonitrile 18.31


4-Bromo-3-iodo- and 3,4-diiodo-5-phenylisothiazoles 24 and
22 were therefore prepared (Scheme 5) following similar routes
for the preparation of 4-bromo-3-chloro and 3-chloro-4-iodo-5-
phenylisothiazoles 5 and 7.


Scheme 5 Reagents and conditions: (i) c. H2SO4, 20–100 ◦C, 2 h, 100%;
(ii) NaNO2 (25 equiv.), c. H2SO4, 20–100 ◦C, 3 h, 78%; (iii) NaOH
(5 equiv.), H2O, Br2 (1.5 equiv.), 0–70 ◦C, 1 h, 89%; (iv) isoamylONO
(4 equiv.), I2 (2.5 equiv.), MeCN, 80 ◦C, 20 min, 85%; (v) KOH (1.2 equiv.),
AgNO3 (1.2 equiv.), H2O, 20 ◦C, 100%; (vi) Br2 (1.2 equiv.), CCl4, 20 ◦C,
1 h, 75%.


Despite the successful syntheses of these 3,4-dihalogenated
isothiazoles both the 3,4-diiodo- and the 4-bromo-3-iodo-5-
phenylisothiazoles 22 and 24 gave mixtures of mono-, di- and
sometimes triphenylated isothiazoles with either phenylboronic
acid or tributylphenyltin in DMF. Nevertheless some regioselec-
tivity was observed with the Suzuki coupling reaction between 4-
bromo-3-iodo-5-phenylisothiazole 24 and phenylboronic acid. A
spectroscopic analysis of the product mixture, that was inseparable
by chromatography or recrystallisation, supported the mixture
to be predominantly 4-bromo-3,5-diphenylisothiazole 30 (an
independent synthesis of this compound is presented later in this
paper) together with a trace of 3-iodo-4,5-diphenylisothiazole.
Mass spectrometry indicated the presence of two parent ions with
a weak peak at 363 (15%) corresponding to the 3-iodoisothiazole
and two strong peaks supporting a monobromine isotope pattern


at 317 (100%) and 315 Da (93%) corresponding to the 4-bromo-
3,5-diphenylisothiazole 30. 1H-NMR of this mixture gave three
multiplets in the range of 7.86–7.83 (2H), 7.69–7.65 (2H) and 7.54–
7.40 ppm (4H) and elemental analysis after one recrystallization
gave the percentages C: 55.76; H: 3.05; N: 4.01 which also favoured
the 4-bromo-3,5-diphenylisothiazole 30 to be the major product
over the 3-iodo-4,5-diphenylisothiazole. At elevated reaction tem-
peratures (140 ◦C) 3,3′-bi(4-bromo-5-phenylisothiazole) 25 was
also identified in the reaction mixture and the structure of this 3,3′-
biisothiazole 25 was supported by a semi-independent synthesis via
an Ullmann-type reaction of 4-bromo-3-iodo-5-phenylisothiazole
24 with Pd(OAc)2 (1 equiv.) in DMF at 140 ◦C under argon
in 74% yield. The analogous Ullmann reaction of 3,4-diiodo-5-
phenylisothiazole 22 gave a complex mixture of products (by TLC)
presumably owing to reduced regiocontrol in comparison to the
4-bromo-3-iodo-analogue.


Arylation sequence C-5:C-3:C-4


The triarylation described above follows the sequence C-5, then
C-4 and finally C-3, however difficulties were encountered in the
final arylation at C-3 since only the Negishi reagent phenylzinc
chloride (4 equiv.) reacted with 3-bromo-4,5-diphenylisothiazole
13 to afford the desired triphenylisothiazole 17. Furthermore,
the synthetic route to the potentially more reactive 3-iodo-4,5-
diphenylisothiazole failed. As such, an alternative sequential
arylation was pursued which followed the triarylation sequence
C-5 then C-3 and finally C-4. This triarylation sequence offered
several advantages since Suzuki, Stille, Negishi and Ullmann-
type couplings have all been successfully employed to prepare
a variety of 3,5-diarylisothiazole-4-carbonitriles starting from
3,5-dihaloisothiazole-4-carbonitriles.31 Furthermore this route
avoided the issue of regioselectivity between the isothiazole C-3
and C-4 positions since the C-4 position was “protected” as a
nitrile group which could later readily be converted into either
a bromo substituent via a Hunsdiecker strategy or into an iodo
substituent via a Sandmeyer strategy using methods similar to
those described above.


Synthesis of 3,5-diphenyl-4-bromo and 4-
iodoisothiazoles


Treatment of 3,5-diphenylisothiazole-4-carbonitrile 26 with
concentrated sulfuric acid gave 3,5-diphenylisothiazole-4-
carboxamide 27 in quantitative yield. The portionwise addition
of solid sodium nitrite to a solution of the carboxamide in concen-
trated sulfuric acid gave 3,5-diphenylisothiazole-4-carboxylic acid
28 in 87% yield. As before, it was necessary to avoid the use of
aqueous sodium nitrite since this led to some undesired nitration
on the phenyl substituents. The Hunsdiecker reaction was applied
to the 3,5-diphenylisothiazole-5-carboxylic acid 28 to afford 3,5-
diphenyl-4-bromoisothiazole 30 in 80% (Scheme 6).
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Scheme 6 Reagents and conditions: (i) c. H2SO4, 20–100 ◦C, 3 h, 100%;
(ii) NaNO2 (10 equiv.), c. H2SO4, 20–100 ◦C, 1 h, 87%; (iii) KOH
(1.2 equiv.), AgNO3 (1.2 equiv.), H2O, 20 ◦C, 100%; (iv) Br2 (1.2 equiv.),
CCl4, 20 ◦C, 1 h, 80%; (v) TsOH.H2O (10 mol%), Ph2, 20–250 ◦C, 20.5 h,
94%.


An alternative strategy to the 4-bromo-3,5-diphenylisothiazole
30 via electrophilic bromination of the 3,5-diphenylisothiazole
31 was also investigated. The thermal decarboxylation of 3,5-
diphenylisothiazole-4-carboxylic acid 28 required prolonged heat-
ing at 250 ◦C in biphenyl in the presence of catalytic TsOH·H2O
(Scheme 6) and the resulting 3,5-diphenylisothiazole 31 was
unreactive to bromine in refluxing acetic acid and to N-
bromosuccinimide in refluxing tetrachloromethane. Iodination
at C-4 using iodine in hydrogen peroxide at 20 ◦C or N-
iodosuccinimide in refluxing tetrachloromethane gave only un-
reacted 3,5-diphenylisothiazole 31 while iodination on phenyl
substituents was observed with the use of iodine in con-
centrated HNO3 at 100 ◦C. Attempted nitration of the 3,5-
diphenylisothiazole C-4 position with HNO3 in concentrated
H2SO4 at 0–5 ◦C also led to undesired nitration on the phenyl
substituents.


Owing to these difficulties in controlling the regiochemistry of
the above electrophilic substitution reactions, the preparation of
the 4-iodo-3,5-diphenylisothiazole 34 was subsequently attempted
in a two step procedure involving first a Hoffmann degradation
to afford the 4-amino-3,5-diphenylisothiazole 33 followed by
the Sandmeyer iodination. Initially, Hoffmann degradation of
3,5-diphenylisothiazole-4-carboxamide 27 with NaOH (4 equiv.)
and bromine (1.5 equiv.) was attempted but the reaction was
incomplete and quite complex. Modified Hoffmann degradation
conditions using methanol as solvent, sodium (4 equiv.) and
bromine (1.2 equiv.) however, gave methyl 3,5-diphenylisothiazole-
4-carbamate 32 in 95% yield based on recovered unreacted carbox-
amide 27 (3–5%), the presence of which could not be overcome.
Treatment of the isothiazolecarbamate 32 with aqueous HBr
(48%) at 100 ◦C gave 4-amino-3,5-diphenylisothiazole 33 in 97%.
Diazotization of the 4-aminoisothiazole 33 with isoamyl nitrite
(4 equiv.) and iodine (3 equiv.) in refluxing nitromethane gave the
4-iodo-3,5-diphenylisothiazole 34 in 80% yield (Scheme 7). Lower
reaction temperatures led to more complicated reaction mixtures
and reduced yields of the 4-iodoisothiazole 34.


Scheme 7 Reagents and conditions: (i) Na (4 equiv.), Br2(1–2 equiv.),
MeOH, 20–70 ◦C, 1 h, 95%; (ii) aq. HBr (48%), 100 ◦C, 7 h, 97%; (iii)
isoamylONO (4 equiv), I2 (3 equiv.), MeNO2, 110 ◦C, 1 h, 80%.


Coupling reactions of 3,5-diphenyl-4-bromo- and 4-iodoisothiazoles


Both the 4-bromo- and 4-iodo-3,5-diphenylisothiazoles 30 and
34 readily undergo the Suzuki reaction with phenylboronic acid
(3 equiv.), powdered K2CO3 (1.5 equiv.) and Pd(OAc)2 (5 mol%)
in DMF at 110 ◦C under argon atmosphere to provide a
route to triphenylisothiazole 17. The 4-iodoisothiazole 34 reacted
marginally faster than the 4-bromoisothiazole 30. A variety
of arylboronic acids were subsequently screened to provide a
non-product specific route to triarylisothiazoles in good yields
(Table 2).


When 4-bromo-3,5-diphenylisothiazole 30 reacted with the
sterically more demanding 2-tolylboronic acid or the 2-chloro-
benzeneboronic acid, protodebromination gave 3,5-diphenyl-
isothiazole 31 in 51 and 19% yields respectively. A similar
result was observed between the reaction of 4-iodo-3,5-diphenyl-
isothiazole 34 and 2-tolylboronic acid, however pronounced
protodeiodination occurred with 2-chlorobenzeneboronic acid
affording 3,5-diphenylisothiazole 31 in 88% yield. Despite this,
4-iodo-3,5-diphenylisothiazole 34 reacted cleanly with 2-thienyl-
boronic acid to give 3,5-diphenyl-4-(thien-2-yl)iso-thiazole 46
while the 4-bromo anologue failed to reach completion within 24 h.
In the case of 3- and 4-chlorobenzeneboronic acids the expected
triarylisothiazoles reacted further with the excess boronic acid
reagents to give minor amounts of isothiazoles 48 and 47 both in
11% yield. No reaction was observed with methylboronic acid.


Unlike the above Suzuki reactions where both the 4-bromo-
and 4-iodo-3,5-diphenylisothiazoles 30 and 34 showed similar
reactivities there was a significant difference with the Stille
reaction. The reaction of 4-bromo-3,5-diphenylisothiazole 30 with
tributylphenyltin (3 equiv.) and Pd(OAc)2 (5 mol%) in DMF at
100 ◦C remained incomplete after 24 h while the 4-iodo-3,5-
diphenylisothiazole 34 gave the desired Stille products in high
yield (Table 3).


Both 4-bromo- and 4-iodo-3,5-diphenylisothiazoles 30 and 34
reacted with the Negishi reagent phenylzinc chloride (4 equiv.)
and (PPh3)2PdCl2 (5 mol%) in DMF at 100 ◦C for 4 h under
argon to give 3,4,5-triphenylisothiazole 17 in 29 and 18% yields,
respectively. The Negishi reactions gave considerable amounts
of the protodehalogenation product 3,5-diphenylisothiazole
31 (71 and 77% respectively) accounting for the low yields of
triphenylisothiazole 17. The Ullmann-type homocoupling of
Pd(OAc)2 (1 equiv.) with 4-bromoisothiazole 30 gave a complex
reaction mixture, however, with 3-iodoisothiazole 34 only the
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Table 2 Reaction of 4-halo-3,5-diphenylisothiazoles 30 and 34 with
arylboronic acid (3 equiv.), powdered K2CO3 (1.5 equiv.), Pd(OAc)2


(5 mol%) in DMF at 20–110 ◦C under Ar


Hal Ar Time/min Yields (%)


Br Ph 60 17 (98)
I Ph 40 17 (100)
Br 3-NO2C6H4 55 35 (99)
Br 4-MeOC6H4 40 36 (98)
Br 3-MeOC6H4 40 37 (98)
Br 2-MeOC6H4 30 38 (99)
Br 4-Tol 45 39 (98)
Br 3-Tol 30 40 (99)
Br 2-Tol 4.5 h 41 (49) 31 (51)
I 2-Tol 80 41 (41) 31 (59)
Br 4-ClC6H4 30 42 (89) 47 (11)
Br 3-ClC6H4 50 43 (83) 48 (11)
Br 2-ClC6H4 1.5 h 44 (81) 31 (19)
I 2-ClC6H4 60 44 (12) 31 (88)
Br 3-Thienyl 25 45 (100)
Br 2-Thienyl a


I 2-Thienyl 6 h 46 (99)


a Incomplete reaction after 24 h.


Table 3 Reaction of 4-halo-3,5-diphenylisothiazoles 30 and 34 with
aryltributyltin in the presence of Pd(OAc)2 (5 mol%) in DMF at 20–100 ◦C
under Ar


Hal Ar RSnBu3 (equiv.) Time/h Yield (%)


Br Ph 3 a


I Ph 1 24 17 (99b)
I Ph 1.5 0.75 17 (98)
I 2-Thienyl 1.5 16.25 46 (99)
I 2-Furyl 1.5 4.25 49 (98)


a Incomplete reaction after 24 h. b Based on recovered 4-iodo-3,5-diphenyl-
isothiazole 34 (11%).


protodeiodination product 3,5-diphenylisothiazole 31 was
isolated in 43% yield.


Summary


Successful synthetic methodologies for triarylation on the isoth-
iazole ring system, with C–C-coupling reactions, were demon-
strated following the arylation sequences C-5 then C-4 and
finally C-3 and also C-5 then C-3 and finally C-4 with the
latter triarylation sequence proving to be more versatile. Several
new 3,4,5-triarylisothiazoles were synthesised in high yields. In
general, the reactivity of haloisothiazoles towards the coupling
methodology followed the anticipated order I > Br > Cl. Methods
for converting the cyano substituent at the isothiazole C-4 position
to bromo or iodo using Hunsdiecker or Hoffmann degradation
followed by Sandmeyer iodination techniques were developed.
Several novel 3,5-diphenyl-4-haloisothiazoles and 3,4-dihalo-5-
phenylisothiazoles were synthesised in good yield.


Experimental


CCl4 and MeOH were freshly distilled from CaH2 under argon.
DMF was azeotropically distilled with PhH then distilled under
vacuum from anhydrous MgSO4 and stored over 4 Å molecular
sieves. THF was freshly distilled from potassium under argon.
Anhydrous K2CO3 was freshly powdered using an agate pestle and
mortar before use. Reactions were protected by CaCl2 drying tubes
or performed under an argon atmosphere. Anhydrous Na2SO4 was
used for drying organic extracts, and all volatiles were removed
under reduced pressure. All reaction mixtures and column eluents
were monitored by TLC using commercial glass backed thin layer
chromatography (TLC) plates (Merck Kieselgel 60 F254). The
plates were observed under UV light at 254 and 365 nm. The
technique of dry flash chromatography was used throughout for all
non-TLC scale chromatographic separations using Merck Silica
Gel 60 (less than 0.063 mm). A Hastelloy B-2 Parr pressure vessel
with a teflon sleeve and a 600 mL capacity (3000 psi limit) was used
for the autoclave reactions. Melting points were determined using
a PolyTherm-A, Wagner & Munz, Koefler-Hotstage Microscope
apparatus. Solvents used for recrystallization are indicated after
the melting point. UV spectra were obtained using a Perkin-
Elmer Lambda-25 UV/vis spectrophotometer and inflections are
identified by the abbreviation “inf”. IR spectra were recorded
on a Shimidazu FTIR-NIR Prestige-21 spectrometer with Pike
Miracle Ge ATR accessory, and strong, medium and weak peaks
are represented by s, m and w respectively. 1H and 13C NMR
spectra were recorded on a Bruker Avance 300 machine (at 300
and 75 MHz respectively). CH assignments were supported by 13C
NMR DEPT 90 experiments. Deuterated solvents were used for
homonuclear lock and the signals are referenced to the deuterated
solvent peaks. Low resolution (EI) mass spectra were recorded on
a Shimadzu Q2010 GCMS with direct inlet probe whilst high res-
olution spectra were recorded on a VG Autospec “Q” mass spec-
trometer. Petrol refers to light petroleum, bp 40–60 ◦C. 3-Chloro-5-
phenylisothiazole-4-carbonitrile 1,30 3-iodo-5-phenylisothiazole-
4-carbonitrile 1831 and 3,5-diphenylisothiazole-4-carbonitrile 2631


were prepared according to literature procedures.


4-Bromo-3-chloro-5-phenylisothiazole 5


To a stirred mixture of 3-chloro-5-phenylisothiazole-4-carboxylic
acid 3 (1.0 g, 4.18 mmol) in H2O (30 ml) was added a solution of
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KOH (234 mg, 4.18 mmol, 1 equiv.) in H2O (10 ml) and the mixture
was allowed to stirred at ca. 20 ◦C until the starting material had
completely dissolved. To the reaction mixture was added, in one
portion, a solution of silver nitrate (710 mg, 4.18 mmol, 1 equiv.)
in H2O (5 ml) to afford a grey-white precipitate. The grey-white
precipitate was filtered, washed first with H2O and then with
acetone and dried in a vacuum oven at ca. 80 ◦C for 12 h to
give silver 3-chloro-5-phenylisothiazole-4-carboxylate 4 (1.45 g,
100%). To a stirred mixture of silver 3-chloro-5-phenylisothiazole-
4-carboxylate 4, (100 mg, 0.29 mmol) in tetrachloromethane (3 ml)
protected with CaCl2 drying tube was added in one portion Br2


(18 ll, 0.35 mmol, 1.2 equiv.) and the reaction was kept at 20 ◦C
for 1 h. The reaction mixture was filtred and the filtrate was
absorbed on silica. Chromatography (hexane–DCM 8 : 2) gave
the title compound 5 (63 mg, 80%) as colourless needles, mp
40–41 ◦C (lit.,34 44–46 ◦C) (from pentane); (Found: C, 39.3; H,
1.9; N, 5.0. C9H5BrClNS requires C, 39.4; H, 1.8; N, 5.1%);
kmax(DCM)/nm 274 (log e 3.91); mmax/cm−1 3049w (Ar CH), 1577w,
1559w, 1517w, 1507w, 1476m, 1457w, 1443m, 1388m, 1336w,
1313w, 1294s, 1278m, 1245w, 1217w, 1076w, 1032m, 996m, 920w,
901m, 819m; dH(300 MHz; CDCl3) 7.67–7.60 (2H, m, Ph CH),
7.53–7.45 (3H, m, Ph CH); dC(75 MHz; CDCl3) 163.4, 151.0, 130.4
(Ph CH), 129.3 (Ph C), 129.1 (Ph CH), 128.2 (Ph CH), 106.2; m/z
(EI) 277 (M+ + 4, 28%), 275 (M+ + 2, 100), 273 (M+, 58), 240 (4),
238 (4), 229 (7), 227 (5), 196 (5), 194 (14), 193 (4), 159 (50), 150
(4), 148 (4), 137 (3), 133 (17), 127 (29), 121 (6), 113 (11), 100 (10),
89 (18), 77 (11), 74 (10), 63 (12), 51 (19) (Found: M+, 272.9015,
C9H5BrClNS requires M, 272.9004).


4-Amino-3-chloro-5-phenylisothiazole 6


To a stirred solution of NaOH (42 mg, 1.05 mmol, 5 equiv.)
in water (2 ml) cooled to ca. 0 ◦C was first added Br2 (13 ll,
0.25 mmol, 1.2 equiv.) and then 3-chloro-5-phenylisothiazole-4-
carboxamide 2 (50 mg, 0.21 mmol). The reaction mixture was
allowed to warm to ca. 20 ◦C and was kept at this temperature
until the starting material had completely dissolved. The reaction
mixture was then heated to ca. 70 ◦C for 1 h. The mixture was
allowed to cool to ca. 20 ◦C, diluted with water (5 ml) and washed
with DCM (4 × 10 ml). The organic layer was separated, dried and
absorbed on silica. Chromatography (hexane–DCM, 5 : 5) gave the
title compound 6 (36.7 mg, 83%) as colourless plates, mp 58–59 ◦C
(from cyclohexane); (Found: C, 51.2; H, 3.2; N, 13.3. C9H7ClN2S
requires C, 51.3; H, 3.4; N, 13.3%); kmax(DCM)/nm 315 (log e
2.79), 262 (2.66); mmax/cm−1 3373w and 3309w (NH2), 3212w,
3061w (Ph CH), 1623w, 1576w, 1492w, 1445w, 1420m, 1374m,
1316w, 1282w, 1136w, 1086w, 1061w, 1027w, 994w, 974w, 926w,
823m, 764s; dH(300 MHz; CDCl3) 7.50–7.37 (5H, m, Ph CH), 3.76
(2H, br s, NH2); dC(75 MHz; CDCl3) 140.8, 139.8, 134.0, 130.6 (Ph
C), 129.5 (Ph CH), 128.8 (Ph CH), 127.1 (Ph CH); m/z (EI) 212
(M+ + 2, 31%), 210 (M+, 82), 175 (11), 148 (29), 142 (62), 121
(100), 104 (16), 93 (9), 89 (14), 77 (63), 69 (14), 63 (15), 62 (15),
53 (14), 51 (37).


3-Chloro-4-iodo-5-phenylisothiazole 7


To a stirred mixture of I2 (90.5 mg, 0.358 mmol, 2.5 equiv.) and
isoamyl nitrite (77 ll, 0.573 mmol, 4 equiv.) in MeCN (2 ml)
protected with a CaCl2 drying tube at ca. 80 ◦C was added
dropwise an MeCN (1 ml) solution of 4-amino-3-chloro-5-phenyl-


isothiazole 6 (30 mg, 0.143 mmol). The mixture was kept at ca.
80 ◦C until no starting material remained (TLC), allowed to cool
to ca. 20 ◦C and absorbed on silica. Chromatography (hexane–
DCM, 7 : 3) gave the title compound 7 (37.7 mg, 82%) as colourless
needles, mp 67–68 ◦C (from pentane); (Found: C, 33.5; H, 1.5; N,
4.3. C9H5ClINS requires C, 33.6; H, 1.6; N, 4.4%); kmax(DCM)/nm
275 (log e 2.70); mmax/cm−1 3046w (Ph CH), 1471m, 1442m, 1381m,
1335w, 1325w, 1286m, 1270s, 1238w, 1207w, 1077w, 1033m, 990m,
966w, 921w, 893m, 841w, 822m, 783w, 750s; dH(300 MHz; CDCl3)
7.60–7.57 (2H, m, Ph CH), 7.53–7.51 (3H, m, Ph CH); dC(75 MHz;
CDCl3) 168.0, 154.5, 130.7 (Ph C), 130.4 (Ph CH), 129.1 (Ph CH),
128.5 (Ph CH), 79.5; m/z (EI) 323 (M+ + 2, 36%), 321 (M+, 100),
194 (13), 159 (74), 148 (4), 133 (58), 127 (60), 121 (7), 113 (17), 100
(14), 89 (31), 77 (14), 75 (13), 74 (13), 73 (4), 69 (8), 63 (20), 51 (26).


3-Chloro-4,5-diphenylisothiazole 8 via Suzuki reaction at C-4


A stirred mixture of 4-bromo-3-chloro-5-phenylisothiazole 5
(30 mg, 0.11 mmol), phenylboronic acid (40 mg, 0.33 mmol,
3 equiv.), powdered K2CO3 (22.8 mg, 0.165 mmol, 1.5 equiv.)
and Pd(OAc)2 (1.2 mg, 5 mol%) in dry and degassed DMF (2 ml)
under an argon atmosphere, was heated to ca. 100 ◦C, until no
starting material remained (TLC). The mixture was allowed to
cool to ca. 20 ◦C, diluted with DCM (15 ml) and washed with
H2O (4 × 10 ml). The organic layer was separated, dried and
absorbed on silica. Chromatography (hexane–DCM, 6 : 4) gave
the title compound 8 (28.7 mg, 96%) as colourless needles, mp 106–
107 ◦C (from pentane); (Found: C, 66.4; H, 3.6; N, 5.2. C15H10ClNS
requires C, 66.3; H, 3.7; N, 5.2%); kmax(DCM)/nm 275 (log e 2.74);
mmax/cm−1 3055w (Ar CH), 1599w, 1574w, 1537w, 1499w, 1477w,
1377w, 1346m, 1312w, 1236m, 1182w, 1143w, 1076w, 1034w, 995w,
988w, 920w, 907w, 843w, 833m, 802m, 770m, 748s, 710w, 694s;
dH(300 MHz; CDCl3) 7.44–7.22 (10H, m, Ph CH); dC(75 MHz;
CDCl3) 164.4, 150.0, 132.6, 131.8, 130.3 (Ph CH), 130.1 (Ph C),
129.5 (Ph CH), 128.9 (Ph CH), 128.6 (Ph CH), 128.3 (Ph CH),
128.2 (Ph CH); m/z (EI) 273 (M+ + 2, 34%), 271 (M+, 100), 258
(7), 256 (19), 236 (27), 203 (30), 190 (20), 178 (12), 165 (13), 135
(3), 104 (15), 89 (4), 77 (15), 63 (4), 51 (10) (Found: M+, 271.0207,
C15H10ClNS requires M, 271.0222).


3-Chloro-4,5-diphenylisothiazole 8 via Stille reaction at C-4
(typical Stille conditions for coupling at C-4: see Table 1)


A stirred mixture of 3-chloro-4-iodo-5-phenylisothiazole 7 (30 mg,
0.093 mmol), tributylphenylstannane (36.6 ll, 0.112 mmol,
1.2 equiv.) and Pd(OAc)2 (1.0 mg, 5 mol%) in dry and degassed
DMF (2 ml) under an argon atmosphere, was heated to ca.
100 ◦C, until no starting material remained (TLC). The mixture
was allowed to cool to ca. 20 ◦C, diluted with DCM (15 ml) and
washed with H2O (4 × 10 ml). The organic layer was separated,
dried and absorbed on silica. Chromatography (hexane–DCM, 6 :
4) gave the title compound 8 (25 mg, 99%) as colourless needles,
mp 106–107 ◦C (from pentane) identical to that described above.


3-Chloro-5-phenylisothiazole 11


A stirred mixture of 3-chloro-4-iodo-5-phenylisothiazole 7 (30 mg,
0.093 mmol) and Pd(OAc)2 (20.9 mg, 0.093 mmol, 1 equiv.) in dry
and degassed DMF (2 ml) under an argon atmosphere, was heated
to ca. 140 ◦C, until no starting material remained (TLC). The
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mixture was allowed to cool to ca. 20 ◦C, diluted with DCM (15 ml)
and washed with H2O (4 × 10 ml). The organic layer was separated,
dried and absorbed on silica. Chromatography (hexane–DCM,
6 : 4) gave the title compound 11 (17.8 mg, 98%) as colourless
needles, mp 50–51 ◦C (lit.,34 56 ◦C) (from pentane) identical to
that described above.


3-Hydroxy-4,5-diphenylisothiazole 12


A mixture of 3-chloro-4,5-diphenylisothiazole 8 (1 g, 3.68 mmol)
and KOH (825 mg, 14.7 mmol, 4 equiv.) in H2O (150 ml) was
placed in a bomb reactor with a teflon liner. The bomb reactor
was sealed and heated to ca. 200 ◦C (250 psi) for 24 h. The bomb
reactor was cooled to ca. 20 ◦C and opened. The reaction mixture
was filtered and the filtrate was acidified to give a white precipitate.
The white precipitate was filtered, washed (H2O) and dried to give
the title compound 12 (885 mg, 95%) as colourless needles, mp
233–235 ◦C (lit.,35 245–247 ◦C) (from cyclohexane); (Found: C,
71.0; H, 4.4; N, 5.6. C15H11NOS requires C, 71.1; H, 4.4; N, 5.5%);
kmax(DCM)/nm 234 (log e 3.94), 280 (3.90); mmax/cm−1 3059w (Ar
CH), 1607w, 1583w, 1566w, 1500m, 1481m, 1444w, 1342w, 1265m,
1184w, 1081w, 1073w, 1057w, 1033w, 1024w, 943w, 880m, 851w,
844w, 770m, 754s; dH(300 MHz; DMSO-d6) 11.97 (1H, br s, OH),
7.34–7.29 (6H, m, Ph CH), 7.27–7.21 (4H, m, Ph CH); dC(75 MHz;
DMSO-d6) 166.8, 160.5, 132.3 (Ph C), 131.1 (Ph C), 129.8 (Ph
CH), 129.2 (Ph CH), 129.0 (Ph CH), 128.3 (Ph CH), 127.9 (Ph
CH), 127.4 (Ph CH), 122.1; m/z (EI) 254 (M+ + 1, 20%), 253 (M+,
100), 252 (54), 238 (6), 219 (7), 209 (17), 205 (10), 190 (6), 178 (29),
165 (32), 152 (10), 139 (4), 126 (6), 121 (4), 104 (12), 89 (8), 77
(11), 63 (6), 51 (10) (Found: M+, 253.0567, C15H11NOS requires
M, 253.0561).


3-Bromo-4,5-diphenylisothiazole 13


A stirred mixture of 3-hydroxy-4,5-diphenylisothiazole 12 (30 mg,
0.12 mmol) and POBr3 (1.5 g), protected with a CaCl2 drying
tube, was heated to ca. 100 ◦C for 24 h. The reaction mixture
was cooled to ca. 20 ◦C, diluted with water and extracted with
DCM (4 × 10 ml). The organic extracts were combined, dried
and absorbed on silica. Chromatography (hexane–DCM, 7 : 3)
gave the title compound 13 (32 mg, 85%) as colourless crystals,
mp 112–113 ◦C (from pentane); (Found: C, 56.9; H, 3.3; N, 4.3.
C15H10BrNS requires C, 57.0; H, 3.2; N, 4.4%); kmax(DCM)/nm
276 (log e 3.01); mmax/cm−1 1533w, 1498w, 1474w, 1444w, 1372w,
1339m, 1227m, 1182w, 1138w, 1075w, 1034w, 988w, 920w, 898w,
849w, 843w, 825m, 785w, 769m, 747s; dH(300 MHz; CDCl3) 7.43–
7.40 (3H, m, Ph CH), 7.35–7.26 (5H, m, Ph CH), 7.22–7.17
(2H, m, Ph CH); dC(75 MHz; CDCl3) 164.0, 140.0, 135.3, 132.5,
130.4 (Ph CH), 130.0, 129.5 (Ph CH), 128.9 (Ph CH), 128.6 (Ph
CH), 128.3 (Ph CH), 128.3 (Ph CH); m/z (EI) 317 (M+ + 2,
97%), 315 (M+, 100), 302 (7), 300 (7), 236 (71), 235 (61), 221
(4), 208 (15), 203 (65), 190 (21), 178 (16), 165 (24), 152 (9),
139 (6), 121 (12), 118 (16), 104 (22), 89 (11), 77 (77), 63 (12),
51 (49).


3-Amino-4,5-diphenylisothiazole 16


A stirred mixture of 3-chloro-4,5-diphenylisothiazole 8 (50 mg,
0.184 mmol) and sodium amide (71.8 mg, 1.84 mmol, 10 equiv.) in
dry THF (2 ml) was kept to ca. 20 ◦C, under argon, until no starting


material remained (TLC). Chromatography (hexane–DCM, 3 : 7)
gave the title compound 16 (45 mg, 97%) as colourless needles, mp
130–131 ◦C (from cyclohexane); (Found: C, 71.4; H, 4.8; N, 10.9.
C15H12N2S requires C, 71.4; H, 4.8; N, 11.1%); kmax(DCM)/nm
276 (log e 3.71); mmax/cm−1 3458w and 3302w (NH), 3196 (Ar
CH), 1622m, 1576w, 1558w, 1541w, 1506w, 1495m, 1458m, 1443w,
1402m, 1339w, 1161w, 1072w, 1053w, 1028w, 999w, 934w, 924w,
851w, 843m, 772m, 756s, 739w, 704s; dH(300 MHz; CDCl3) 7.42–
7.23 (10H, m, Ph CH), 4.37 (2H, br s, NH2); dC(75 MHz; CDCl3)
162.9, 161.5, 133.0 (Ph C), 131.0 (Ph C), 129.9 (Ph CH), 129.2 (Ph
CH), 128.9 (Ph CH), 128.7 (Ph CH), 128.2 (Ph CH), 128.1 (Ph
CH), 122.7; m/z (EI) 253 (M+ + 1, 27%), 252 (M+, 100), 251 (59),
234 (5), 218 (12), 209 (7), 190 (13), 178 (10), 176 (10), 165 (28),
152 (7), 139 (4), 126 (6), 121 (4), 104 (8), 89 (8), 77 (12), 74 (9), 69
(3), 63 (5), 51 (10) (Found: M+, 252.0718, C15H12N2S requires M,
252.0721).


Sandmeyer iodination reaction of 3-amino-4,5-diphenylisothiazole
16


To a stirred mixture of benzyltriethylammonium iodide (113.9 mg,
0.357 mmol, 3 equiv.) and isoamyl nitrite (63.9 ll, 0.476 mmol,
4 equiv.) in MeCN (2 ml) protected with a CaCl2 drying tube
at ca. 20 ◦C was added dropwise an MeCN (1 ml) solution of
3-amino-4,5-diphenyl-isothiazole 16 (30 mg, 0.119 mmol). The
mixture was kept at ca. 20 ◦C for 30 min and then was heated to
ca. 80 ◦C for 1 h. The mixture was allowed to cool to ca. 20 ◦C
and absorbed on silica. Chromatography (hexane–DCM, 7 : 3)
gave a colourless material which was a mixture of inseparable
compounds: mmax/cm−1 2954w, 2923m, 2854w, 2208w (C≡N),
1594w, 1582w, 1576w, 1564w, 1485w, 1467w, 1457w, 1444m,
1378w, 1363w, 1331w, 1262w, 1222w, 1180w, 1157w, 1134w, 1078w,
1046w, 1031w, 998w, 985w, 969w, 919w, 900w, 873w, 854w, 822w,
793w, 768s, 746m, 738s; dH(300 MHz; CDCl3) 7.63–7.60 (m, Ph
CH), 7.54–7.40 (m, Ph CH), 7.26-7.12 (m, PhCH); dC(75 MHz;
CDCl3) 142.0, 141.1, 137.9, 133.8, 130.7 (Ph CH), 130.4 (Ph
CH), 129.6 (Ph CH), 129.6, 129.1 (Ph CH), 129.1 (Ph CH),
128.9 (Ph CH), 128.8 (Ph CH), 128.7 (Ph CH), 128.6 (Ph CH),
128.5 (Ph CH), 128.4 (Ph CH), 128.3 (Ph CH), 125.1, 121.1,
121.0, 116.8, 115.8; m/z (EI) 364 (M+ + 1%), 363 (M+, 19), 332
(6), 331 (C15H10IN+, 33), 236 (8), 205 (17), 204 (100), 203 (37),
202 (7), 177 (22), 176 (17), 127 (8), 102 (10), 88 (13), 77 (33),
51 (29).


3,4,5-Triphenylisothiazole 17


A stirred mixture of 3-bromo-4,5-diphenylisothiazole 13 (30 mg,
0.095 mmol), phenylzinc chloride (570 ll, 0.5 M in THF, 3 equiv.)
and (PPh3)2PdCl2 (3.3 mg, 5 mol%) in dry and degassed DMF
(2 ml) under an argon atmosphere, was heated to ca. 100 ◦C, until
no starting material remained (TLC). The mixture was allowed
to cool to ca. 20 ◦C, diluted with DCM (15 ml) and washed with
H2O (4 × 10 ml). The organic layer was separated, dried and
absorbed on silica. Chromatography (hexane–DCM, 5 : 5) gave
the title compound 17 (21.4 mg, 72%) as colourless crystals, mp
210–211 ◦C (lit.,17 211.5–212.5 ◦C) (from cyclohexane); (Found:
C, 80.5; H, 4.8; N, 4.4. C21H15NS requires C, 80.5; H, 4.8; N, 4.5%);
kmax(DCM)/nm 241 (log e 4.06), 284 (3.85); mmax/cm−1 3063w (Ph
CH), 1601w, 1576w, 1539w, 1533w, 1499w, 1479w, 1440w, 1398w,
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1363w, 1291w, 1272w, 1188w, 1179w, 1159w, 1153w, 1073w, 1030w,
977w, 920w, 908w, 842w, 802w, 782w, 764m, 748s, 726m, 701m;
dH(300 MHz; CDCl3) 7.44–7.41 (2H, m, Ph CH), 7.37–7.23 (11H,
m, Ph CH), 7.13–7.10 (2H, m, Ph CH); dC(75 MHz; CDCl3) 167.6,
164.0, 135.7, 134.2, 134.1, 131.0, 130.6 (Ph CH), 128.9 (Ph CH),
128.7 (Ph CH), 128.7 (Ph CH), 128.7 (Ph CH), 128.5 (Ph CH),
128.4 (Ph CH), 128.0 (Ph CH), 127.5 (Ph CH); m/z (EI) 314
(M+ + 1, 30%), 313 (M+, 98), 312 (100), 297 (3), 280 (3), 278 (3),
236 (4), 210 (5), 208 (5), 178 (10), 165 (24), 155 (7), 149 (10), 139
(4), 126 (3), 121 (4), 103 (4), 89 (5), 77 (14), 63 (4), 51 (9).


3,3′-Bi(4-bromo-5-phenylisothiazole) 25


A stirred mixture of 4-bromo-3-iodo-5-phenylisothiazole 24
(30 mg, 0.082 mmol) and Pd(OAc)2 (18.4 mg, 0.082 mmol, 1 equiv.)
in DMF (2 ml) under an argon atmosphere, was heated to ca.
140 ◦C, until no starting material remained (TLC). The mixture
was allowed to cool to ca. 20 ◦C, diluted with DCM (15 ml) and
washed with H2O (4 × 10 ml). The organic layer was separated,
dried and absorbed on silica. Chromatography (hexane–DCM, 2 :
8) gave the title compound 25 (14.5 mg, 74%) as colourless needles,
mp 208–209 ◦C (from cyclohexane); (Found: C, 45.4; H, 2.2; N, 6.0.
C18H10Br2N2S2 requires C, 45.2; H, 2.1; N, 5.9%); kmax(DCM)/nm
285 (log e 4.09); mmax/cm−1 3062w (Ph CH), 1684w, 1653w, 1576w,
1559w, 1539w, 1506w, 1473m, 1445m, 1357w, 1288w, 1243s, 1213w,
1181w, 1159w, 1077w, 1056w, 1035w, 1000w, 977w, 967w, 912w,
882s, 846w, 829m, 754m, 746s, 728w, 724w; dH(300 MHz; CDCl3)
7.74–7.66 (4H, m, Ph CH), 7.59-7.48 (6H, m, Ph CH); dC(75 MHz;
CDCl3) 163.0, 161.3, 130.1 (Ph CH), 129.4 (Ph C), 129.1 (Ph CH),
128.7 (Ph CH), 107.3; m/z (EI) 480 (M+ + 2, 54%), 478 (M+ + 2,
100), 476 (M+, 50), 399 (3), 397 (3), 318 (15), 239 (8), 214 (4), 159
(18), 145 (8), 133 (42), 127 (10), 121 (13), 101 (4), 89 (40), 77 (10),
63 (6), 51 (8).


3,5-Diphenylisothiazole-4-carboxylic acid 28


To a stirred solution of 3,5-diphenylisothiazole-4-carboxamide 27
(1 g, 3.57 mmol) in c. H2SO4 (10 ml) cooled to ca. 0 ◦C and
protected with a CaCl2 drying tube, was added in portions sodium
nitrite (2.46 g, 35.7 mmol, 10 equiv.). The reaction mixture was
heated to ca. 100 ◦C, until no starting material remained (TLC).
The mixture was allowed to cool to ca. 20 ◦C and then was
poured into ice–water to afford a white precipitate. The white
precipitate was filtered, washed (H2O) and dried under vacuum
to give the title compound 28 (0.87 g, 87%) as colourless needles,
mp 202–203 ◦C (lit.,36 204–206 ◦C) (from cyclohexane); (Found:
C, 68.5; H, 3.9; N, 5.0. C16H11NO2S requires C, 68.3; H, 3.9; N,
5.0%); kmax(DCM)/nm 251 (log e 4.00); mmax/cm−1 3055w (Ph CH),
1679s (C=O), 1559w, 1539w, 1533w, 1510m, 1476s, 1442m, 1356m,
1296m, 1208w, 1151w, 1077w, 1025w, 1005w, 990w, 953w, 917w,
856m, 821w, 801w, 769w, 755s; dH(300 MHz; CD2Cl2) 7.65–7.62
(2H, m, Ph CH), 7.56–7.53 (2H, m, Ph CH), 7.52–7.39 (6H, m, Ph
CH) OH peak missing; dC(75 MHz; CD2Cl2) 171.8, 168.4, 167.5,
135.6, 130.4 (Ph CH), 130.0, 129.7 (Ph CH), 129.2 (Ph CH), 129.0
(Ph CH), 128.7 (Ph CH), 128.7 (Ph CH), 125.8; m/z (EI) 282
(M+ + 1, 24%), 281 (M+, 100), 280 (57), 264 (21), 252 (5), 248 (7),
237 (57), 220 (3), 204 (7), 190 (4), 178 (3), 176 (3), 165 (7), 141 (7),
134 (19), 133 (20), 129 (14), 121 (16), 103 (15), 89 (32), 77 (44), 69
(8), 63 (13), 51 (28).


3,5-Diphenylisothiazole 31


A stirred mixture of 3,5-diphenylisothiazole-4-carboxylic acid 28
(50 mg, 0.178 mmol), p-toluenesulfonic acid (3.4 mg, 10 mol%)
and biphenyl (1 g) protected with a CaCl2 drying tube, was heated
to ca. 250 ◦C until no starting material remained (TLC). The
mixture was allowed to cool to ca. 20 ◦C and absorbed on silica.
Chromatography (hexane–DCM, 8 : 2) gave the title compound
31 (39.7 mg, 94%) as colourless needles, mp 80–81 ◦C (lit.,37 81 ◦C)
(from pentane); (Found: C, 75.9; H, 4.6; N, 5.8. C15H11NS requires
C, 75.9; H, 4.7; N, 5.9%); kmax(DCM)/nm 256 (log e 4.13), 280
(4.06); mmax/cm−1 3055w (Ph CH), 1530w, 1448m, 1453w, 1447w,
1391w, 1370w, 1337w, 1306w, 1206w, 1188w, 1157w, 1153w, 1087w,
1075w, 1027w, 1000w, 970w, 965w, 920w, 909w, 878m, 851w, 830m,
770w, 759m, 752s; dH(300 MHz; CDCl3) 8.03–7.99 (2H, m, Ph
CH), 7.76 (1H, s, isothiazole CH), 7.68–7.64 (2H, m, Ph CH),
7.53–7.39 (6H, m, Ph CH); dC(75 MHz; CDCl3) 168.2, 168.2,
134.8, 130.9 (Ph CH), 129.5 (Ph CH), 129.2 (Ph CH), 128.8 (Ph
CH), 126.8 (Ph CH), 126.5 (Ph CH), 117.5 (isothiazole H-4) one
peak missing; m/z (EI) 238 (M+ + 1, 19%), 237 (M+, 100), 204 (6),
159 (3), 134 (23), 121 (5), 118 (3), 108 (5), 103 (9), 89 (10), 77 (21),
76 (8), 69 (4), 63 (6), 51 (15).


Methyl 3,5-diphenylisothiazole-4-carbamate 32


To a stirred solution of 3,5-diphenylisothiazole-4-carboxamide 27
(0.2 g, 0.713 mmol) in methanol (3 ml) at ca. 20 ◦C, protected with
a CaCl2 drying tube, was added sodium (65.6 mg, 2.85 mmol,
4 equiv.) and then Br2 (43.9 ll, 0.856 mmol, 1.2 equiv.). The
reaction mixture was heated to ca. 70 ◦C for 1 h. The mixture
was allowed to cool to ca. 20 ◦C and absorbed on silica.
Chromatography (hexane–DCM 5 : 5) gave the title compound
32 (0.20 g, 95%) as colourless needles, mp 163–164 ◦C (from
cyclohexane); (Found: C, 65.9; H, 4.7; N, 9.2. C17H14N2O2S
requires C, 65.8; H, 4.6; N, 9.0%); kmax(DCM)/nm 243 (log e 4.00),
276 inf (3.90); mmax/cm−1 3286w (NH), 1712s (C=O), 1582w, 1555w,
1522m, 1506m, 1484w, 1451w, 1424w, 1370w, 1251s, 1190w, 1181w,
1157w, 1097m, 1076w, 1037w, 1030w, 1017w, 1000w, 915w, 852w,
840w, 777w, 761s, 746s, 722w; dH(300 MHz; CDCl3) 7.72–7.69 (2H,
m, Ph CH), 7.51–7.42 (8H, m, Ph CH), 6.44 (1H, br s, NH), 3.62
(3H, br s, CH3); dC[75 MHz; CD2Cl2 with Cr(acac)3] 165.3, 162.0,
155.6, 135.2, 130.3, 130.0, 129.9 (Ph CH), 129.5 (Ph CH), 129.5
(Ph CH), 128.9 (Ph CH), 128.2 (Ph CH), 127.9 (Ph CH), 114.8, 1
peak missing; m/z (EI) 311 (M+ + 1, 20%), 310 (M+, 98), 279 (17),
278 (18), 265 (6), 251 (16), 233 (4), 218 (10), 173 (5), 162 (5), 148
(29), 130 (5), 121 (100), 120 (7), 104 (13), 89 (8), 77 (62), 59 (18), 51
(22). Further elution gave 3,5-diphenylisothiazole-4-carboxamide
27 (6 mg, 3%) as colourless needles, mp 210–211 ◦C (from PhH)
identical to that described above.


4-Amino-3,5-diphenylisothiazole 33


A stirred solution of methyl 3,5-diphenylisothiazole-4-carbamate
32 (0.5 g, 1.61 mmol) in 48% aq. HBr (20 ml) was heated to ca.
100 ◦C until no starting material remained (TLC). The mixture
was allowed to cool to ca. 20 ◦C, diluted with water (10 ml)
and extracted with DCM (4 × 10 ml). The organic extracts
were combined, dried and absorbed on silica. Chromatography
(hexane–DCM, 5 : 5) gave the title compound 33 (394 mg, 97%) as
colourless needles, mp 113–114 ◦C (from cyclohexane); (Found:
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C, 71.4; H, 4.9; N, 11.0. C15H12N2S requires C, 71.4; H, 4.8; N,
11.1%); kmax(DCM)/nm 238 (log e 3.11), 327 (4.01); mmax/cm−1


3430w and 3349 (NH), 3055w (Ph CH), 1734w, 1718w, 1700w,
1684w, 1653w, 1613m, 1559w, 1506w, 1487w, 1449m, 1417s, 1387w,
1340w, 1316w, 1291w, 1278w, 1232w, 1182w, 1116w, 1103w, 1079w,
1042w, 1029m, 1018m, 997w, 974w, 919w, 836m, 774w, 762w,
719w; dH(300 MHz; CDCl3) 7.81 (2H, m, Ph CH), 7.59–7.37 (8H,
m, Ph CH), 3.61 (2H, br s, NH); dC(75 MHz; CDCl3) 159.4, 140.7,
136.2, 135.1, 131.3, 129.4 (Ph CH), 129.0 (Ph CH), 128.9 (Ph
CH), 128.3 (Ph CH), 127.7 (Ph CH), 127.7 (Ph CH); m/z (EI) 253
(M+ + 1, 19%), 252 (M+, 100), 180 (2), 149 (22), 121 (68), 104 (51),
89 (8), 77 (31), 51 (10).
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In this report, we describe design, synthesis, evaluation and molecular dynamics simulations of
synthetic multifunctional pores with p-acidic naphthalenediimide clamps. Experimental evidence is
provided for the formation of unstable but inert, heterogeneous and acid-insensitive dynamic tetrameric
pores that are sensitive to base and ionic strength. Blockage experiments reveal that the introduction of
aromatic electron donor–acceptor interactions provides access to the selective recognition of p-basic
intercalators within the pore. This breakthrough is important for the application of synthetic pores as
multianalyte sensors.


Introduction


Bifunctional acyclic receptors, a.k.a. molecular clamps,1 tweezers,2


clips,3,4 clefts5 or jaws6 have stimulated the creativity of chemists
since decades.1–12 Molecular clamps continue to attract scientific
attention because they provide access to the acyclic version of
the inclusion complexes formed by macrocyclic receptors such
as cyclophanes, carcerands, cryptophanes, calixarenes or larger
architectures like biological and synthetic a-helix bundles or b-
barrels. Bidentate coordination within molecular tweezers12 as
well as bifunctional intercalation into molecular p-clamps1–11


has been particularly productive. p-Clamping with Whitlock’s
pioneering caffeine tweezers was found early on to increase with
tweezer rigidity, improving molecular recognition of benzoates
and naphthoates by about two orders of magnitude.2 The reversed
p-clamping of caffeine with the black tea polyphenol theaflavin
is a fine example for the quite frequently observed p-clamping in
biology and medicine.7


Other highlights in the history of p-clamping include Zim-
merman’s application of rigid acridine and phenanthrene tweez-
ers to affinity chromatography of nitrated polycyclic aromatic
hydrocarbons8 or Nolte’s glycoluryl clips.3 The more recent
Klärner series of tetra-, tri-, and dimethylene-bridged naphthalene
and anthracene tweezers and clips revealed, inter alia, a rich
collection of intercalators, usefulness of charge transfer for
effective p-clamping, and stunning template effects that perfectly
imitate the pinching action of tweezers on the molecular level.4


Colquhoun has introduced pyrene tweezers to p-clamp macro-
cyclic naphthalenediimide (NDI) dimers.9 Contributions from
aromatic donor–acceptor interactions to adhesive p-clamping
have been found recently for pentafluorobenzene dimers.10 p-
Clamping with acylic (and cyclic)13 porphyrin dimers has been
studied by several groups with regard to the recognition of
fullerenes,7,13 nucleotides5 or alkyl viologens.11 The programmed
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assembly of p-clamps into stacked rosettes reveals the close
relation between p-clamping and broad field of intercalation.14


Ion-pair assisted p-clamping of nucleotides on one side of a
synthetic b-sheet has been achieved with a diagonal tryptophan
(W) tweezer with flanking lysines (K).15,16 It was this breakthrough
by Butterfield and Waters that identified p-clamping as ideal to
expand molecular recognition within synthetic pores1,17 beyond
ion pairing.


Synthetic multifunctional pores such as 1 are rigid-rod b-barrels
(Fig. 1).17–21 These barrel-stave supramolecules are composed of
rigid-rod staves and b-sheet hoops. During self-assembly from
monomeric p-oligophenyls (see Scheme 1), the non-planar staves
help to roll the planar b-sheets into the cylindrical oligomers. In the
final barrel, the b-sheet hoops help to position functional groups
at outer and inner pore surfaces to maximize interactions with
the surrounding bilayer and molecules passing through the pore,
respectively. So far, internal molecular recognition has focused
exclusively on topologically precise ion pairing. This simple and
sloppy recognition motif within synthetic pores was already
sufficient to develop applications in catalysis and sensing.17–21


Highlights include synthetic pores as general optical transducers
of chemical reactions18 or multicomponent sensing in complex
matrixes19 exemplified with sugar sensing in Coke.20 Refined pore
designs have been realized to probe the importance of guest
inclusion and template effects as well as the depth of inclusion.21


The introduction of recognition motifs beyond ion pairing
is of very high interest considering the possible practical ap-
plications of synthetic ion channels and pores (for selected
reviews and selected highlights on the topic of synthetic ion
channels and pores, please see ref. 22–32). p-Clamping within
synthetic multifunctional pores was particularly attractive because
characteristics such as the salt effects are orthogonal to ion pairing.
NDIs, unique, abiotic, compact, organizable,33–43 colorizable42,43


and functionalizable36–38,42,43 n-semiconductors39,40 were selected
for p-clamping within synthetic multifunctional pore 2. With a
quadrupole moment of +19 B (Buckinghams),38 the p-acidity of
NDIs exceeds that of hexafluorobenzene as well as the p-basicity
of higher aromatics such as pyrene (−14 B).38 This high p-acidity
is ideal for both self-assembly as well as the formation of face-to-
face aromatic electron donor–acceptor (AEDA) complexes.33–36
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Fig. 1 Rigid-rod b-barrel pores 1 and 2 (top) with indication of possible p-clamp motions within the p-acidic pore 2 (arrows, middle) to catch the
p-basic blocker 3 (red) in inclusion complex 2 ⊃ 3, featuring the classical face-to-face DAN-NDI charge-transfer complex with operational aromatic
electron donor–acceptor interactions (red half-arrows, bottom). b-Sheets are shown as solid (backbone) and dotted lines (hydrogen bonds, axial views)
or as arrows (N → C, side view); external amino acid residues are dark on white, internal ones white on dark (single-letter abbreviations), see Fig. 2 and
3 for molecular models of pore 2 and pore-blocker complexes 2 ⊃ 3, respectively.


Pioneered by Iverson with elegant foldamers,33,34 AEDA com-
plexes with the complementary dialkoxynaphthalenes (DANs)
received particular attention for the creation of double helices,34


barrel-stave supramolecules,37,38 rotaxanes35 or catenanes35 that
can act as shuttles,35 stimuli-responsive gels,36 ligand-gated ion
channels37 or anion-p slides.38 NDI intercalation into p-stacks
beyond DAN reaching from DNA duplexes41 to pyrene tweezers9


has been reported as well. The previous use of DAN-NDI
interactions to open up helical rigid-rod p-stacks into small ion


channels37 can be considered as complementary to the present
use to close large pores formed by rigid-rod b-barrels. The
application of the underlying p-stack architecture for artificial
photosynthesis42,43 is conceptually complementary to the sensing
applications of the b-barrel architecture used in this study.18–20


NDI clamps within synthetic pores were also of interest because
they introduce rigid-rod b-barrels with artificial amino acids and
are thus beyond reach or difficult to access with biological or
bioengineered pores, respectively. Functional internal and external
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Scheme 1 Synthesis of multifunctional pore 2. (a) C6H5I(OAc)2, 92%.67 (b) 1. NaOH, H2O; 2. 12, H3PO4, pH 5–7, 110 ◦C. (c) ZCl, Na2CO3, 48%.
(d) TBDPSCl, imidazole, CH2Cl2, 0 ◦C, 1 h. (e) Pd(OH)2/C, H2, EtOH, quant.68–70 (f) DMF, 110 ◦C; 70% from 12. (g) 4 steps, see ref. 71 and 72.
(h) HBTU, Et3N, DMF, 84%. (i) Pd(OH)2/C, H2, DMF–MeOH (5 : 1), 80%. (j) HBTU, Et3N, DMF, 70%. (k) 5% Piperidine–DMF, 64%. l) 9 steps, see
ref. 63. (m) HATU, Et3N, DMA, 99%. (n) 1. HF–Py, DMA, 2. TFA, 62%. (o) Self-assembly in lipid bilayer membranes.


rings of aromatics occur, however, quite frequently in biological
and bioengineered pores. The aromatic rings at the pore exterior
and at the membrane–water interface are unrelated to the topic
of this study.44–47 Internal aromatic rings, however, exist as well
and play roles in protein translocation through and effective
blockage (nanomolar IC50s) of the Anthrax pore,48 the blockage
of potassium channels,49 the selectivity of ammonia channels,50


pH gating and blockage of the M2 channel from influenza-A
virus with the antiviral amantadine (aminoadamantane),51 and
so on, often by cation–p interactions rather than p-clamping.
Poor TNT recognition by aromatic rings engineered into the a-
hemolysin pore (molar IC50’s) illustrates that the introduction of
aromatic rings into pores does not automatically result in effective
p-clamping.52


In the following, we describe design, synthesis, evaluation
and molecular dynamics simulations of synthetic multifunctional
pores 2 with p-acidic NDI p-clamps. Experimental evidence
is reported for the formation of unstable but relatively inert,
heterogeneous and acid insensitive dynamic tetrameric pores that


are sensitive to base, ionic strength and the selective recognition
of nucleotides, p-basic naphthalenes and other intercalators by
ion-pair assisted adhesive p-clamping (e.g., 3, Fig. 1). Selected
highlights have been reported in the preliminary communication
on the topic.1


Results and discussion


Design


Synthetic multifunctional pore 1 is one of the best explored rigid-
rod b-barrel pores.20,53,54 Leucines are placed at the outer surface as
an ideal compromise between b-propensity and bilayer affinity.17,44


Internal histidine-lysine (HK) dyads were introduced as binding
sites for anionic molecules, thus allowing us to discriminate ATP
and ADP with the “naked eye.” This important function was of
use to sense sugar in soft drinks with pore 1.20 Single-molecule
images of pore-blocker complexes are also available.54
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Synthetic multifunctional pore 2 was envisioned to expand
molecular recognition beyond the dominant ion pairing in 1
and related rigid-rod b-barrel pores. For adhesive p-clamping,
that is for molecular recognition by aromatic donor–acceptor
interactions within pore 2, pore 1 was changed as little as possible
to assure maximal comparability. Histidine was replaced by the
artificial NDI amino acid pA (this arbitrary abbreviation was made
to indicate a “p-acidic” amino-acid side chain, or a “p-acceptor”).
The sequence of the internal residues was reversed to introduce the
artificial NDI amino acid as late as possible in the pentapeptide
synthesis. The ethanolamine as an NDI terminus was introduced
to be able to solubilize intractable synthetic intermediates as bulky
TBDPS derivatives (see below).


The assumption that the new pore 2 would be a tetramer was
made based on extensive data available on this motif including pore
1.17–21 Namely, Hill plots for the self-assembly of the (unstable)53,55


rigid-rod b-barrels with pentapeptide b-sheets including 1 have
demonstrated self-assembly into tetramers. Hill plots of rigid-
rod b-barrel 2 suggest that increasing internal crowding with the
bulky NDIs is, in contrast to other examples,56 insufficient to
cause supramolecular barrel expansion into higher oligomers (see
below).


Molecular dynamics simulations were compatible with
tetrameric active structures (Fig. 2) as well as selective pore block-
age by aromatic electron donor–acceptor interactions (Fig. 3). The
structures shown were obtained following previously established
protocols.57 In brief, MacroModel version 7.058,59 coupled with
a Maestro 4.1 graphical interface60 was used first to assemble
and preoptimize pore 2. Close contacts were eliminated with the
MMFF94s force field61 and the Polak–Ribiere conjugate gradient
(PRCG) algorithm. The empty barrel 2 was submitted to 2 ns MD
simulations using AMBER 8.62 Additional molecular dynamics
of 2 ns were performed for barrels where the p-clamping with
an aromatic electron donor was modeled. Such simulation times
were adequate for equilibration of these systems in the gas
phase.


In agreement with pH profiles (see below), lysine residues were
fully protonated to assure the internal charge repulsion needed to
stabilize internal space and prevent its collapse.53,57 In the modeled
pore, the bulky NDIs were found to preferably reside in loosely
packed p-stacks located towards the pore walls and over the p-
octiphenyl turns. Consistent with high activity (see below), this
architecture yielded a wide-open pore. The minimal inner pore
diameter was d = 1.0 nm. This diameter was in agreement with
the observed efflux of CF (5(6)-carboxyfluorescein, minimal outer
diameter = 1.0 nm) and the observed high conductance of single
pores (see below). The P-helicity of 21◦ was still small enough to be
compatible with the classification as barrel-stave supramolecule.57


The NDI stacking in the p-octiphenyl turns of this widely open
pore architecture was, however, possible only at the cost of
some local distortion of the b-sheets. This local destabilization
may account for the reduced inertness and apparent two-state
behavior of pore 2 in single-pore conductance experiments (see
below). Among several local minima, this particular architecture
corresponds to the most stable conformer.


The minimal length of methylene spacer between b-sheet and
NDI was found to determine the poor mobility of internal p-
clamps. Nevertheless, the rotation of about 100◦ around the Ca–Cb


single bond caused dramatic NDI movements to end up pointing


Fig. 2 Molecular dynamics simulations of synthetic multifunctional pore
2 in axial (top) and side view (bottom) with rigid-rod staves in dark gray,
b-sheet hoops (ribbons) in yellow, lysine side-chains in blue (100% amine
protonation) and NDI clamps in blue.


toward the middle of the pore, where the p-stacks were again
formed. In this second possible NDI architecture, the pore is
closed. The observed high pore activity (see below), together
with clearly poorer stability in molecular dynamics simulations,
suggested that this closed NDI architecture is less favorable than
the open architecture with NDI stacks next to the rigid-rod turns
(Fig. 2).


To simulate adhesive p-clamping within p-acidic pore 2, the
tetra-anionic version 3 of the p-basic dialkoxynaphthyl partner
DAN in the classical DAN-NDI AEDA complexes was selected
because of its excellent blockage efficiency and potential use for
umami sensing (see below for experimental data and discussion).
To p-clamp the DAN blocker, two of the NDIs initially folded
back over p-octiphenyl turns are rotated around the Ca–Cb bond
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Fig. 3 Molecular dynamics simulations of pore-blocker complex 2 ⊃ 3 in axial (top) and side view (bottom) with one (2 ⊃ 31, left) and two (2 ⊃ 32, right)
bound blockers 3 in red (100% carboxylic acid deprotonation). The rigid-rod staves of pore 2 are in dark grey, b-sheet hoops (ribbons) in orange (lysine,
100% amine protonation), yellow (leucine) and blue (NDI clamps).


of the sheet-clamp spacer. In the resulting, energy-minimized
AEDA complex, the DAN blocker is caught between two sticky
NDIs like a mosquito between two hands clapped together. The
structures found after dynamics simulations were compatible with
the existence of the experimentally confirmed adhesive p-clamping
between DAN donor and NDI acceptors within 2 (Fig. 3). The
carboxylate ion pairs with ammonium cations from surrounding
lysines are embedded in a network of supportive hydrogen
bonds.


The molecular dynamics simulations revealed the capacity of
rigid-rod b-barrel 2 to accommodate in their internal space up
to two DAN blockers. In the inclusion complex 2 ⊃ 31 with
one DAN blocker, the pore experiences a small distortion, a
guest → host template effect that preserves the P-helicity of
20◦ and contributes to the reduction of the minimal inner pore
diameter to d = 0.7 nm. More pronounced guest → host template


effects have been observed previously with rigid-rod b-barrels
pores, both in computational models as well as in AFM images.54,57


In the inclusion complex 2 ⊃ 32 with two DAN blockers, the
minimal inner pore diameter further decreases to d = 0.4 nm.
Both complexes are consistent with blockage of CF efflux, the
observed Hill coefficients for DAN blockers are ambiguous,
located consistently between n = 1 and n = 2 (see below).


Synthesis


Rigid rod 4 for self-assembly into pore 2 was synthesized from
scratch in 23 steps overall (Scheme 1).1 The p-octiphenyl scaffold
5 was prepared in nine steps from the commercially available
biphenyl 6 and bromoacetate 7 following our optimized procedure
without change.63
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Several approaches to NDI amino acids have been reported
previously.64–66 We explored four different routes to synthesize NDI
amino acid 8. The best approach, in our hands, uses aspartate 9,
ethanolamine 10 and naphthalene dianhydride 11 as commercially
available starting materials. The previously reported Hofmann
rearrangement of aspartate 9 with iodosobenzene diacetate67


provided facile and rapid access to Z-protected diaminopropionic
acid (Dap) 12. Reaction of Dap 12 with partially hydrolyzed
dianhydride 11 under slightly acidic conditions afforded imide
13 in quantitative yield. The ethanolamine 14 with a removable
TBDPS solubilizer was selected to introduce the second imide in
NDI amino acid 8. It was readily accessible from ethanolamine 10
in three simple steps.68–70 Chemoselective Z-protection gave alcohol
15, which was silylated to give 16. Z-Deprotection afforded the
desired amine 14, reaction with diacid 13 produced the NDI amino
acid 8 in 70% yield.


The solution-phase synthesis of tripeptide 17 was neither
new71,72 nor difficult. Attachment of the HBTU-activated NDI
amino acid 8 following routine peptide synthesis procedures
gave tetrapeptide 18. Hydrogenolysis to deprotect the N-terminus
afforded peptide 19. Coupling with leucine 20 and deprotection of
the N-terminus of NDI pentapeptide 21 with piperidine gave the
key intermediate 22.


Pentapeptide 22 was purified by semi-preparative HPLC before
attachment to the freshly prepared p-octiphenyl 5. Using 11.2
equivalents of pentapeptide 22, 12 equivalents of HATU as
coupling reagent and N,N-dimethylacetamide (DMA) as solvent,
full conversion of octaacid 5 to peptide-rod conjugate 23 was
accomplished within 1 h at room temperature in nearly quantita-
tive yield. Removal of the TBDPS-solubilizers with HF–pyridine
overnight at 0 ◦C (TBAF caused decomposition) followed by
lysine deprotection with TFA gave the final rod 4. The target
molecule was purified by Sephadex LH-20 and reverse-phase
HPLC before characterization and use. ESI MS, NMR spectra
and RP-HPLC were all consistent with expected structure and
sample homogeneity.


The key to the successful synthesis of NDI pore 2 was the
introduction of TBDPS solubilizers. The NDI pentapeptide 22
with TBDPS was soluble in chloroform–methanol mixtures, DMF
(>50 mg ml−1) and N,N-dimethylacetamide (>100 mg ml−1). The
corresponding NDI pentapetide 24 without TBDPS solubilizer
was insoluble in chloroform–methanol mixtures and had low
solubility in DMF (10–20 mg ml−1) and N,N-dimethylacetamide
(25–50 mg ml−1, Fig. 4). The enormous usefulness of bulky spheres
to solubilize difficult synthesis intermediates is well documented
in the literature. The tert-butyl group in 7, for example, has been
the key for success in the initial synthesis of p-octiphenyl 5.73


Fig. 4 Structure of NDI pentapeptide 24, similar to 22 but without
TBDPS solubilizers (synthesis not shown).


Pore activity in fluorogenic vesicles


Arguably the simplest and most reliable approach to zoom in
on activity and selectivity of synthetic ion channels and pores
begins with the determination of pH profile and Hill plot in
fluorogenic vesicles.17–32 Egg yolk phosphatidylcholine large unil-
amellar vesicles loaded with fluorophore 8-aminonaphthalene-
1,3,6-trisulfonate and quencher p-xylene-bis-pyridinium bromide
(EYPC-LUVs ⊃ ANTS–DPX) were used to measure the pH
profile of pore 2. In the ANTS–DPX assay, pore activity is
observed as an increase in ANTS emission due to efflux of the
cationic quencher DPX, the anionic fluorophore ANTS, or both.
This assay is ideal to record pH profiles because of the poor
sensitivity to pH changes and the ion selectivity of the pore.53,74


This is important because it assures that the reported changes
really originate from changes in the activity of the pore with pH
and not from changes in the ion selectivity of the pore with pH or
changes in the properties of the assay itself with pH.


The pH profile revealed that pore 2 closes at high pH as expected
for pore collapse without internal charge repulsion between at least
partially protonated lysine amines (Fig. 5, effective pH50 = 8.8).74–76


However, different to pore 1, pore 2 was insensitive to acid. This
finding confirmed the suspicion that in pore 1, partially or fully
protonated histidines (intrinsic pKa ∼ 6) are responsible for the
charge repulsion leading to full opening of pore around pH 5 or
inactivation by overcharging at pH < 5, respectively.53,74–76 This
additional possibility to charge and overcharge pores disappears
with the replacement of these histidines in pore 1 with the NDI
clamps in pore 2. Acid insensitivity, therefore, suggested that pore
2 may be permanently undercharged and never reach full activity.
This interpretation was in agreement with decreasing activity with
increasing ionic strength (Fig. 6).


Fig. 5 pH profile of pore 2. Fractional ANTS emission intensity Y (kex


353 nm, kem 510 nm) 4 min after the addition of monomer 4 (200 nM
final) to EYPC-LUVs ⊃ ANTS–DPX [∼125 lM EYPC; inside: 12.5 mM
ANTS, 45 mM DPX, 5 mM TES, 20 mM NaCl, pH 7; outside: 100 mM
NaCl, 10 mM MES (�), HEPES (�) or AMPSO (�)] as a function of pH
(25 ◦C, calibrated by final lysis).


The concentration dependence of pore activity53,55,77 was de-
termined in EYPC-LUVs ⊃ CF. Similar to the ANTS–DPX
assay, pore activity in the CF assay is reported as an increase
in CF emission, because CF dilution by CF efflux from the
vesicles reduces CF self-quenching. Compared to the ANTS–
DPX assay, the CF assay is cheaper and more sensitive but has
limited applicability to anion-transporting large pores and works
at pH ≥ 6.5 only. The Hill plot of pore 2 revealed non-linear
dependence of pore activity on the concentration of monomer 4
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Fig. 6 Hill plot of pore 2 with dependence on ionic strength [107 mM (�),
200 mM (�) and 300 mM NaCl (�)]. Fractional CF emission intensity Y
(kex 492 nm, kem 517 nm) 4 min after the addition of monomer 4 (0–2 lM
final) to EYPC-LUVs ⊃ CF [∼125 lM EYPC, 10 mM HEPES; inside:
50 mM CF, pH 7.4, X-100 mM NaCl; outside: pH 6.5, X mM NaCl, X =
107 (�), 200 (�) or 300 (�)] as a function of the concentration of monomer
4 (25 ◦C, calibrated by final lysis).


(Fig. 6�). This demonstrated that more than one rod 4 is needed to
form an active pore, i.e., the presence of supramolecular function.
The observed Hill coefficient n = 3.5 ± 0.1 was compatible with
tetramer 2, a contracted trimer, a mixture of both, or, naturally,
the average of any more complex mixture. The non-linear Hill
plot further demonstrated that the self-assembly of pore 2 is
endergonic.53,55 Thermodynamic instability and tri- to tetrameric
active suprastructure of pore 2 were as with pore 1. With an
effective concentration EC50 = 47.5 ± 0.5 nM (i.e., 190 ± 2 nM
monomer 4), tetramer 2 was about one order of magnitude more
active than tetramer 1 and overall one of the most active rigid-rod
b-barrel pores reported so far. For reasons discussed elsewhere,53


high activity coupled with thermodynamic instability are ideal
characteristics for sensing applications.


The activity of pore 2 decreased with increasing ionic strength.
The effective concentration EC50 = 47.5 ± 0.5 nM for tetramer 2
in 107 mM NaCl increased to EC50 ≈ 170 nM in 200 mM NaCl
(Fig. 6�) and EC50 ≈ 500 nM in 300 mM NaCl (Fig. 6�). This
salt effect was consistent with sensitivity to base because both
increasing ion pairing and deprotonation decrease internal charge
repulsion. Higher sensitivity of pore 2 to ionic strength compared
to pore 1 was thus in support of the comparably poor internal
charge repulsion. Ongoing attempts to treat the dependence of
pore activity on ionic strength quantitatively76,78 were so far not as
successful as with pH profiles.74,75


The Hill coefficients of pore 2 decreased with increasing ionic
strength. This trend could originate from increasing incompatibil-
ity with Hill analysis as the monomer concentration decreases
with increasing thermodynamic pore stability in response to
decreasing internal charge repulsion.55,74,76 This interpretation was
in agreement with the suspicion that a closed, inactive barrel
without internal charge repulsion is more stable than an internally
charged, open and active barrel. The stabilization of internal space
by intermediate internal charge repulsion may thus necessarily
destabilize the pore itself and require counter pressure from the
surrounding membrane to exist.76


Planar bilayer conductance


The addition of rod 4 to planar EYPC membranes caused the
appearance of rather heterogeneous single-pore currents (Fig. 7).


Fig. 7 Representative planar EYPC bilayer conductance in the presence
of rod 4 (0.08 mol%) at +50 mV in 2 M KCl. Conductance levels include
a) high conductance with a long lifetime, b) several lower conductance
levels and c) frequent high conductance with a very short lifetime.


One dominant current level was relatively long-lived and had the
high conductance expected for the large inner diameter of rigid-
rod b-barrel 2 with internal NDI oriented along the p-octiphenyl
scaffolds (Fig. 7a, 1 and 2). Many interpretations for the observable
levels of lower conductance were conceivable, including reduction
of the apparent internal diameter by NDIs oriented toward the
center of the pore (Fig. 7b and 1). A high-conducting rapid
flickering occurred quite frequently (Fig. 7c). The similarity in high
conductance between these very labile single-pore currents and the
very inert single-pore currents mentioned above was reminiscent
of the Engelman two-state model,79 where the formation of the
inert rigid-rod b-barrel 2 would be preceded by a labile bundle
of transmembrane rods of similar structure but without the
stabilizing b-sheets. Similar observations in support of a two-
state model have been made previously.80 Molecular dynamics
simulations confirmed that internal NDI clamps may destabilize
and distort the b-sheets of the rigid-rod b-barrel (Fig. 2).


While the appearance of single-pore currents was well repro-
ducible, their characteristics could change from experiment to
experiment without a clear pattern. The observed comparably high
heterogeneity may indicate that the introduction of internal NDI
clamps increases the number of different active suprastructures,
either by the b-sheet destabilization indicated by Engelman-type
two-state behavior and molecular dynamics simulations, the ac-
cumulation of otherwise imperfect barrels, barrel contraction into
trimers or flattened tetramers,54 or large motions of internal NDIs
within otherwise perfect rigid-rod b-barrels (Fig. 1). In any case,
further investigation and (over)interpretation was not meaningful
at this stage given the complexity of the single-pore characteristics.
Perhaps because of their dynamic, adaptable suprastructure, rigid-
rod b-barrel pores with irregular single-pore characteristics were
identified previously as excellent optical transducers of chemical
reactions, enzyme detectors and biosensors.18,81 Results described
in the following sections are similarly promising.


Nucleotide recognition


Nucleotide recognition is an ideal topic for p-clamping because
their central role in biology promises many applications, from
multicomponent sensing in complex matrixes18–20 to gene sequenc-
ing with pores.82–84 Previous approaches to nucleotide clamping
include Schneider’s porphyrin clefts5 and Waters’ elegant b-
hairpins.15,16 Interestingly, previous examples of nucleotide recog-
nition by synthetic20 and bioengineered84 pores on the one hand
and by NDIs on the other hand85 do not operate on p-clamping.
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Table 1 Nucleotide recognition by pores 1 and 2


Blockera Ionic strengthb IC50 (2)/lMc IC50 (1)/lMc Pd


1 ATP + 14 22e 1.6
2 ATP ++ 21 131e 6.2
3 ADP + 83 224e 2.7
4 AMP + 1062 8100 7.6
5 AMP ++ 938 9000 9.6
6 GTP ++ 22 73 3.3
7 GDP + 77 —f


8 GMP + 1055 —f


9 GMP ++ 967 —f


10 CDP + 505 —f


11 UDP + 488 —f


a Nucleotides (three-letter abbreviations). b Outside: 107 mM NaCl (+) or
200 mM NaCl (++), 10 mM HEPES, pH 6.5; inside: 10 mM NaCl (+)
or 100 mM NaCl (++), 50 mM CF, 10 mM HEPES, pH 6.5. c Nucleotide
concentration required for 50% blockage, determined from fluorogenic CF
efflux from EYPC-LUVs ⊃ CF (see Fig. 8 and 9). d Clamping factor P =
IC50 (1)/IC50 (2). e Data from ref. 20. f Not determined.


Nucleotide recognition by pore 2 with internal NDI p-clamps
was monitored with the CF assay. An original trace is shown in
Fig. 8, where addition of pore 2 at t = 30 seconds is followed
by a dramatic increase in CF emission. To determine molecular
recognition with this assay on molecular translocation of CF, the
same experiment was repeated in the presence of the analyte of
interest, e.g., ATP (Fig. 8). The observed increasing hindrance of
CF efflux with increasing concentration of ATP is exactly what is
expected from p-clamping of ATP within pore 2. Hill analysis of
the dose response curves for ATP gave IC50 = 14 lM in 107 mM
NaCl and IC50 = 21 lM in 200 mM NaCl (Table 1, entries 1
and 2, Fig. 9�). ATP recognition by pore 2 was more than three
orders of magnitude better than ion-pair assisted ATP recognition
by tryptophan clamps on one side of a synthetic b-sheet (KD =
48 000 lM, 200 mM KCl).15


Fig. 8 Blockage of pore 2 by ATP. Fractional change in CF emission Y
(kex 492 nm, kem 517 nm) as a function of time after addition of ATP (top
down: 0, 1, 3, 5, 10, 20, 30, 50, 100 and 500 lM) and monomer 4 (200 nM
(at t ∼ 30 s) to EYPC-LUVs ⊃ CF (∼125 lM EYPC, 10 mM HEPES;
inside: 50 mM CF, pH 7.4, 10 mM NaCl; outside: pH 6.5, 107 mM NaCl),
calibrated with final addition of excess triton X-100.


The clamping factor P = IC50 (1)/IC50 (2) was introduced to
quantify isolate contributions from p-clamping within pore 2 by
comparison with the p-clamp-free pore 1. The clamping factor
P = 1.6 for ATP recognition at lower ionic strength was poor
(Table 1, entry 1), perhaps also because of emerging interference
from stoichiometric binding at low IC50s.86 It increased to a more


Fig. 9 Dose response curves for the blockage of pore 2 (200 nM monomer
4) by ATP (�), ADP (�), AMP (�), GDP (�) and GMP (�). Conditions
as in Fig. 8, ionic strength, 107 mM NaCl (Table 1, +).


significant P = 6.2 at higher ionic strength (Table 1, entry 2).
An increasing clamping factor with increasing ionic strength was
consistent with an increasing dominance of p-clamping over ion
pairing under these conditions.


The discrimination of ATP and ADP is important for sensing
applications because it assures detectability of all ATP-dependent
processes.20 Compared to the ADP/ATP discrimination factor
D = IC50(ADP)/IC50(ATP) = 10.2 for pore 1, the introduction of
p-clamps within pore 2 reduced D to 5.9 (Table 1, entry 1 vs. 3;
Fig. 9, � vs. �). This result was as expected for interference of
constant contributions from p-clamping with sensitivity toward
changes in ion pairing. However, an excellent D = 11.8 was
reported for Waters’ b-hairpin p-clamps at low ionic strength,15


and pore 1 gave up to D = 18.0 at low ionic strength.20


Moving from ADP to AMP, IC50s further increased for both
pores 1 and 2 (Table 1, entries 3–5; Fig. 9, � vs. �). Contributions
from p-clamping were, however, most relevant at reduced ion
pairing with AMP. Clamping factors P = 7.6 at lower and
P = 9.6 at higher ionic strength were clearly better than those
with ATP. Clamping factors for AMP thus still increased with
ionic strength, although the trend was less pronounced than with
ATP. As a result, IC50s for AMP recognition by pore 2 decreased
with ionic strength, whereas IC50s for AMP recognition by p-
clamp-free pore 1 increased with ionic strength. Although a small
effect, this increasing recognition with increasing ionic strength
provided quite remarkable direct experimental evidence for the
existence and power of p-clamping within pore 2. Identical results
for GMP confirmed the general relevance of this finding (Table 1,
entries 8 and 9).


The discrimination of purines and pyrimidines by p-clamp pore
2 was as unproblematic as expected. Already at low ionic strength,
molecular recognition of both ADP and GDP was about 6-times
better than that of CDP and UDP (Table 1, entries 3, 7, 10 and
11). This difference was in the range of that reported for b-hairpin
p-clamps.15 Naturally, this result was in support of effective p-
clamping within pore 2.


Discrimination between different purines by e.g., contributions
from aromatic donor–acceptor interactions to p-clamping within
pore 2, was less obvious. The IC50s for ANPs and GNPs at low
ionic strengths were overall almost the same (Table 1; Fig. 9, ��
vs. ��). The difference of the redox potentials is possibly too
small (G: 1.29 V, A: 1.42 V vs. NHE at pH 7)87 for substantial
contributions from aromatic donor–acceptor interactions with
the p-acidic NDI clamps. The higher cooperativity found in the
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dose response curves for GNP compared to ANP recognition
suggested that purine recognition by p-clamp pore 2 is dominated
by phenomena beyond charge-transfer complexation (Fig. 9, ��
vs. ��; G: n ≈ 1.8, A: n ≈ 1.1). We are currently exploring the
possibility of contributions from G-quartet29,88,89 formation to this
poorly understood effect. The often more complex trends found
for nucleobase discrimination by related systems such as porphyrin
tweezers5 or synthetic b-hairpins15,16 are in agreement with these
observations.


Adhesive p-clamping


The terms “adhesive “ or “sticky” are for p-clamps that can
use aromatic electron donor–acceptor interactions (AEDA) to
catch analytes. To systematically explore the existence of adhesive
p-clamping within the p-acidic pore 2, the p-basic dialkoxy-
naphthalene (DAN)33–37,43 intercalators 3, 25 and 26, p-acidic
NDI intercalators 27–29 and the non-aromatic control 30 were
synthesized (Scheme 2).1 A modular approach for rapid blocker
screening with DAN hydrazide 31, NDI hydrazide 32 and adipic
dihydrazide 33 was conceived for future use in sensing applications.
Reaction of these p-acidic, p-basic and non-aromatic scaffolds
with ketones of various size and charge90–95 was expected to provide
facile access to quantitative insights on adhesive p-clamping within
pore 2. Pyruvate 34 and a-ketoglutarate 35 were selected as


representative analytes of diagnostic interest. The hydrazones 3,
26, and 28–30 obtained by in situ reaction with hydrazides 31–33
under mildly acidic conditions were expected to be stable under
neutral and basic conditions.90–95


DAN hydrazide 31 was prepared from the commercially avail-
able naphthalene 36 by Williamson ether synthesis with methyl
bromoacetate 37 followed by the reaction of ester 3896 with
hydrazine. Williamson ether synthesis of naphthalene 36 with t-
butyl bromoacetate 7 for mild hydrolysis of ester 39 with TFA was
used to prepare DAN diacid 3.96


NDI hydrazide 32 was synthesized from dianhydride 11 and Z-
protected b-alanine 40. Procedures for the conversion of the latter
into the Boc-protected hydrazide 41 followed by hydrogenolytic
amine deprotection are available in the literature.97 Reaction of
amine 42 with dianhydride 11 afforded diimide 43, which was
readily deprotected with TFA. Reaction of dianhydride 11 with
b-alanine 44 afforded NDI diacid 27 in one step.98


The efficiency of this series of DAN and NDI intercalators to
block pore 2 and p-clamp-free control pore 1 was determined
from the inhibition of the fluorogenic efflux of CF from EYPC-
LUVs ⊃ CF as described above for nucleotides (compare Fig. 8
and 9). The results provided remarkably consistent evidence for the
occurrence and significance of adhesive p-clamping within pore 1
(Table 2). As for nucleotides, contributions from ion pairing were
the easiest to identify: IC50s decreased with increasing negative


Scheme 2 Synthesis of NDI and DAN modules for in situ screening of pore blockers. (a) Cs2CO3, acetone, reflux. (b) TFA, quant.96 (c) Cs2CO3, acetone,
reflux, 77%.96 (d) NH2NH2, EtOH, reflux, 12 h, quant. (e) 135 ◦C, 3 d, 93%.98 (f) NH2NHBoc, HBTU, CH2Cl2, 0 ◦C–rt, 1 h, 63%.97 (g) Pd(OH)2/C, H2,
MeOH, quant.97 (h) DMF, 90 ◦C, 12 h, 81%. (i) TFA, 89%. (j) Ketone–hydrazide = 1 : 10, DMSO, 2 h, 50 ◦C.
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Table 2 Adhesive p-clamping within pore 2a ,b ,1


Blockerc Formal charge IC50 (2)/lMd IC50 (1)/lMd Pe PDA
f


1 25 −2 94.7 2043 21.6 4.8
2 26 −2 4.5 136 30.3 3.9
3 3 −4 0.24 9.8 40.8 3.8
4 27 −2 32.7 147 4.5
5 28 −2 25.7 197 7.7
6 29 −4 2.5 26.9 10.8
7 30 −4 >100 −g


a Data from ref. 1. b Determined from dose response curves for fluorogenic CF efflux from EYPC-LUVs ⊃ CF, compare Fig. 8 and 9. c See Scheme 2
for structures. d Blocker concentration required for 50% blockage. Data are the average value of at least three independent measurements, standard error
mostly <5%, always <10%. e Clamping factor P = IC50 (1)/IC50 (2). f Donor–acceptor factor PDA = PD/PA; e.g., PDA (entry 1) = P (25)/P (27). g Not
determined.


charge of aromatic blockers. Remarkably, the aliphatic hydrazone
30 did not block pore 2 at all despite its high charge. Significant
contributions from p-clamping were revealed by clamping factors
reaching from P = 4.5 for the small NDI dianion 27 up to a
remarkable P = 40.8 for the large DAN tetraanion 3 (Table 2,
entries 3 and 4). The “assistance” of ion pairing to maximize p-
clamping was confirmed by increasing clamping factors P with
increasing blocker charge. The adhesiveness of p-clamping within
pore 2, that is, the existence of aromatic electron donor–acceptor
interactions, was revealed by comparison of clamping factors P
for p-basic DANs and p-acidic NDIs. Clamping factors up to
P = 10 for the p-acidic NDI intercalators 27–29 were in the range
found for nucleotides. The clamping factors between P = 20 and
P = 40 for the p-basic DAN intercalators 3, 25 and 26 exceeded
this range by far. The observed donor–acceptor factors PDA ≈ 4
were roughly independent of intercalator size and charge (Table 2,
entries 1–3).


The identified donor–acceptor factors PDA ≈ 4 provided
surprisingly clear-cut experimental evidence for the existence of
significant contributions from aromatic electron donor–acceptor
interactions to molecular recognition within pore 2. Most impor-
tantly, the findings demonstrate that adhesive p-clamping provides
access to molecular recognition not only with high sensitivity but
also with high selectivity. This evidence for operational sticky p-
clamps was in agreement with results from molecular dynamics
simulations (Fig. 2 and 3). Experimental insights concerning
cooperativity were less convincing. The observed Hill coefficients
for blockage of pore 2 by pertinent DAN and NDI blockers 3, 26,
28 and 29 were in the range of n = 1.1–1.5. Although not very
convincing, this result suggested that more than one blocker may
be needed to block pore 2. With minimal internal pore diameters
of d = 0.7 nm with one and d = 0.4 nm with two DAN blockers 3,
results from molecular dynamics simulations were less ambiguous
with regard to cooperativity (Fig. 3). Consistently higher Hill
coefficients n = 1.4–2.2 were found for blockage of the less crowded
pore 1 with the same blockers.


Conclusions


The substantial synthetic efforts required to introduce artificial
amino acids at the inner surface of rigid-rod b-barrels to create
pores with sticky p-clamps were fully rewarded. The reported
findings demonstrate that adhesive p-clamping provides access to
molecular recognition not only with high sensitivity but also with


high selectivity. This breakthrough is important for the application
of synthetic pores as sensors.


As far as the characteristics of the new pore as such are
concerned, insensitivity to acid but closing at high pH and
high ionic strength were identified. Hill plot and single pore
conductance reveal the dynamic characteristics of an unstable,
tri- to tetrameric pore that are of interest for practical sensing
applications.


Molecular dynamics simulations revealed that empty naph-
thalenediimide (NDI) clamps within tetrameric pores can open
up sideward to cover the rigid-rod staves and leave the internal
space free for unhindered translocation of molecules as large as
carboxyfluorescein. Molecular modeling further suggested that
these “open” NDI clamps could flip inward to firmly catch
matching analytes passing by.


p-Clamping within the new pore was explored with nucleotides,
p-basic and p-acidic naphthalenes and aliphatic controls. Nu-
cleotide clamping was characterized by excellent sensitivity (orders
of magnitude beyond similar systems), excellent discrimination of
purines over pyrimidines, modest discrimination between different
charges (ATP vs. ADP) and poor discrimination between different
purines (ATP vs. GTP).


The introduction of p-basic DAN, p-acidic NDI and non-
aromatic dihydrazide scaffolds provided access to a conve-
nient screening approach of blocker libraries. Pyruvate and a-
ketoglutarate hydrazones as representative analytes of biological
significance were already sufficient to secure experimental evidence
for all aspects of adhesive p-clamping, including assistance from
ion pairing and relevance of aromatic electron donor–acceptor
interactions.


The availability of refined pores for molecular recognition
beyond ion pairing on one hand and hydrazone scaffolds for
rapid analyte screening on the other are exceptionally promising
with regard to practical applications of synthetic pores as sensors.
Studies on multicomponent sensing in complex matrixes with
sticky p-clamps within synthetic pores and the synthesis of pores
with either more slippery or more flexible p-clamps are ongoing.
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The synthesis and evaluation of hybrid proteasome inhibitors that contain structural elements of the
known inhibitors bortezomib, epoxomicin and peptide vinyl sulfones is described. From the panel of 15
inhibitors some structure activity relationships can be deduced with regard to inhibitory activity in
relation to peptide recognition element, inhibitor size and nature of the electrophilic trap. Further, the
panel contains one of the most potent peptide-based pan-proteasome inhibitors reported to date.


Introduction


The development and use of proteasome inhibitors has found
wide attention in recent years, both in fundamental and applied
sciences.1 The proteasome is a multicatalytic proteinase complex
that is involved in many biological processes in man. Its primary
function is the processing to oligopeptides of cytosolic and nuclear
proteins, as well as N-linked glycoproteins that are rejected from
the ER (endoplasmatic reticulum) due to improper folding.2 These
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Fig. 1 Proteasome inhibitors at the basis of this study.


substrates are marked for proteasomal degradation through the
attachment of ubiquitin chains at specific sites. The ubiquitin
modifications allow docking to one of the two 19S caps that,
together with the inner catalytic 20S core, form the mammalian
26S proteasome. The approval of the peptide boronic acid PS3413


(bortezomib, 1, Fig. 1) for the clinical treatment of multiple
myeloma has led to a surge of activities in proteasome research.
PS341 is a highly active proteasome inhibitor, but treatment with
PS341 results in severe side effects. It is not clear yet whether this
is the result of proteasome blockade or because of other factors
that interact with the compound. The development of new and
potentially more active or selective proteasome inhibitors may
provide information on the mode of PS341 and open the way to
develop more proteasome inhibitor based therapies in oncology.
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Of interest also is the study of the role of the individual
proteasomal proteolytic activities, which can be furthered greatly
by the use of well-defined inhibitors. The mammalian proteasome
differs from the corresponding prokaryotic particles in that the
latter has only one type of catalytic activity. The overall shape of
the prokaryotic 20S proteasome highly resembles the eukaryotic
20S proteasomes, such as the mammalian ones. It has C2 symmetry
and is assembled from two outer rings each containing seven
identical a-subunits, and two inner seven-subunit rings containing
identical and catalytic b-subunits.4 Eukaryotic proteasomes have
evolved to an extent that each a-subunit in one outer ring has a
unique sequence, as is the case with the inner b-rings. Remarkably,
four of the b-subunits lost their proteolytic activities, whereas the
three remaining subunits have a diverged substrate preference.5


Based on fluorogenic substrate assays the substrate preference is
loosely defined as caspase-like for the b1 subunit (cleaving after
acidic residues), trypsin-like for b2 (cleaving after basic residues)
and chymotrypsin-like for b5 (cleaving after neutral hydrophobic
residues). However, many studies demonstrate that the subunits
are much more promiscuous with respect to the amino acid residue
at the cleavage site.


An important asset in these studies is the use of covalent and
irreversible inhibitors such as the natural product epoxomicin (2),6


the synthetic Michael acceptor ZL3VS (3),7 and their labelled
(radio tag, affinity tag, fluorescent tag) counterparts.7–10 Despite
these studies the exact substrate preference of the individual cat-
alytic activities, and the evolutionary benefit that results from the
diversification, is not fully understood. The same holds true for the
role of yet another proteasome particle, the immunoproteasome,
which is formed upon challenge of the mammalian immune system
and which contains three different catalytic subunits, namely b1i
(LMP2), b2i (MECL1) and b5i (LMP7).11 A much sought after
research goal in immunology is to establish the impact of the
immunoproteasome, in relation to the constitutively expressed
proteasome, on the generation of specific oligopeptides that can
be sequestered by the major histocompatibility complex class I
pathway for presentation to the immune system.12 To aid these
studies, several research groups are involved in the development
of compounds that selectively target one catalytic subunit of either
the constitutive proteasome or the immunoproteasome.


The pool of proteasome inhibitors reported to date encompasses
numerous structurally diverse compounds. A large category within
this pool has in common that they are peptide-based compounds
equipped with an electrophilic trap at the C-terminus. C-terminal
modifications include, next to boronic acid (as in 1), epoxyke-
tone (2), vinyl sulfone (3), aldehyde and other electrophiles.1,13


The mechanism of inhibition is similar in all examples: the c-
hydroxyl of the N-terminal threonine within the active site of
the catalytic subunits reacts with the electrophilic trap to form
a covalent and (in most cases) irreversible bond. Some control
over subunit specificity can be achieved by altering the nature
of the amino acid residues. Several years ago we demonstrated
that N-terminally extended, hydrophobic peptide vinyl sulfones,
such as the adamantane containing compound 4, are much more
active proteasome inhibitors than their truncated counterparts (for
instance, ZL3VS (3)).8 This gain in activity was accompanied by
a loss in subunit selectivity, a finding we capitalized upon by the
development of the broad-spectrum cell permeable proteasome
label MV151 (Bodipy TMR-Ahx3L3VS, 5).10 One observation we


made is that the potency of peptide vinyl sulfone 4 to inhibit
the proteasome approaches, or even surpasses that of bortezomib
(1) and epoxomicin (2). This is remarkable, since the parent
compound ZL3VS (3) is a much weaker inhibitor. Indeed, in
general oligopeptides containing epoxyketone or boronic acid
warheads are found to be more potent proteasome inhibitors than
their counterparts that have the same amino acid sequence but
are equipped with a Michael acceptor. This observation raises the
question whether recombining structural features of peptide-based
proteasome inhibitors would lead to more potent compounds.
To address this question, we set out to scramble compounds 1–
4 to arrive at a number of new C-terminally modified peptides,
and assessed these on their proteasome inhibitory activity. We
identified three distinct structural features. These are (a) the
modified amino acid at the C-terminus, being boronic acid, vinyl
sulfone and epoxyketone, (b) the amino acid sequence, being
the trileucine, the epoxomicin tetrapeptide and the bortezomib
pharmacophore, and (c) the presence (as in 4) or absence (as in 3) of
the lipophilic N-terminal extension. These considerations allowed
us to synthesise the panel of 15 compounds listed in Table 1.


Results and discussion


The preparation of all compounds follows the same general
strategy: first the synthesis of the (N-terminally extended) amino
acid sequence and then coupling of these to the leucine derived
warheads. As an example, the synthesis of compounds 7, 11
and 16 is depicted in Scheme 1. Briefly, Fmoc-based solid
phase peptide synthesis using HMPB functionalised MBHA resin
gained 18, followed by cleavage using 1% trifluoroacetic acid
in dichloromethane provides partially protected oligopeptide 19,
which was condensed with either leucine vinyl sulfone 247 or
leucine epoxyketone 256 using BOP as the condensating agent.
Acidic removal of the tBu group afforded the target compounds
7 and 11 after HPLC purification. Target compound 16 was
obtained by coupling of succimidyl ester 22 with leucine boronic
ester 26,10 followed by acidic deprotection and HPLC purification.


In the design of our compounds we decided to exclude a set of
compounds that have the azapyracyl moiety in the bortezomib
sequence replaced by the adamantane-spacer moiety. Such a
set of compounds would likely resemble to a large extent the
trileucine derivatives in their inhibition profile. We further decided
to leave the pinanediol protection on the boronic ester, which
stems from the enantioselective preparation of the leucine building
block, in place. It has been reported that boronic esters of this
nature have the same activity and specificity as their unprotected
counterparts,10 and deprotection, for which there is no literature
precedent (in fact there is no reliable literature synthesis of the
drug bortezomib), proved to be detrimental in our hands.


The inhibition potential of the panel of compounds was assessed
in competition assays employing lysates of the murine EL4
cell line (expressing both the constitutive proteasome and the
immunoproteasome) in combination with fluorophore containing
peptide vinyl sulfone 5. In a first set of experiments, cell lysates
were incubated for one hour with each of the 15 compounds at
0, 0.1, 1, 10 and 100 lM final concentration, prior to treatment
with 0.1 lM final concentration of MV151 (5). The samples were
denatured and resolved by SDS-PAGE and the wet gel slabs were
scanned on a fluorescence scanner (Fig. 2). Lysates that have been
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Table 1 Panel of synthesized proteasome inhibitors


3 9 13


4 10 14


6 2 15


7 11 16


8 12 17


exposed to the fluorescent label only display four bands (three
strong bands and one weaker band), that we have previously
demonstrated to correspond to the six proteasome active sites
(specified as depicted in Fig. 2).10 The ability of the 15 compounds
to inhibit the proteasome activities is reflected by disappearance
of labelling. Ten compounds from the panel of 15 (namely, 2, 4,
7, 9, 10, 11, 13–16) proved to be potent proteasome inhibitors,
with most or all labelling abolished at 1 lM.14 Vinyl sulfone
derivatives 3, 6 and 8, and epoxyketone 12 appear to be much
weaker inhibitors. Boronic ester 17 is a weak inhibitor of the b2
and b2i subunits, while potently targeting the remaining subunits.
As the next experiment we repeated the competition experiment
but with the difference that inhibitor concentrations were ranged
from 0 to 500 nM (Fig. 3, compounds 6, 8 and 12 were excluded
since these proved to be hardly effective in the first experiments
employing higher final concentrations). These results corroborate
our earlier findings and allow the assessment of some more subtle
differences between the different inhibitors. The most obvious
result is that boronic ester 17 hardly targets b2 and b2i, a finding
that corresponds to the reported specificity of the unprotected


analogue, PS341 1.9 This selectivity is abolished when keeping the
boronic ester in place but substituting the peptide sequence, as
in 13–16. In general, the vinyl sulfone is the weakest electrophilic
trap in each series, and the boronic ester the strongest, but there
are some interesting differences. For instance, epoxyketone 10 is
a more potent inhibitor for each proteasome subunit than the
boronic ester 14. At the onset of our experiments we assumed that
elongation of a given proteasome inhibitor with the Ada(Ahx)3


N-terminal cap leads to a more potent compound. This holds true
to some extend, compare, for instance, vinyl sulfones 3 and 4, vinyl
sulfones 6 and 7, epoxyketones 9 and 10, and epoxyketones 2 and
11. However the potency of ZL3-boronic ester 13 (its unprotected
counterpart has been described in the literature3 and is known as
MG262) belies the generality of this trend. Indeed, the potency of
this compound is bettered by boronic ester 15 only. Compound
15 is more potent than its N-terminally extended analogue 16
as well. When we performed both competition assays on human
embryonic kidney HEK293T cell lysates, which expresses the
constitutive proteasome only, we found the same general trends
(data not shown).
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Scheme 1 Synthesis of compounds 7, 11 and 16.


Fig. 2 Competition assays in EL4 lysates. Lysates were incubated for one hour at 0, 0.1, 1, 10 and 100 lM final concentration. Residual proteasome
activity was labelled with 0.1 lM MV151 for one hour.


Conclusions


In conclusion, we have demonstrated that scrambling of structural
elements of known proteasome inhibitors is a viable strategy
to arrive at potent new proteasome inhibitors. Prediction of
the potency of a putative peptide-based inhibitor is not as
straightforward as we considered at the onset of our study. For


instance, while it is true that hydrophobic extension in most
cases contributes to the potency, the most potent compound
from the series presented here proved to be the boronic ester 15
bearing the epoxomicin tetrapeptide sequence without N-terminal
extension. We believe compound 15 to be the most potent peptide-
based proteasome inhibitor reported to date. Possibly, such broad-
spectrum proteasome inhibitors might find clinical application
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Fig. 3 Competition assays in EL4 lysates. Lysates were incubated for one hour at 0, 25, 50, 100, 200, 300, 400 and 500 nM final concentration. Residual
proteasome activity was labelled with 0.1 lM MV151 for one hour. nd = not determined.


as an alternative for bortezomib. For instance in cases where
bortezomib resistance occurs, an event which is thought to be
linked to regulation in one way or another of those proteasome
activities that are left unmodified by bortezomib (bortezomib
has a labelling profile similar to 17 and leaves the b2 and b2i
subunits untouched at clinical doses). Current investigations in our
laboratory are aimed at further unravelling the subunit preferences
of our panel of compounds, with the aim to arrive at subunit-
specific inhibitors.


Experimental


All reagents were commercial grade and were used as received
unless indicated otherwise. Tol (Tol)(purum), ethyl acetate (EA)
(puriss.), diethyl ether (Et2O) and light petroleum ether (PE)
(puriss.) were obtained from Riedel–de Haën and distilled prior to
use. Dichloroethane (DCE), dichloromethane (DCM), dimethyl
formamide (DMF) and dioxane (Biosolve) were stored on 4Å
molecular sieves. Methanol (MeOH) and N-methylpyrrolidone
(NMP) were obtained from Biosolve. Tetrahydrofuran (THF)
(Biosolve) was distilled from LiAlH4 prior to use. Reactions
were monitored by TLC-analysis using DC-alufolien (Merck,
Kieselgel60, F254) with detection by UV-absorption (254 nm),
spraying with 20% H2SO4 in ethanol followed by charring at
∼150 ◦C, by spraying with a solution of (NH4)6Mo7O24·4H2O
(25 g L−1) and (NH4)4Ce(SO4)4·2H2O (10 g L−1) in 10% sulfuric
acid followed by charring at ∼150 ◦C or spraying with an aqueous
solution of KMnO4 (7%) and KOH (2%). Column chromatog-
raphy was performed on Screening Devices (0.040–0.063 nm).
HRMS were recorded on a LTQ Orbitrap (Thermo Finnigan). 1H-
and 13C-APT-NMR spectra were recorded on a Jeol JNM-FX-
200 (200/50), Bruker DPX-300 (300/75 MHz), Bruker AV-400
(400/100 MHz) equipped with a pulsed field gradient accessory
or a Bruker DMX-600 (600/150 MHz) with cryoprobe. Chemical
shifts are given in ppm (d) relative to tetramethylsilane as internal
standard. Coupling constants are given in Hz. All presented 13C-
APT spectra are proton decoupled. UV spectra were recorded
on a Perkin Elmer, Lambda 800 UV/VIS spectrometer. For RP-
HPLC purifications a BioCAD “Vision” automated HPLC system
(PerSeptive Biosystems, inc.) equipped with a semi-preparative


Alltima C18 column was used. The applied buffers were A:
H2O, B: MeCN and C: 1.0% aq. TFA. Optical rotations were
measured on a Propol automatic polarimeter (sodium D line, k =
589 nm). ZL3VS (3),7 Ada-Ahx3L3VS (4),8 bortezomib pinanediol
ester (8),10 epoxomicin (2),6 Boc-leucine-vinyl-(methyl)–sulfone
(35)7 and (Boc-leucinyl)–methyloxirane (37)6 were synthesised as
described in the literature.


Scheme 2


Z-leu2-OMe (27)


Z-Leu-OH (5.6 g, 21.5 mmol) and HCl·Leu-OMe (3.92 g,
21.5 mmol, 1 equiv.) were dissolved in 80 mL DCM and put
under an argon atmosphere. PyBOP (11.2 g, 21.5 mmol, 1 equiv.)
and DiPEA (7.3 mL, 43 mmol, 2 equiv.) were added and the
reaction mixture was stirred for 3 h. The reaction mixture was
washed with sat. aq. NaHCO3, 1 M HCl and brine, and the
organic phase was dried over MgSO4 and concentrated. Flash
column chromatography (PE → 10% EA/PE, v/v) gave the title
compound (5.7 g, 14.5 mmol, 68%). 1H NMR (200 MHz, CDCl3):
d = 7.52 (d, 1 H, J = 7.7 Hz), 7.32–7.15 (m, 5 H), 6.31 (d, 1 H,
J = 8.4 Hz), 5.08–4.90 (m, 2 H), 4.60–4.18 (m, 2 H), 3.59 (s, 3 H),
1.70–1.35 (m, 6 H), 0.95–0.68 (m, 6 H). 13C NMR (50.1 MHz,
CDCl3): d = 172.7, 172.5, 155.9, 136.0, 127.9, 127.5, 127.3, 66.2,
52.9, 51.5, 50.3, 41.1, 40.4, 24.3, 24.1, 22.2, 21.7, 21.4.


Z-Leu2-OH (28)


Z-Leu2-OMe (27), (5.7 g, 14.5 mmol) was dissolved in a mixture of
61 mL dioxane, 21.7 mL MeOH and 4.78 mL 4 M NaOH in H2O
(19.1 mmol, 1.32 equiv.) and stirred for 3.5 h. The reaction mixture
was acidified to pH 2 with 1 M HCl and concentrated. The residue
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was dissolved in EA, and washed with H2O. The water layer was
extracted with EA (2×), and the combined organic layers were
dried over MgSO4 and concentrated. Crystallisation from EA/PE
yielded the title compound (5.03 g, 13.3 mmol, 92%). 1H NMR
(200 MHz, CDCl3): d = 7.40–7.25 (m, 5 H), 6.65 (d, 1 H, J =
6.2 Hz), 5.48 (m, 1 H), 5.1 (s, 2 H), 4.65–4.50 (m, 1 H), 4.38–
4.19 (m, 1 H), 1.81–1.43 (m, 6 H), 1.05–0.80 (m, 6 H). 13C NMR
(50.1 MHz, CDCl3): d = 175.8, 172.9, 156.5, 136.1, 128.4, 127.6,
127.8, 67.0, 53.3, 50.8, 41.0, 24.7, 24.4, 22.7, 21.7.


HMPB-MBHA resin (29)


4-Methylbenzhydrylamine (MBHA) functionalized polystyrene
resin (0.56 g, 0.9 mmol g−1, 0.5 mmol) was washed with NMP
(3×) followed by addition of a preactivated mixture of 4-(4-
hydroxymethyl-3-methoxyphenoxy)–butyric acid (HMPB) linker
(0.36 g, 1.5 mmol, 3 equiv.), BOP (0.67 g, 1.5 mmol, 3 equiv.) and
DiPEA (0.55 mL, 3 mmol, 6 equiv.) in NMP. After 2 h of shaking,
the resin was washed with NMP (3×), MeOH (3×) and DCM
(3×), dried and used as such.


Ada-Ahx3-Leu2-OH (30)


Resin 29 (0.5 mmol) was transferred to a flask, coevaporated with
DCE (2×), and condensed with Fmoc-Leu-OH (0.53 g, 1.5 mmol,
3 equiv.) under the influence of DIC (0.26 mL, 1.67 mmol,
3.3 equiv.) and DMAP (10 mg, 0.075 mmol, 15 mol%) in DCM for
2 h. The resin was filtered and washed with DCM (2×), followed
by a second condensation cycle. The loading of the resin was
determined to be 0.42 mmol g−1 (0.93 g, 0.39 mmol, 78%) by
spectrophotometric analysis. The obtained resin was submitted to
four cycles of Fmoc solid-phase synthesis with Fmoc-Leu-OH and
Fmoc-Ahx-OH (3×), respectively, as follows: (a) deprotection with
piperidine/NMP (1/4, v/v, 20 min), (b) wash with NMP (3×), (c)
coupling of Fmoc amino acid (1.2 mmol, 3 equiv.) in the presence
of BOP (0.53 g, 1.2 mmol, 3 equiv.) and DiPEA (0.4 ml, 2.3 mmol,
6 equiv.) in NMP and shaken for 2 h, (d) wash with NMP (3×)
and DCM (3×). Couplings were monitored for completion by the
Kaiser test. After deprotection of the resin bound pentapeptide,
adamantylacetic acid (0.23 g, 1.2 mmol, 3 equiv.), PyBOP (0.63 g,
1.2 mmol, 3 equiv.), DiPEA (0.4 mL, 2.34 mmol, 6 equiv.) in NMP
were added, and the resin was shaken for 2 h. After washing with
NMP (3×) and DCM (3×) the resin was subjected to mild acidic
cleavage (TFA/DCM, 1/99 v/v, 10 min, 3×) and the collected
fractions were coevaporated with Tol (2×) to give the crude title


compound, which was used without any further purification. 1H
NMR (200 MHz, CD3OD): d = 4.51–4.34 (m, 2 H), 3.25–3.05
(m, 6 H), 2.22–2.10 (m, 6 H), 1.93 (s, 2 H), 1.82–1.20 (m, 39 H),
1.01–0.83 (m, 12 H). 13C NMR (50.1 MHz, CD3OD): d = 176.0,
175.7, 174.8, 173.8, 53.0, 51.9, 51.7, 43.7, 41.7, 40.2, 37.8, 36.9,
36.6, 33.8, 30.1, 30.0, 27.5, 26.7, 25.9, 22.1, 21.9.


Scheme 4


Ac(Me)-Ile2-Thr(tBu)-OH (31)


Resin 29 (1 mmol) was transferred to a flask, coevaporated
with DCE (2×), and condensed with Fmoc-Thr(tBu)-OH (1.2 g,
3 mmol, 3 equiv.) under the influence of DIC (0.51 mL, 3.3 mmol,
3.3 equiv.) and DMAP (18 mg, 0.15 mmol, 15 mol%) in DCM
for 2 h. The resin was filtered and washed with DCM (2×),
followed by a second condensation cycle. The loading of the
resin was determined to be 0.55 mmol g−1 by spectrophotometric
analysis. The obtained resin was submitted to two cycles of Fmoc
solid-phase synthesis with Fmoc-Ile-OH and Fmoc(Me)–Ile-OH,
respectively, as follows: (a) deprotection with piperidine/NMP
(1/4, v/v, 20 min), (b) wash with NMP (3×), (c) coupling of Fmoc
amino acid (2.5 mmol, 2.5 equiv.) in the presence of BOP (1.1 g,
2.5 mmol, 2.5 equiv.) and DiPEA (0.5 ml, 3 mmol, 3 equiv.) in
NMP and shake for 2 h, (d) wash with NMP (3×) and DCM (3×).
Couplings were monitored for completion by the Kaiser test. After
Fmoc deprotection of the resin bound tripeptide, acetyl chloride
(0.3 ml, 4 mmol, 4 equiv.) and DiPEA (0.66 mL, 4 mmol, 4 equiv.)
in DCM were added, and the resin was shaken for 2 h. After
washing with DCM (3×) the resin was subjected to mild acidic
cleavage (TFA/DCM, 1/99 v/v, 10 min, 3×) and the collected
fractions were coevaporated with Tol (2×) to give the crude title
compound, which was used without any further purification.


Scheme 3
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Scheme 5


Ada-Ahx3-Ile2-Thr(tBu)-OH (19)


HMPB-MBHA resin 29 (2 g, 0.75 mmol g−1 resin, 1.5 mmol)
was coevaporated with DCE (2×) and condensed with Fmoc-
Thr(tBu)-OH (1.8 g, 4.5 mmol, 3 equiv.) under the influence of
DIC (0.7 mL, 4.5 mmol, 3 equiv.) and DMAP (10 mg, 75 lmol)
for 2 h. The resin was filtered, washed with DCM (3×) and
subjected to a second condensation cycle. The loading of the
resin was 0.67 mmol g−1, as determined by spectrophotometric
analysis. Next, the resin was subjected to five cycles of Fmoc solid-
phase synthesis with Fmoc-Ile-OH (2×) and Fmoc-Ahx-OH (3×),
respectively as follows: (a) deprotection with piperidine/NMP
(1/4, v/v, 15 min), (b) washing with NMP (3×) and DCM (3×), (c)
coupling of the Fmoc amino acid (4.5 mmol, 3 equiv.) by shaking
the resin for 2 h in the presence of HCTU (3 equiv., 4.5 mmol),
DiPEA (6 equiv., 9 mmol) and NMP as solvent, (d) washing with
NMP (3×) and DCM (3×). Couplings were monitored by the
Kaiser test for completion. This resin (1.7 g, 0.75 mmol) was
deprotected using piperidine/NMP (1/4, v/v, 15 min), washed
with NMP (3×) and DCM (3×) and condensed with Ada-OH
(0.44 g, 2.25 mmol, 3 equiv.) using HCTU (0.93 g, 2.25 mmol,
3 equiv.) and DiPEA (0.75 mL, 4.5 mmol, 6 equiv.) in NMP for
2 h. The resin was washed with NMP (3×) and DCM (3×), before
being subjected to mild acidic cleavage (TFA/DCM, 1/99 v/v,
15 min, 3×). The fractions were collected and concentrated in the
presence of Tol, yielding the title compound (505 mg, 0.55 mmol,
73%). 1H NMR (200 MHz, CD3OD): d = 4.48–4.23 (m, 4 H),
3.25–3.08 (m, 6 H), 2.35–2.12 (m, 7 H), 2.04–1.10 (m, 52 H), 1.00–
0.83 (m, 12H). 13C NMR (50.1 MHz, CD3OD): d = 175.8, 173.5,
173.6, 75.1, 68.8, 59.0, 51.8, 43.7, 40.1, 38.0, 37.9, 37.6, 36.9, 36.6,
33.7, 30.1, 30.0, 28.8, 27.5, 26.6, 26.0, 25.7, 21.1, 16.1, 15.9, 11.4,
11.2.


Pyrazine-2-carbonylphenylalanine methyl ester (33)


Pyrazine-2-carboxylic acid (32) (0.37 g, 3 mmol) was dissolved in
DMF (30 mL), put under an argon atmosphere and preactivated
with BOP (1.46 g, 3.3 mmol, 1.1 equiv.) and DiPEA (1.53 mL,


9 mmol, 3 equiv.) for 15 min. To this solution, phenylalanine
methyl ester·HCl (0.712, 3.3 mmol, 1.1 equiv.) dissolved in 30 mL
DMF was added, and the reaction mixture was stirred for 1 h. Sat.
aq. NaHCO3 was added and the water layer was extracted with
Et2O (3×). The combined organic layers were dried over MgSO4


and concentrated. The crude product was purified by column
chromatography (Tol → 40% EA in Tol v/v) to yield the title
compound (0.6 g, 2.1 mmol, 70%). 1H NMR (200 MHz, CDCl3):
d = 9.36 (d, 1H, J = 1.5 Hz), 8.71 (d, 1H, J = 2.6 Hz), 8.46 (m,
1H), 8.29 (d, 1H, J = 7.7 Hz), 7.25 (m, 5H), 5.14–5.04 (m, 1H),
3.74 (s, 3H), 3.35–3.15 (m, 2H). 13C NMR (50.1 MHz, CDCl3): d =
171.2, 162.4, 147.2, 144.0, 143.7142.5, 135.5, 128.9, 128.4, 126.9,
53.1, 52.2, 37.8.


Pyrazine-2-carbonylphenylalanine (34)


Methyl ester 33 (0.24 g, 0.85 mmol) was dissolved in 3 mL dioxane,
1.1 mL MeOH and 0.22 mL 4 M NaOH. The reaction mixture
was stirred for 1 h before 0.8 mL 1M KHSO4 was added, and the
solution was concentrated. The residue was taken up in H2O/brine
(1/1, v/v), and this solution was extracted with EA (3×). The
combined organic layers were dried over MgSO4 and concentrated,
yielding the title compound in 69% yield (0.16 g, 0.59 mmol).
LC/MS analysis: Rf 10.16 min (linear gradient 10 → 90% B
in 20 min), m/z 272.0 [M + H]+, 543.1 [2M + H]+. 1H NMR
(200 MHz, CDCl3): d = 9.37 (s, 1H), 8.76 (s, 1H), 8.54 (s, 1H),
8.21 (d, 1H, J = 8 Hz), 7.3–7.19 (m, 5H), 5.18–5.07 (m, 1H), 3.42–
3.20 (m, 2H). 13C NMR (50.1 MHz, CDCl3): d = 174.0, 164.7,
148.7, 145.6, 144.7, 144.6, 137.9, 130.3, 129.5, 127.9, 54.9, 38.2.


Scheme 7


Ac(Me)–Ile2-Thr-LeuVS (6)


Boc-leucine-vinyl-(methyl)-sulfone (35)7 (87 mg, 0.3 mmol) was
stirred in TFA/DCM (1/1 v/v, 1 mL) until TLC analysis indicated
complete deprotection. The reaction mixture was concentrated in
the presence of Tol (2×) before being dissolved in DCM and put


Scheme 6
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under an argon atmosphere. Ac-(Me)–I2-T(tBu)-OH 31 (337 mg,
0.45 mmol, 1.5 equiv.), BOP (0.2 g, 0.45 mmol, 1 equiv.), DiPEA
(0.12 ml, 0.76 mmol, 2.5 equiv.) were added, and the mixture was
stirred for 12 h, before being concentrated in vacuo. The crude was
dissolved in TFA/DCM (1/1 v/v, 2 mL) and stirred at ambient
temperature for 30 min before being concentrated in the presence
of Tol (2×), yielding Ac(Me)-Ile2-Thr-LeuVS (6) as a mixture of
two diastereomers. Semi-preparative RP-HPLC purification of the
major product yielded the title compound as a white solid (1.2 mg,
2 lmol, 0.7% isolated yield). 1H NMR (400 MHz, CD3OD): d 6.81
(dd, J = 14.6, 4.0 Hz, 1H), 6.71 (d, J = 15.2 Hz, 1H), 4.78 (d,
11.2 Hz, 1H), 4.71 (m, 1H), 4.26 (m, 1H), 4.17 (m, 2H), 3.02 (s,
3H), 2.95 (s, 3H), 2.12 (s, 3H), 2.05 (m, 1H), 1.88 (m, 1H), 1.71 (m,
1H), 1.62–1.26 (m, 6H), 1.19 (m, 1H), 1.18 (d, J = 6.4 Hz, 3H),
1.02 (m, 1H), 0.92 (m, 18H). [a]D


20 −225◦ (c = 0.024, MeOH).
HRMS: calcd for C27H50O7N4SH+ 575.34730, found 575.34769.


Ada-Ahx3-Ile2-Thr-LeuVS (7)


Boc-leucine-vinyl-(methyl)-sulfone (35)7 (76 mg, 0.26 mmol,
1.1 equiv.) was stirred in TFA/DCM (1/1 v/v, 1 mL) until
TLC analysis indicated complete conversion of the starting
material. The reaction mixture was concentrated in the presence
of Tol (2×) before being dissolved in DMF and put under an
argon atmosphere. Ada-Ahx3-Ile2-Thr(tBu)-OH (19) (217 mg,
0.24 mmol), BOP (117 mg, 0.26 mmol, 1.1 equiv.), and DiPEA
(90 lL, 0.53 mmol, 2.2 equiv.) were added, and the mixture was
stirred for 12 h, before being concentrated in vacuo. The crude was
dissolved in TFA/DCM (1/1 v/v, 1 mL) and stirred at ambient
temperature for 30 min., before being concentrated in the presence
of Tol (2×), yielding Ada-Ahx3-Ile2-Thr-LeuVS (7) as a mixture
of two diastereomers. Semi-preparative RP-HPLC purification of
the major product yielded the title compound as a white solid
(38.8 mg, 37.5 lmol, 16%). 1H NMR (300 MHz, CDCl3): d = 7.52
(m, 2H), 6.86 (dd, J = 4.3, 15 Hz, 1H), 6.65 (d, J = 15 Hz, 1H),
4.72 (m, 1H), 4.32–4.10 (m, 4H), 3.18 (t, J = 6.9 Hz, 6H), 2.98 (s,
3H), 2.29 (t, J = 7.5 Hz, 2H), 2.18 (t, J = 7.4 Hz, 4H), 1.97 (m,
3H), 1.93 (s, 2H), 1.83 (m, 2H), 1.73–1.45 (m, 30H), 1.39–1.15 (m,
10H), 0.97–0.89 (m, 18H). 13C NMR (75 MHz, CDCl3): d = 175.2,
174.2, 172.7, 172.0, 171.7, 170.1, 147.4, 128.8, 66.5, 59.0, 58.7 (2×),
51.0, 47.8, 42.3, 42.2, 42.1, 38.8, 38.7, 36.4, 35.9, 35.8, 35.3, 32.4,
28.6 (2×), 28.5, 28.4, 26.0, 25.0, 24.9, 24.8, 24.6, 24.4, 22.5, 21.2,
19.2, 15.2, 15.1, 11.1, 10.6. [a]D


20 −31◦ (c = 0.2, MeOH). HRMS:
calcd for C54H95N7O10SH+ 1056.67533, found 1056.67658.


(Pyrazine-2-carbonylphenylalanyl)-leucine-vinyl-(methyl)-sulfone
(8)


Pyrazine-2-carbonylphenylalanine 34 (157 mg, 0.58 mmol) was
preactivated with BOP (282 mg, 0.64 mmol, 1.1 equiv.) and DiPEA
(0.3 mL, 1.7 mmol, 3 equiv.) in DCM. TFA·LeuVS 24 (212 mg,
0.7 mmol, 1.1 equiv.) was added, and the mixture was stirred
for 4 h. The reaction mixture was concentrated and subjected to
flash column chromatography (Tol → EA), yielding two epimers
(both 82 mg, 0.18 mmol, 32%). Recrystallisation from PE/acetone
yielded the title compound (50 mg, 0.113 mmol, 19%). 1H NMR
(400 MHz, CDCl3): d = 9.32 (s, 1H), 8.77 (d, J = 2.0 Hz, 1H),
8.59 (s, 1H), 8.50 (m, 1H), 7.43–7.22 (m, 5H), 7.16 (d, J = 8.0 Hz,
1H), 6.66 (dd, J = 4.8, 15.2 Hz, 1H), 5.99 (d, J = 15.2 Hz, 1H),


4.90–4.82 (m, 1H), 4.68–4.59 (m, 1H), 3.25–3.13 (m, 2H), 2.89 (s,
3H), 1.64–1.49 (m, 1H), 1.45–1.30 (m, 2H), 0.93–0.81 (m, 6H). 13C
NMR (100 MHz, CDCl3): d = 170.0, 163.0, 147.5, 147.2, 144.1,
143.8, 142.9, 136.0, 129.3, 128.9, 128.8, 127.3, 54.5, 47.9, 42.6,
42.5, 38.4, 24.5, 22.4, 21.7. [a]D


20 −12◦ (c = 0.2, MeOH). HRMS:
calcd for C22H28O4N4SH+ 445.19040 found 445.19031.


Scheme 8


Z-Leu3-2-methyloxirane (9)


(Boc-leucinyl)-methyloxirane (37)6 (67 mg, 0.25 mmol) was stirred
in TFA (1 mL) until TLC analysis indicated complete consumption
of the starting material. Tol was added, and the reaction mixture
was concentrated. Z-Leu2-OH 28 (104 mg, 0.275 mmol, 1.1 equiv.)
was coevaporated with Tol (2×), dissolved in DCM and put under
an argon atmosphere. PyBOP (150 mg, 0.29 mmol, 1.16 equiv.)
and DiPEA (0.13 mL, 0.75 mmol, 3 equiv.) were added, followed
by the crude TFA·leucinyl-methyloxirane 25. The reaction mixture
was stirred for 1 h. The mixture was washed with H2O and brine,
dried over MgSO4 and concentrated. Crystallisation from EA/PE
yielded crude title compound 9, which was further purified by flash
column chromatography (PE → 30% EA/PE, v/v) yielding the
title compound (18.7 mg, 44 lmol, 18%). 1H NMR (200 MHz,
CD3OD): d = 7.35–7.25 (m, 5H), 5.08 (m, 2H), 4.62–4.38 (m, 2H),
4.22–4.05 (m, 1H), 3.24 (d, J = 5.1 Hz, 1H), 2.91 (d, 5.1 Hz,
1H), 1.77-1.25 (m, 9H), 0.95-0.83 (m, 18H). 13C NMR (50.1 MHz,
CD3OD): d = 209.5, 175.1, 174.5, 156.0, 129.5, 129.0, 128.8, 67.6,
60.1, 54.9, 53,1, 52.7, 51.9, 42.1, 41.9, 40.2, 26.2, 25.8, 25.7, 23.7,
23.4, 22.2, 22.0, 24.5, 17.0. [a]D


20 −1◦ (c = 0.2, MeOH). HRMS:
calcd for C29H45O6N3H+ 532.33811, found 532.33826.


Ada-Ahx3–Leu2-leucinyl-2-methyloxirane (10)


(Boc-leucinyl)–methyloxirane (37)6 (116 mg, 0.35 mmol) was
stirred in TFA (1 mL) until TLC analysis indicated complete
consumption of the starting material. The reaction mixture was
concentrated in the presence of Tol (2×), dissolved in DCM/DMF
(19/1, v/v) and put under an argon atmosphere. Ada-Ahx3-Leu2-
OH (30) (0.27 g, 0.35 mmol, 1 equiv.), PyBOP (0.2 g, 0.38 mmol,
1.1 equiv.) and DiPEA (0.17 mL, 1.1 mmol, 3 equiv.) were added
and the mixture was stirred for 3 h, before being concentrated
and purified by flash column chromatography (DCM → 10%
MeOH/DCM, v/v), yielding the title compound (130 mg,
0.14 mmol, 41%). 1H NMR (400 MHz, CD3OD): d = 4.58-4.47
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(m, 1H), 4.47-4.32 (m, 2H), 3.14 (t, J = 6.3 Hz, 6H), 3.24 (m, 1H),
2.92 (d, J = 5.1 Hz, 1H), 2.23 (t, J = 7.4 Hz, 2H), 2.17 (t, J =
7.4 Hz, 4H), 1.97–1.89 (m, 5H), 1.77–1.42 (m, 30H), 1.41-1.27 (m,
12H), 0.99-0.85 (m, 18H). [a]D


20 −1.5◦ (c = 2, MeOH). HRMS:
calcd for C51H88N6O8H+ 913.67390 found 913.67364


Ada-Ahx3-Ile2-Thr-leucinyl-2-methyloxirane (11)


(Boc-leucinyl)–2-methyloxirane (37)6 (78 mg, 0.29 mmol,
1.1 equiv.) was stirred in TFA/DCM (1/1 v/v, 1 mL) until TLC
analysis indicated complete conversion of the starting material
(20 min). The reaction mixture was concentrated in the presence
of Tol (2×) before being dissolved in DMF and put under an
argon atmosphere. Ada-Ahx3-Ile2-Thr(tBu)-OH (19) (236 mg,
0.26 mmol), BOP (0.13 g, 0.29 mmol, 1.1 equiv.), and DiPEA
(95 lL, 1.1 mmol, 4.4 equiv.) were added, and the mixture was
stirred for 3 h. The crude Ada-Ahx3-Ile2-Thr(tBu)-leucinyl-2-
methyloxirane (21) was precipitated with EA yielding a mixture
of diastereomers. The major product was purified by semi-
preparative RP-HPLC yielding 21 (27.3 mg, 25.5 lmol, 10%).
tert-Butyl ether 21 was dissolved in TFA/DCM (1/1 v/v) and
stirred for 0.5 h, before being evaporated in the presence of Tol
(2×) yielding the title compound as a colourless oil (23.6 mg,
23.3 lmol, 91%). 1H NMR (400 MHz, CD3OD): d 4.55 (dd, J =
2.6, 10.6 Hz, 1H), 4.33 (d, J = 5.2 Hz, 1H), 4.27–4.21 (m, 2H),
4.04 (m, 1H), 3.25 (d, J = 5.2 Hz, 1H), 3.14 (t, J = 7.0 Hz, 6H),
2.91 (d, J = 5.2 Hz, 1H), 2.24 (t, J = 7.2 Hz, 2H), 2.16 (t, J =
7.4 Hz, 4H), 1.94 (m, 3H), 1.91 (s, 2H), 1.82 (m, 2H), 1.74–1.56 (m,
22H), 1.55–1.47 (m, 7H), 1.46 (s, 3H), 1.39–1.11 (m, 11H), 0.94–
0.86 (m, 18H). 13C NMR (100.2 MHz, CDCl3): d = 209.4, 176.0,
175.9, 174.0, 173.7, 173.4, 172.1, 68.4, 60.0, 59.6, 59.3, 59.1, 53.0,
51.9, 51.8, 43.7, 40.3, 40.2 (2×), 40.1, 37.9 (2×), 37.6, 37.0, 36.6,
33.7, 30.1 (3×), 27.6, 27.5, 26.6, 26.2, 26.0, 25.9, 23.8, 19.9, 17.0,
16.0, 15.9, 11.4, 11.2. [a]D


20 −17.5◦ (c = 0.24, MeOH). HRMS:
calcd for C55H95N7O10H+ 1014.72132 found 1014.72270, calcd for
C55H95N7O10Na+ 1036.70326, found 1036.70421.


(Pyrazine-2-carbonylphenylalanyl)-leucinyl-2-methyloxirane (12)


(Boc-leucinyl)-methyloxirane (37)6 (103 mg, 0.38 mmol) was
stirred in TFA (1 mL) until TLC analysis indicated complete
consumption of the starting material. Tol was added, and the reac-
tion mixture was concentrated. Pyrazine-2-carbonylphenylalanine
34 (0.11 g, 0.4 mmol, 1.05 equiv.) was coevaporated with Tol
(2×) and dissolved in 20 mL DCM and put under an argon
atmosphere. BOP (0.2 g, 0.44 mmol, 1.1 equiv.) and DiPEA
(0.2 mL, 1.14 mmol, 3 equiv.) were added, followed by addition
of the TFA·leucinyl-methyloxirane 25. The reaction mixture was
stirred for 1 h before washing with sat. aq. NaHCO3 and brine.
The organic layer was dried over Na2SO4 and concentrated. Flash
column chromatography (PE → 25% EA/PE) yielded the title
compound (8.6 mg, 20 lmol, 5.3% isolated yield). 1H NMR
(200 MHz, CDCl3): d = 9.35 (d, J = 1.1 Hz, 1H). 8.75 (d, J =
2.2 Hz, 1H), 8.53 (d, J = 1.5 Hz, 1H), 8.37 (d, J = 8 Hz, 1H),
d = 7.31-7.20 (m, 5H), 6.36 (d, J = 7.7 Hz, 1H), 4.91 (dd, J =
6.9, 8.0 Hz, 1H), 4.60–4.50 (m, 1H), 3.28 (d, J = 5.1 Hz, 1H),
3.20–3.15 (m, 2H), 2.90 (d, J = 4.7 Hz, 1H), 1.60–1.30 (m, 6H),
0.89–0.82 (m, 6H). 13C NMR (50.1 MHz, CDCl3): d = 207.9, 170.3,
162.9, 147.5, 144.3, 143.9, 142.7, 136.2, 129.3, 128.6, 127.1, 58.9,


Scheme 9


54.3, 52.3, 50.2, 40.2, 38.4, 25.0, 24.8, 23.1, 16.6. [a]D
20 +12◦ (c =


0.1, MeOH). HRMS: calcd for C23H28O4N4H+ 425.21833, found
425.21835.


Z-Leu3-boronic ester (13)


Under argon Z-Leu2-OH (28) (0.2 g, 0.53 mmol) and HOSu
(85.1 mg, 0.73 mmol, 1.4 equiv.) were dissolved in DMF
(1 mL) and DIC (100 lL, 0.64 mmol, 1.2 equiv.) was added. After a
few minutes a fine precipitate was formed. The mixture was stirred
overnight at ambient temperature after which LC/MS analysis
showed complete conversion of Z-Leu2-OH (28) into Z-Leu2-OSu.
A flame dried two necked reaction flask was put under an ar-
gon atmosphere in which (1R)-4-(1-chloro-3-methyl(butyl)-2,9,9-
trimethyl-3,5-dioxa-4-bora-tricyclo[6.1.1.02,6]decane10 (152 mg,
0.53 mmol, 1 equiv.) was dissolved in THF (5 mL). At −20 ◦C
a LiHMDS solution (1 M in THF, 600 lL, 0.60 mmol, 1.1 equiv.)
was added dropwise. The mixture was allowed to warm to room
temperature and stirred overnight. At −90 ◦C a HCl solution
(2 M in diethyl ether, 1.50 mL, 3.0 mmol, 5.7 equiv.) was added
dropwise. The mixture was slowly warmed to 0 ◦C (ca. 2 h) and re-
cooled to −80 ◦C at which temperature the Z-Leu2-OSu described
above and DIPEA (0.90 mL, 5.4 mmol, 1.02 equiv.) were added.
The mixture was slowly warmed to room temperature (ca. 2 h)
and was stirred for another 2 h. After filtration through a path of
hyflo and concentration in vacuo the crude product was purified by
silica gel column chromatography (10% EA/PE → 25% EA/PE)
affording the title compound as a white solid (197 mg, 0.32 mmol,
59%). 1H NMR (400 MHz, CD3OD): d = 7.37–7.28 (m, 5H),
6.79 (d, J = 8.1 Hz, 1H), 5.50 (d, J = 6.5 Hz, 1H), 5.12 (d, J =
12.0 Hz, 1H), 5.02 (d, J = 12.2 Hz, 1H), 4.58 (dd, J = 13.4, 7.5 Hz,
1H), 4.27 (dd, J = 8.6, 1.8 Hz, 1H), 4.22–4.13 (m, 1H), 3.10–2.97
(m, 1H), 2.36–2.27 (m, 1H), 2.15 (td, J = 10.5, 5.2, 5.2 Hz, 1H),
2.01 (t, J = 5.4 Hz, 1H), 1.93–1.77 (m, 2H), 1.76–1.55 (m, 5H),
1.55–1.34 (m, 7H), 1.33–1.23 (m, 4H), 0.98–0.79 (m, 21H). 13C
NMR (100 MHz, CD3OD): d = 178.4, 175.3, 158.7, 138.0, 129.4
(2×), 129.0, 128.8 (2×), 128.6, 84.0, 77.2, 67.7, 55.0, 53.5, 49.4,
42.0, 41.7, 41.3, 41.1, 39.1, 37.6, 29.9, 27.8, 27.4, 26.7, 25.8, 25.6,
24.6, 23.7, 23.5, 23.2, 22.5, 22.0, 21.8. [a]D


20 −58◦ (c = 1, MeOH).
HRMS: calcd for C35H56BN3O6H+ 626.43349, found 626.43408,
calcd for C35H56BN3O6Na+ 648.41544, found 648.41578.
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Ada-Ahx3-Leu2-leucinyl-boronic ester (14)


Under argon Ada-Ahx3-L2-OH (30) (95 mg, 0.13 mmol) and
HOSu (35 mg, 0.30 mmol, 2.3 equiv.) were dissolved in DMF
(1 mL) and DIC (25 lL, 0.16 mmol, 1.2 equiv.) was added.
After a few minutes a fine precipitate was formed. The mixture was
stirred overnight at ambient temperature after which LC/MS anal-
ysis showed complete conversion of Ada-Ahx3-Leu2-OH (30) into
Ada-Ahx3 -Leu2 -OSu. (1R)–4-(1-chloro-3-methyl(butyl ) -2,9,
9-trimethyl-3,5-dioxa-4-bora-tricyclo[6.1.1.02,6]decane10 (132 mg,
0.46 mmol, 3.5 equiv.) was dissolved in THF (4 mL) in a flame
dried two necked reaction flask under an argon atmosphere. At
−20 ◦C a LiHMDS solution (1 M in THF, 460 lL, 0.46 mmol,
3.5 equiv.) was added dropwise. The mixture was allowed to warm
to room temperature and stirred overnight. At −90 ◦C a HCl
solution (2 M in diethyl ether, 1.00 mL, 2.0 mmol, 15.4 equiv.)
was added dropwise. The mixture was slowly warmed to 0 ◦C
(ca. 2 h) and re-cooled to −80 ◦C at which temperature the Ada-
Ahx3-Leu2-OSu described above and DIPEA (0.60 mL, 3.6 mmol,
27.7 equiv.) were added. The mixture was slowly warmed to room
temperature (ca. 2 h) at which it was stirred for another 2 h. After
filtration through a path of hyflo and concentration in vacuo the
crude product was purified by silica gel column chromatography
(PE/EA/MeOH = 3/1/0 → 1/1/0 → 0/1/0 → 0/9/1 v/v/v)
affording the title compound as a white solid (74 mg, 73 lmol,
59%). Further purification by RP-HPLC afforded 14 (20 mg,
20 lmol, 16%). 1H NMR (600 MHz, CD3OD): d = 4.61 (dd,
J = 9.6, 5.4 Hz, 1H), 4.37 (dd, J = 9.6, 5.4 Hz, 1H), 4.15 (dd, J =
10.2, 8.4 Hz, 1H), 3.17 (t, J = 7.2 Hz, 6H), 2.71 (t, J = 7.2 Hz, 1H),
2.36 (m, 1H), 2.27 (t, J = 7.2 Hz, 2H), 2.20 (t, J = 7.2 Hz, 4H), 2.15
(m, 1H), 1.97 (m, 4H), 1.94 (s, 2H), 1.88 (m, 1H), 1.81 (m, 1H),
1.79–1.61 (m, 23H), 1.58 (m, 2H), 1.56–1.50 (m, 6H), 1.48 (d, J =
10.2 Hz, 1H), 1.40 (s, 3H), 1.39–1.33 (m, 8H), 1.31 (s, 3H), 0.99 (s,
3H), 0.98 (s, 3H), 0.97 (s, 3H), 0.95 (s, 3H), 0.94 (s, 3H), 0.93 (s,
3H), 0.90 (s, 3H). 13C NMR (150 MHz, CD3OD): d = 178.5, 176.4,
175.8, 175.0, 173.6, 84.0, 77.2, 55.8, 53.5, 53.4, 51.9, 49.6, 43.8,
43.7, 41.8, 41.7, 41.4, 41.2, 40.2, 40.1, 39.2, 37.9, 37.7, 37.0, 36.6,
36.5, 33.8, 30.2, 30.1, 30.0, 29.9, 27.8, 27.6, 27.5, 27.4, 26.7, 26.6,
26.5, 26.3, 25.9, 25.7, 24.6, 23.6, 23.5, 23.4, 23.3, 23.2, 22.5, 22.1,
21.9, 21.8, 19.3, 18.8, 17.3, 13.2. [a]D


20 −21.7◦ (c = 0.12, MeOH).
HRMS: calcd for C57H99BN6O8H+ 1007.76722, found 1007.76902.


Ac(Me)-Ile2-Thr-Leu-boronic ester (15)


Under argon Ac(Me)-Ile2-Thr(tBu)-OH (31) (78 mg, 0.17 mmol)
and HOSu (35 mg, 0.304 mmol, 1.8 equiv.) were dissolved in DMF
(1 mL) and DIC (35 lL, 0.23 mmol, 1.4 equiv.) was added. After a
few minutes a fine precipitate was formed. The mixture was stirred
overnight at ambient temperature after which LC/MS analysis
showed complete conversion. (1R)-4-(1-chloro-3-methyl(butyl)–
2, 9, 9 - trimethyl - 3, 5 - dioxa - 4 - bora - tricyclo[ 6.1.1.02,6 ] decane10


(168 mg, 0.59 mmol, 3.5 equiv.) was dissolved in THF (5 mL) in a
flame dried two necked reaction flask under an argon atmosphere.
At −20 ◦C a LiHMDS solution (1 M in THF, 550 lL, 0.55 mmol,
3.2 equiv.) was added dropwise. The mixture was allowed to warm
to room temperature and stirred overnight. At −90 ◦C a HCl
solution (2 M in diethyl ether, 1.50 mL, 3.0 mmol, 17.6 equiv.) was
added dropwise. The mixture was slowly warmed to 0 ◦C (ca. 2 h)
and re-cooled to −80 ◦C at which temperature the Ac(Me)-Ile2-


Thr(tBu)-OSu described above and DIPEA (0.90 mL, 5.4 mmol,
31.8 equiv.) were added. The mixture was slowly warmed to
room temperature (ca. 2 h) and was stirred for another 2 h. After
filtration through a path of hyflo and concentration in vacuo the
crude product was purified by silica gel column chromatography
(PE/EA/MeOH = 3/1/0 → 1/1/0 → 0/1/0 → 0/9/1 v/v/v)
affording Ac(Me)-Ile2-Thr(tBu)-Leu-boronic ester (38) as a white
solid. This material was dissolved in TFA/DCM (1/1 v/v 1 mL).
After 30 min Tol (30 mL) was added and the solvents evaporated.
Purification by RP-HPLC afforded the title compound (9 mg,
14 lmol, 8%). 1H NMR (200 MHz, CDCl3): d = 7.88 (s, 1H), 7.03
(d, J = 5.10 Hz, 1H), 6.77 (d, J = 8.0 Hz, 1H), 4.60–4.41 (m, 4H),
4.27 (d, J = 7.3 Hz, 1H), 4.09 (m, 1H), 3.82 (s, 1H), 2.94 (s, 3H),
2.87 (m, 1H), 2.32 (m, 1H), 2.14 (s, 3H), 2.02 (m, 2H), 1.96–1.71
(m, 4H), 1.41 (s, 3H), 1.34 (m, 3H), 1.28 (s, 2H), 1.18 (s, 1H),
1.14 (s, 1H), 0.96–0.81 (m, 27H). [a]D


20 −360◦ (c = 0.04, MeOH).
HRMS: calcd for C34H61BN4O7H+ 649.47061, found 649.47080,
calcd for C34H61BN4O7Na+ 671.45255, found 671.45272.


Ada-Ahx3-Ile2-Thr-Leu-boronic ester (16)


Under argon Ada-Ahx3-Ile2-Thr(tBu)-OH (19) (134 mg,
0.15 mmol) and HOSu (29 mg, 0.25 mmol, 1.7 equiv.) were
dissolved in DMF (2 mL) and DIC (35 lL, 0.23 mmol, 1.5 equiv.)
was added. After a few minutes a fine precipitate was formed.
The mixture was stirred overnight at ambient temperature after
which LC/MS analysis showed complete conversion of Ada-Ahx3-
Ile2-Thr(tBu)-OH (19) into Ada-Ahx3-Ile2-Thr(tBu)-OSu. A flame
dried two necked reaction flask equipped was put under an ar-
gon atmosphere in which (1R)-4-(1-chloro-3-methyl(butyl)-2,9,9-
trimethyl-3,5-dioxa-4-bora-tricyclo[6.1.1.02,6]decane10 (132 mg,
0.46 mmol, 3.1 equiv.) was dissolved in THF (4 mL). At −20 ◦C
a LiHMDS solution (1 M in THF, 460 lL, 0.46 mmol, 3.1 equiv.)
was added dropwise. The mixture was allowed to warm to room
temperature and stirred overnight. At −90 ◦C a HCl solution
(2 M in diethyl ether, 1.00 mL, 2.0 mmol, 13.3 equiv.) was added
dropwise. The mixture was slowly warmed to 0 ◦C (ca. 2 h) and
re-cooled to −80 ◦C at which temperature the Ada-Ahx3-Ile2-
Thr(tBu)-OSu described above and DIPEA (0.60 mL, 3.6 mmol,
24 equiv.) were added. The mixture was slowly warmed to room
temperature (ca. 2 h) and was stirred for another 2 h. After
filtration through a path of hyflo and concentration in vacuo the
crude product was purified by silica gel column chromatography
(PE/EA/MeOH = 3/1/0 → 1/1/0 → 0/1/0 → 0/9/1 v/v/v)
affording Ada-Ahx3-Ile2-Thr(tBu)-Leu-boronic ester (23) as a
white solid. This material was dissolved in TFA/DCM (1/1
v/v, 1 mL). After 30 min Tol (30 mL) was added and the
solvents evaporated. Purification by RP-HPLC afforded the title
compound (7 mg, 6.3 lmol, 4%). 1H NMR (300 MHz, CD3OD):
d = 4.52 (dd, J = 7.2, 4.5 Hz, 1H), 4.21–4.13 (m, 4H), 3.14 (t, J =
6.9 Hz, 6H), 2.72 (dd, J = 8.4, 6.9 Hz, 1H), 2.36 (m, 1H), 2.25
(t, J = 7.5 Hz, 2H), 2.17 (t, J = 7.5 Hz, 4H), 1.94 (m, 4H), 1.91
(s, 2H), 1.79 (m, 2H), 1.77–1.43 (m, 30H), 1.41–1.26 (m, 15H),
1.23–1.11 (m, 5H), 0.94 (s, 3H), 0.93 (s, 3H), 0.92 (s, 3H), 0.91
(s, 3H), 0.89 (s, 3H), 0.88 (s, 3H), 0.87 (s, 3H). [a]D


20 −72.5◦ (c =
0.08, MeOH). HRMS: calcd for C61H106BN7O10H+ 1108.81670,
found 1108.81820, calcd for C61H106BN7O10Na+ 1130.79864, found
1130.79987.
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Competition experiments


Whole cell lysates of EL4 or HEK293T were made by sonication
(30 s, 11 Watt) in lysis buffer containing 50 mM Tris pH 7.5,
1 mM DTT, 5 mM MgCl2, 250 mM sucrose, 2 mM ATP. Protein
concentration was determined by the Bradford assay. Cell lysates
(10 lg total protein) were exposed to the inhibitors for 1 h prior to
incubation with MV151 (5, 0.1 lM) for 1 h at 37 ◦C. Reaction mix-
tures were boiled with Laemmli’s buffer containing b-mercapto-
ethanol for 3 min before being resolved on 12.5% SDS-PAGE. In-
gel detection of residual proteasome activity was performed in
the wet gel slabs directly on the Typhoon Variable Mode Imager
(Amersham Biosciences) using the Cy3/Tamra settings (kex 532,
kem 560).
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Thapsigargin is a densely oxygenated guaianolide which displays potent sarco/endoplasmic reticulum
Ca2+ ATPase (SERCA) binding affinities. The total syntheses of designed unnatural analogues of this
important natural product are described. This article constitutes the chemical synthesis behind an
ongoing project. Rational modifications have been made to the lactone region of thapsigargin in order
to obtain derivatives for future structure–activity relationship studies.


Introduction


Thapsigargin (1) is a potent and selective inhibitor of sarco/
endoplasmic reticulum Ca2+ ATPases (SERCAs).1,2 As such, thap-
sigargin is capable of severely unbalancing cellular Ca2+ concen-
trations,3 often leading to disrupted cell function and growth,4


and apoptosis of the affected cell.5 Significantly, this has led to the
development of a thapsigargin-derived prodrug for the treatment
of prostate cancer. When tested in vivo, the prodrug was selectively
cytotoxic to prostate tumours, whilst displaying minimal host
toxicity.6


Following the recent publication of the first total synthesis of
thapsigargin,7,8 and with a growing understanding of its structure–
activity relationship (SAR), highly active analogues of the natural
product with simplified structures are increasingly within reach
of the synthetic chemist.9 Furthermore, owing to the difficulties
in cultivating Thapsia (from which thapsigargin is harvested in
relatively small quantities), total synthesis appears attractive as a
means of obtaining thapsigargin and related analogues.10


Existing SAR


Chemical transformations of natural samples of thapsigargin
have previously provided analogues with modified peripheral
functionality.10 Stereocentres of the natural product have also been
epimerised, and together, these studies have provided valuable
SAR data. However, there are very few literature examples
of analogues in which the core structure of the molecule has
been significantly modified, or which have been prepared by
total synthesis.9e,11,12 Upon analysing literature SAR data it also
becomes apparent that very few analogues have been prepared in
which the lactone region of thapsigargin has been modified, but
of those that have been tested, many exhibit exceptional levels of
SERCA inhibition.
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For example, modification of the C-7/11 diol functionality of
thapsigargin afforded acetates 2 and 3, which exhibit SERCA
binding affinities of the same order of magnitude as thapsigargin
(Table 1). Ether 4 and lactol 5 display even higher potencies,
which are almost as great as that of the natural product.10,13


Another important discovery was that other members of the
thapsigargin family are highly active, including nortrilobolide (6),
which is equipotent with thapsigargin, despite lacking the large
octanoate group at C-2.9a Of further significance is the observation
that another C-2 deoxygenated compound (7, also obtained by
total synthesis), which lacks the internal C-4/5 olefin moiety of
the thapsigargins, is ten times more potent than thapsigargin.9e


Conversely, analogues of thapsigargin with epimerised C-3 or
C-8 stereogenic centres have been shown to possess lower SERCA
inhibition properties by factors of 438 and 3124, respectively.10


We have previously reported the synthesis of some unnatural
analogues of thapsigargin.9e,12 In this article, we describe the
chemical synthesis of our most recent generation of targets.


Results and discussion


Target analogues


To address the issue of obtaining simplified analogues of thapsi-
gargin by total synthesis, we sought to prepare a complimentary set
of compounds from known common intermediate 12 (Scheme 1).
It was anticipated that this group of analogues (8, 9, 10 and 11)
would reveal key SAR data concerning the importance of the
rigidity of the lactone ring, as well as the necessity for hydrogen
bond donors/acceptors at this site of the pharmacophore. These
particular molecules were chosen, in part, for their availability
from common intermediate 12. However, we aimed to retain high
activity in these analogues, so all targets would incorporate the
key features discussed above: they would retain the C-3 and C-8
stereochemistry of the natural product, but would lack oxygen at
C-2 and be saturated at C-4/5.14


Synthesis of butenolide analogue 8


During our work on the total synthesis of thapsigargin, we
developed a route capable of generating large quantities of 12
as a single diastereomer.8,15 By modifying our existing method for
generating the lactone of thapsigargin from this intermediate, we
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Table 1 Relative potencies of thapsigargin (1) and related analogues


Scheme 1 Possible generation of target analogues 8, 9, 10 and 11 from common intermediate 12.


anticipated that butenolide 16 would be available from 12 in four
steps via a tethered Horner–Wadsworth–Emmons reaction, and
that subsequent installation of the peripheral ester moieties would
proceed in an analogous fashion to those in our natural product
synthesis.


To this end, protection of the free C-8 hydroxyl of 12 as a
methoxymethyl acetal,16 and selective cleavage of the TES group
with HF·pyridine at room temperature, generated alcohol 14
(Scheme 2). Construction of the butenolide proceeded by first teth-
ering the requisite phosphonate to O-6, and then performing the
intramolecular olefination.17 The hydroxyl at C-3 was unmasked
by treatment of silyl ether 16 with HF·pyridine, and then in-
verted with a two-step protocol involving oxidation with catalytic
amounts of TPAP,18 and stereoselective reduction of the resulting
ketone (18) with sodium borohydride (d.r. = 3 : 1).19 Separation of


the epimeric alcohols was not possible at this stage, so they were
carried through the next two steps as a mixture. Methanolysis
of the methoxymethyl acetals under acidic conditions, and then
selective acylation20 afforded 22 as a single diastereomer (64% after
separation of the C-3 epimeric angelates by flash chromatography,
theoretical maximum yield = 75%). Finally, installation of the
acetate group at O-10 furnished the desired analogue 8, in a total
of 11 steps from common intermediate 12.


Synthesis of analogue 9


We aimed to remove the C-7 oxygenation of 13 by forming
a xanthate at this position, and then performing a Barton–
McCombie deoxygenation reaction.21 Reduction of ketone 13
proceeded with excellent facial selectivity, affording alcohol 23 as
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Scheme 2 Synthesis of analogue 8. Reagents and conditions: a) MOM-Cl, Hünig’s base, DMAP, CH2Cl2, rt, 16 h; b) HF·pyridine, pyridine, THF, rt,
25 min, 96% over two steps; c) EDCI, HO2CCH(Me)P(O)(OEt)2, CH2Cl2, rt, 13 h, 90%; d) NaH, THF, reflux, 20 min; e) HF·pyridine, THF, pyridine,
rt, 7 days, 77%; f) TPAP, NMO, 4 Å MS, rt, 30 min, 91%; g) NaBH4, MeOH, −30 ◦C, 1 h (d.r. = 3 : 1, R:S); h) angelic acid, 2,4,6-tricholorobenzoyl
chloride, Et3N, PhMe, 75 ◦C, 2 days, 85% over two steps (d.r. = 3 : 1, R:S); i) HCl, MeOH, 40 ◦C, 3 h 45 min, quantitative (d.r. = 3 : 1, R:S); j) butyric
anhydride, DMAP, CH2Cl2, rt, 1 h, separation of C-3 isomers, 64%; k) isopropenyl acetate, p-TsOH, CH2Cl2, rt, 16 h, 99%.


a single diastereomer (d.r. >19 : 1), but it was necessary to perform
and quench the reaction at 0 ◦C in order to suppress migration of
the neighbouring TES group (Scheme 3). However, when 23 was
treated with carbon disulfide and NaHMDS, migration of the TES
group was again observed, and a mixture of the two regioisomeric
xanthates 24 and 25 was isolated.22


Scheme 3 TES migrations under xanthate-forming conditions (R =
TBDPS). Reagents and conditions: a) NaBH4, THF, 0 ◦C, 5.5 h, 91%,
(d.r. >19 : 1); b) CS2, THF, −78 ◦C, 30 min, then NaHMDS, 1 h, then
MeI, 1.5 h to rt, 13 h.


To overcome the problem of migration of the triethylsilyl group,
it was necessary to replace it with a more robust protecting group
at O-6, and the 2-(trimethylsilyl)ethoxymethyl (SEM) group was
chosen for this purpose (Scheme 4).23,24 Treatment of 14 with
SEMCl and Hünig’s base afforded 26, which could be successfully
reduced and converted to the corresponding xanthate (28). Treat-
ment of the xanthate with tributyltin hydride and AIBN effected
the deoxygenation, affording a 71% isolated yield of 29 over the


three steps, with no observed migration of the SEM group.21


Cleavage of the MOM and SEM acetals from 29 was possible
with magnesium bromide diethyl etherate and butane thiol, or
with HCl/methanol.25 Treatment of the resulting triol (30) with
butyric anhydride afforded a 2 : 1 mixture of desired butanoate 32
and the bis-acylated compound 31. Double acetylation of diol 32
afforded silyl ether 33 which was deprotected and inverted at C-3
(similarly to 16 in Scheme 2, but now with a significantly higher
facial selectivity (d.r. >19 : 1) for the ketone reduction). Finally,
esterification of the free alcohol under conditions developed for
the total synthesis of thapsigargin7 afforded the desired bicyclic
analogue 9 in 92% yield.


Towards the synthesis of analogue 10


Intermediate 12 was protected at O-8 as the corresponding SEM
acetal (38, Scheme 5).23 Owing to the high levels of oxygenation
in target molecule 10, we intended to install the requisite acetyl
functionalities at O-6 and O-10 early, in order to circumvent the
further need for protecting groups at these positions. However,
deprotection of 38 at O-6 and O-10 caused the formation of
unwanted lactol derivatives such as 39.26


In order to prevent the formation of such lactols, it was
ultimately necessary to mask the C-7 ketone. Thus, formation of
the exo-methylene functionality (40),27 required for later dihydrox-
ylation, served to achieve this goal. However, by performing the
olefination reaction on this particular substrate, in which bulky
protecting groups flanked the ketone, the yield was somewhat
compromised.28 Dihydroxylation of 40 was performed with Sharp-
less’ biphasic conditions,29 and it was found that the reaction
proceeded in good yield and with excellent facial selectivity to
afford the desired diol 41. However, it was felt that the extra
oxygenation at C-7/11 should be installed later in the synthesis to
simplify protecting group strategies, so we focused our attention
on installing the C-6 and C-10 acetates on 40.
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Scheme 4 Synthesis of analogue 9. Reagents and conditions: a) SEM-Cl, Hünig’s base, DMAP, CH2Cl2, rt, 15 h, 80%; b) NaBH4, THF, 0 ◦C, 2 h then
rt, 20 h, 92%, (d.r. >19 : 1); c) CS2, THF, −78 ◦C, 30 min then NaHMDS, 1.5 h, then MeI, 1.5 h, 98%; d) Bu3SnH, catalytic AIBN, PhMe, 110 ◦C, 3 h,
79%; e) K2CO3, n-BuSH, MgBr2·Et2O, Et2O, rt, 45 min, 85%; f) HCl, MeOH, 40 ◦C, 2 h, 92%; g) butyric anhydride, DMAP, CH2Cl2, rt, 3 h, 57% 32,
30% 31; h) p-TsOH, isopropenyl acetate, rt, 16 h, 87%; i) TBAF, THF, rt, 15.5 h, 75%; j) catalytic TPAP, NMO, 4 Å MS, CH2Cl2, rt, 30 min, 93%; k)
NaBH4, MeOH, −30 ◦C, 1 h, 88%, (d.r. >19 : 1); l) 37, NaHCO3, PhMe, 80 ◦C, 18.5 h, 92%.


Scheme 5 Formation of lactol derivative 39, and dihydroxylation of 40
(R = TBDPS). Reagents and conditions: a) SEMCl, Hünig’s base, DMAP,
CH2Cl2, rt, 18 h, quantitative; b) Amberlyst-15, MeOH, 4 Å MS, rt, 4 h,
57%; c) 2.0 eq. PPh3


+CH3 Br−, 1.9 eq. KHMDS, THF, −78 ◦C to rt over
45 min, 34%; d) OsO4, K3Fe(CN)6, MeSO2NH2, quinuclidine, K2CO3,
t-BuOH, H2O, rt, 3 days, 81% (d.r. >19 : 1).


Synthesis of analogue 11


Application of the Amberlyst-15 deprotection conditions to 40
cleanly removed the TES group, but did not cleave the MOM
acetal on this substrate (Scheme 6). Nonetheless, acetylation of
42 with acetic anhydride generated 43, and silyl deprotection and


C-3 inversion of 44 proceeded smoothly, providing alcohol 46 as
a single diastereomer (d.r. >19 : 1). Angeloylation of 46 under
the conditions used for lactone 19 resulted in decomposition,20


and the formation of a complex mixture of products.30 However,
application of our milder angeloylation conditions to the remain-
ing portion of alcohol 467 effected clean conversion to the desired
angelate 47 in 96% isolated yield.


Double acetal deprotection of 47, followed by selective acylation
of the secondary hydroxyl with butyric anhydride, and then acety-
lation of the remaining alcohol (49), afforded olefin 11. However,
dihydroxylation of a sample of 11 using the same conditions that
had successfully generated 41 resulted in decomposition of the
molecule.


Conclusions


Thapsigargin is a valuable compound which is routinely used
for studying cell physiology. Prodrug derivatives of the natural
product have shown potential in the development of a treatment
for prostate cancer. However, thapsigargin is in relatively short
supply as its natural source (Thapsia) cannot be cultivated—
the demand for material must therefore be met by the synthetic
chemist. In the continuing search for a greater understanding of
this intriguing pharmacophore, numerous analogues have been
prepared by derivatising the natural product, and they have
been used for comparative binding studies. However, there have
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Scheme 6 Synthesis of analogue 11. Reagents and conditions: a) Amberlyst-15, 4 Å MS, MeOH, rt, 16 h, 76%; b) Ac2O, DMAP, pyridine, CH2Cl2, rt,
18 h, 91%; c) TBAF, THF, rt 12 h, 88%; d) TPAP, NMO, 4 Å MS, CH2Cl2, 1 h, rt, 67%; or DMP, NaHCO3, CH2Cl2, rt, 30 min, 80%; e) NaBH4, MeOH,
0 ◦C, 2 h, 74%; f) PhMe, NaHCO3, 37, 80 ◦C, 22 h, 96%; g) HCl, MeOH, 40 ◦C, 30 min; h) butyric anhydride, DMAP, CH2Cl2; i) isopropenyl acetate,
p-TsOH, CH2Cl2, rt, 18 h, 42% over three steps.


been few attempts to greatly simplify the parent structure for
this purpose. In this article, we have demonstrated the utility
of total synthesis in the generation of analogues with modified
carbon skeletons by preparing analogues 8, 9 and 11. This work
constitutes the chemical synthesis behind an ongoing project; our
efforts to generate further synthetic analogues of this important
natural product are continuing in order to improve the current
understanding of its SAR. The results of other analogue syntheses,
and the biological evaluation of all of these compounds, will be
reported in due course.


Experimental


Representative experimental procedures are supplied here. All
other procedures for reactions featured in this article (including
compounds referenced in the footnotes) can be found in the ESI†,
along with 1H and 13C spectra for each compound.


All non-aqueous reactions were performed in oven-dried
(200 ◦C) glassware under an argon atmosphere; synthetic interme-
diates were dried in vacuo before use. All reagents were obtained
from commercial sources and used as supplied unless otherwise
stated. Molecular sieves were dried at 200 ◦C before use, and
Amberlyst-15 resin was washed thoroughly with methanol and
dichloromethane and dried in vacuo before use. Solvents used were
of reagent grade and were distilled before use: tetrahydrofuran
and diethylether over calcium hydride and lithium aluminium
hydride; dichloromethane, toluene, methanol and acetonitrile
over calcium hydride. Petrol or petroleum ether (PE) refers to
the fraction distilled between 40 and 60 ◦C; anhydrous N,N-
dimethylformamide and acetone were sourced commercially and
used as supplied.


Flash column chromatography was performed with Merck 60
Kieselgel (230–400 mesh). Thin layer chromatography (TLC) was
performed with Merck 60 F254 silica gel plates and viewed under
UV radiation (254 nm) or by staining with acidic aqueous ammo-
nium molybdate(IV) and heating as necessary. All 1H NMR spectra


were recorded on a Bruker DPX-400 spectrometer operating at
400 MHz, a Bruker Avance 500 spectrometer with dual cryoprobe
operating at 500 MHz, or a Bruker DRX-600 spectrometer
operating at 600 MHz, as stated with each experiment. Samples
were either dissolved in CDCl3 and the residual protic solvent
calibrated to 7.27 ppm, or in CD3OD and the residual solvent
calibrated to 3.31 ppm (as stated). Signals are quoted in ppm
to the nearest 0.01 ppm and multiplicities (J) are recorded in
Hertz (Hz). 13C NMR spectra were recorded on a Bruker DPX-
400 spectrometer operating at 100 MHz, a Bruker Avance 500
spectrometer with dual cryoprobe operating at 125 MHz, or a
Bruker DRX-600 spectrometer operating at 150 MHz (as stated).
Samples were either dissolved in CDCl3 and the solvent calibrated
to 77.0 ppm, or in CD3OD and the residual solvent calibrated to
49.0 ppm (as stated). Signals are quoted in ppm to the nearest
0.1 ppm. COSY, HMQC, HMBC and DEPT experiments were
used to aid the assignment of NMR signals.


High-resolution mass spectrometry was conducted using a
Kratos Concept spectrometer or Waters Micromass LCT Premier
spetrometer using EI or ESI ionisation techniques. Optical rota-
tions were recorded on a Perkin–Elmer 343 digital polarimeter at
25 ◦C with a path length of 10 cm, using a sodium lamp (589 nm)
as the light source, and are reported in 10−1 deg cm2 g−1 (concen-
tration, c, in g per 100 mL). Infrared spectra of sample films were
recorded by a Perkin–Elmer Spectrum One spectrometer equipped
with an attenuated total reflectance sampler. Melting points are
uncorrected and were measured with Reichert hot-stage apparatus
using BDH microscopic slides.


Phosphonate 15


EDCI (450 mg, 2.35 mmol) was added to a solution of hydroxy ke-
tone 14 (446 mg, 782 lmol) and 2-(diethoxy-phosphoryl)propionic
acid (247 mg, 1.17 mmol) in CH2Cl2 (15 mL). The mixture was
stirred at room temperature for 13 h, then quenched with saturated
sodium bicarbonate solution (70 mL) and extracted with EtOAc
(3 × 70 mL). The combined organic phases were washed with brine
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(100 mL), dried (MgSO4) and concentrated in vacuo. The crude
product was filtered through a pad of silica, eluting with EtOAc–
PE 4 : 1, to furnish the phosphonate as a colourless oil and as a
1 : 1 mixture C-11 epimers (539 mg, 90%); (Note: assignments A
and B do not refer to the two epimers specifically); dH (600 MHz;
CDCl3) 7.65 (8H, m, o-PhA and o-PhB), 7.43 (4H, m, p-PhA and
p-PhB), 7.39 (8H, m, m-PhA and m-PhB), 5.05 (2H, m, H-6A and
H-6B), 4.71 (2H, m, O-10A-CH2O and O-10B-CH2O), 4.62 (2H, m,
O-10A′ -CH2O and O-10B′ -CH2O), 4.55 (2H, m, O-8A-CH2O and O-
8B-CH2O), 4.51 (1H, m, O-8A′ -CH2O and O-8B′ -CH2O), 4.31 (2H,
m, H-3A and H-3B), 4.19 (2H, m, H-8A and H-8B), 4.14 (4H, m,
EtA and EtB CH2), 3.33 and 3.32 (2 × 6H, s, O-10A-CH2OCH3, O-
10B-CH2OCH3, O-8A-CH2OCH3 and O-8B-CH2OCH3), 3.17 (1H,
m, PCHA), 3.11 (1H, m, PCHB), 2.85 (2H, m, H-1A and H-1B),
2.17–2.07 (6H, m, H-4A, H-5A, H-9A H-4B, H-5B and H-9B), 1.80
(2H, m, H-9A′ and H-9B′ ), 1.51–1.43 (10H, m, H-2A, H-2B, H-
2A′ , H-2B′ , PC(CH3)A and PC(CH3)B), 1.31 (6H, m, EtA and EtB


CH2CH3), 1.26 (6H, m, H-15A and H-15B), 1.20 (6H, s, H-14A and
H-14B), 1.08 (18H, s, (C(CH3)3)A and (C(CH3)3)B); dC (150 MHz;
CDCl3) 201.9 (C-7A and C-7B), 169.1 (C-12 C-12B), 135.9 (o-PhA


and o-PhB), 135.8 (o-PhAand o-PhB), 134.6 (ipso-PhA and ipso-
PhB), 133.6 (ipso-PhA and ipso-PhB), 129.68 (p-PhA and p-PhB),
129.68 (p-PhA and p-PhB), 127.61 (m-PhA and m-PhB), 127.56 (m-
PhA and m-PhB), 94.73 and 94.68 (O-8A-CH2O and O-8B-CH2O),
90.63 and 90.60 (O-10A-CH2O and O-10B-CH2O), 78.2 and 77.8
(C-10A and C-10B), 77.7 and 77.2 (C-6A and C-6B), 74.2, 73.96,
73.93 and 73.8 (C-3A, C-3B, C-8A and C-8B), 62.69 and 62.65 (EtA


and EtB OCH2), 55.93, 55.88, 55.70 and 55.62 (O-8A-CH2O, O-
8B-CH2O, O-10A-CH2O and O-10B-CH2O), 48.0 and 47.9 (C-5A


and C-5B), 46.54 and 46.49 (C-1A and C-1B), 44.24 and 44.24 (C-
4Aand C-4B), 39.4 and 38.5 (PCHA and PCHB), 37.6 and 37.4
(C-2A and C-2B), 36.6 and 34.2 (C-9A and C-9B), 30.2 and 29.7
(PC(CH3)A and PC(CH3)B), 27.8 and 27.7 (C-14A and C-14B), 27.0
((C(CH3)3)A and (C(CH3)3)B), 19.4 ((C(CH)3)A and (C(CH)3)B),
16.40 and 16.37 (EtA and EtB OCH2CH3), 15.94 and 15.85 (C-
15A and C-15B); mmax (film; cm−1) 2932 (C–H), 2857 (C–H), 1756
(C=O), 1733 (ketone C=O), 1257 (P=O), 1022 (P–O–C); found
(ESI+) [MNa]+ 785.3447; C39H59O11PSiNa requires M, 785.3462.


Butenolide 16


A solution of the phosphonate ester 15 (610 mg, 801 lmol) in THF
(30 mL) was treated with NaH (60% dispersion in oil, 33.7 mg,
841 lmol) at rt for 5 min and then refluxed for 20 min. The reaction
was cooled, quenched with ammonium chloride solution (50 mL)
and extracted with Et2O (3 × 50 mL). The combined organic
phases were washed with brine (100 mL), dried (MgSO4) and
concentrated in vacuo. The crude oil was used without further
purification; dH (600 MHz; CDCl3) 7.65 (4H, m, o-Ph), 7.43 (2H,
m, p-Ph), 7.40 (4H, m, m-Ph), 4.84 (1H, dd, J 10.2, 5.9, H-8), 4.72
(1H, d, J 7.2, O-10-CH2O), 4.62 (1H, d, J 10.7, H-6), 4.60–4.55
(3H, m, 2 × O-8-CH2O and 1 × O-10-CH2O), 4.45 (1H, m, H-3),
3.33 (3H, s, O-8-CH2OCH3), 3.28 (3H, s, O-10-CH2OCH3), 2.77
(1H, ddd, J 12.4, 7.4, 6.5, H-1), 2.51 (1H, m, H-4), 2.12 (1H,
dd, J 14.5, 5.9, H-9), 1.88 (3H, s, H-13), 1.82 (1H, dd, J 14.5,
10.2, H-9), 1.60 (2H, m, H-2 and H-5), 1.49 (1H, ddd, J 13.0,
12.9, 6.7, H-2), 1.20 (3H, s, H-14), 1.15 (3H, d, J 7.3, H-15), 1.10
(9H, s, C(CH3)3); dC (150 MHz; CDCl3) 174.2 (C=O), 161.2 (C-
11), 135.8 (o-Ph), 135.7 (o-Ph), 134.6 (ipso-Ph), 133.7 (ipso-Ph),


129.7 (p-Ph), 129.6 (p-Ph), 127.6 (m-Ph), 127.5 (m-Ph), 126.2 (C-
7), 94.7 (O-8-CH2O), 90.6 (O-10-CH2O), 82.5 (C-6), 77.3 (C-10),
73.3 (C-3), 66.9 (C-8), 55.8 and 55.6 (O-8-CH2OCH3 and O-10-
CH2OCH3), 54.1 (C-5), 46.1 (C-1), 43.7 (C-4), 37.6 (C-9), 37.1
(C-2), 27.7 (C-14), 27.0 (C(CH3)3), 19.3 (C(CH3)3), 15.5 (C-15),
9.0 (C-13); mmax (film; cm−1) 2932 (C–H), 2857 (C–H), 1756 (C=O),
1590w (Ar); [a]D +10.1 (c. 0.495, CHCl3); found (ESI+) [MNa]+


631.3085; C35H48O7SiNa requires M, 631.3067.


Alcohol 17


Two batches of TBDPS ether 16 were treated separately and
combined for workup: a stock solution of HF·pyridine (1.4 mL)
and pyridine (1.2 mL) in THF (3.0 mL) was added to a
stirring solution of crude tert-butyldiphenylsilylether 16 (278 lmol
transferred by mass) in pyridine (4.0 mL) and THF (6.0 mL). The
resulting mixture was stirred at room temperature for 7 days, then
quenched by drop-wise addition of saturated sodium bicarbonate
solution (100 mL) and extracted with Et2O (3 × 50 mL). The
combined organic phases were washed with brine (100 mL), dried
(MgSO4) and evaporated under reduced pressure. The crude oil
was combined with that from a second batch (a reaction of
154 lmol) and chromatographed (SiO2, Et2O–PE 1 : 4, increasing
gradually to 3 : 2 to recover starting material (33 mg, 13%), then
EtOAc–PE 4 : 1) to afford the alcohol as a colourless oil (117 mg,
77%); dH (600 MHz; CDCl3) 4.88 (1H, dd, J 10.0, 5.8, H-8), 4.81
(1H, d, J 10.5, H-6), 4.74 (1H, d, J 7.3, O-10-CH2O), 4.62 (3H,
m, 2 × O-8-CH2O and 1 × O-10-CH2O), 4.39 (1H, m, H-3), 3.37
(3H, s, O-8-CH2OCH3), 3.28 (3H, s, O-10-CH2OCH3), 2.71 (1H,
ddd, J 12.9, 7.1, 6.4, H-1), 2.55 (1H, m, H-4), 2.22 (1H, dd, J
14.5, 5.8, H-9), 2.01 (1H, dd, J 14.5, 10.0, H-9′), 1.91 (3H, s, H-
13), 1.82 (1H, ddd, J 13.2, 13.0, 6.0, H-2), 1.77 (1H, dd, J 13.2,
6.9, H-2), 1.61 (1H, m, H-5), 1.33 (3H, s, H-14), 1.10 (3H, d,
J 7.4, H-15) (OH signal not observed); dC (150 MHz; CDCl3)
174.2 (C-12), 161.0 (C-11), 126.4 (C-7), 94.7 (O-8-CH2O), 90.5
(O-10-CH2O), 82.9 (C-6), 77.3 (C-10), 72.0 (C-3), 66.8 (C-8), 55.8
(O-8-CH2OCH3), 55.6 (O-10-CH2OCH3), 53.9 (C-5), 46.6 (C-1),
43.6 (C-4), 38.0 (C-9), 37.3 (C-2), 27.7 (C-14), 14.5 (C-15), 9.0
(C-13); mmax (film; cm−1) 3474 (br, O–H), 2935 (C–H), 1749 (C=O),
1672w (C=C); [a]D +4.00 (c 0.75, CHCl3); found (ESI+) [MNa]+


393.1870; C19H30O7Na requires M, 393.1889.


Ketone 18


A stirring mixture of alcohol 17 (115 mg, 311 lmol), NMO
(55.0 mg, 467 lmol), 4 Å MS (200 mg) and CH2Cl2 (1.0 mL)
was treated with TPAP (11 mg, 31 lmol). The mixture was stirred
at room temperature for 30 min then filtered, concentrated in vacuo
and purified by column chromatography (SiO2, EtOAc–PE 1 : 1) to
afford the ketone as a colourless oil, 104 mg, 91%; dH (600 MHz;
CDCl3) 4.93 (1H, dd, J 10.6, 6.0, H-8), 4.84 (2H, m, H-6 and
1 × O-10-CH2O), 4.67 (1H, d, J 7.1, O-8-CH2O), 4.65 (1H, d,
J 7.1, O-8-CH2O), 4.63 (1H, d, J 7.4, O-10-CH2O), 3.39 (3H, s,
O-10-CH2OCH3), 3.12 (3H, s, O-8-CH2OCH3), 2.84 (1H, q, J 7.5,
H-4), 2.78 (1H, ddd, J 14.2, 7.1, 7.0, H-1), 2.34 (2H, m, H-2 and
H-9), 2.25 (1H, m, H-2′), 2.04 (1H, dd, J 14.7, 10.6, H-9′), 1.98
(1H, dd, J 10.6, 6.3, H-5), 1.95 (3H, s, H-13), 1.34 (3H, s, H-
14), 1.19 (3H, d, J 7.5, H-15); dC (150 MHz; CDCl3) 217.8 (C-3),
173.7 (C-12), 160.5 (C-11), 127.2 (C-7), 95.1 (O-8-CH2O), 90.9
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(O-10-CH2O), 80.5 (C-6), 76.7 (C-10), 67.1 (C-8), 56.0 and 55.9
(O-8-CH2OCH3 and O-10-CH2OCH3), 51.6 (C-5), 48.4 (C-4), 45.1
(C-1), 39.4 (C-2), 37.1 (C-9), 27.8 (C-14), 16.4 (C-15), 9.1 (C-13);
mmax (film; cm−1) 2932 (C–H), 1755 (lactone C=O), 1742 (acetate
C=O), 1675w (C=C); [a]D +48.3 (c 0.555, CHCl3); found (ESI+)
[MH]+ 369.1929; C19H29O7 requires M, 369.1913.


Alcohols 19


Sodium borohydride (92.3 mg, 2.43 mmol) was added to a solution
of ketone 18 (89.4 mg, 243 lmol) in methanol (1.0 mL) at
−30 ◦C. The resulting mixture was stirred at −30 ◦C for 1 h
then warmed to room temperature, quenched with saturated
ammonium chloride solution (20 mL) and extracted with Et2O
(3 × 20 mL). The combined organic phases were washed with
brine (50 mL), dried (MgSO4) and evaporated under reduced
pressure. The product was determined to be a 3 : 1 (R:S) mixture of
C-3 epimers by 1H NMR and used without further purification.
Major diastereomer (C-3-(R)): dH (600 MHz; CDCl3) 5.26 (1H,
d, J 10.6, H-6), 4.89 (1H, dd, J 10.4, 5.8, H-8), 4.76 (1H, d, J
7.3, O-10-CH2O), 4.67 (1H, d, J 7.0, O-8-CH2O), 4.65 (1H, d, J
7.0, O-8-CH2O), 4.59 (1H, d, J 7.3, O-10-CH2O), 3.98 (1H, m,
H-3), 3.39 (3H, s, CH3O), 3.28 (3H, s C′H3O) 2.42 (2H, m, H-1
and H-2), 2.23 (2H, m, H-4 and H-9), 2.12 (1H, dd, J 14.4, 10.6,
H-9′), 1.98 (3H, s, H-13), 1.58 (1H, m, H-2′), 1.57 (1H, m, H-
5), 1.31 (3H, s, H-14), 1.08 (3H, d, J 7.4, H-15); dC (150 MHz;
CDCl3) 174.4 (C-12), 161.6 (C-11), 126.2 (C-7), 95.0 (O-8-CH2O),
90.7 (O-10-CH2O), 82.4 (C-6), 78.7 (C-3), 77.3 (C-10), 67.2 (C-
8), 55.9 (O-8-CH2OCH3), 55.8 (O-10-CH2OCH3), 53.7 (C-5), 47.4
(C-1), 37.6 (C-9), 37.1 (C-4), 31.9 (C-2), 28.0 (C-14), 19.4 (C-15),
9.1 (C-13); mmax (film; cm−1) 3430 (br, O–H), 2918 (C–H), 2850
(C–H), 1750 (C=O), 1675w (C=C); found (ESI+) [MH]+


371.2077; C19H31O7 requires M, 371.2070.


Angelates 20


2,4,6-Trichlorobenzoyl chloride (380 lL, 2.43 mmol) was added to
a solution of angelic acid (243 mg, 2.43 mmol) in toluene (2.0 mL)
followed by Et3N (338 lL, 2.43 mmol). The mixture was stirred at
room temperature for 2 h then treated with a solution of the crude
alcohols 19 (assume 243 lmol) in toluene (3 mL). The resulting
mixture was stirred at 75 ◦C for 2 days then cooled, quenched with
saturated ammonium chloride solution (20 mL) and extracted with
EtOAc (3 × 20 mL). The combined organic extracts were washed
with brine (50 mL), dried (MgSO4) and concentrated in vacuo.
Column chromatography (SiO2, EtOAc–PE 15 : 85 to 30 : 70)
afforded a 3 : 1 (R:S) mixture of epimeric C-3 alcohols (93.0 mg,
85%) over two steps. Major diastereomer (C-3-(R)): dH (600 MHz;
CDCl3) 6.08 (1H, m, C=C(H)CH3), 5.15 (1H, m, H-6), 5.10 (1H,
m, H-3), 4.88 (1H, m, H-8), 4.76 (1H, m, O-10-CH2O), 4.68 (1H, m,
O-8-CH2O), 4.66 (1H, m, O-8-CH2O), 4.58 (1H, m, O-10-CH2O),
3.49 and 3.27 (3H, s, O-8-CH2OCH3 and 3H, s, O-10-CH2OCH3),
2.68 (1H, m, H-4), 2.50 (1H, m, H-1), 2.37 (1H, m, H-2), 2.24 (1H,
m, H-9), 2.04 (1H, m, H-9′), 1.95 (3H, d, J 7.2, C=C(H)CH3),
1.90 (3H, s, H-13), 1.88 (3H, s, C(O)CCH3), 1.82 (1H, m, H-2),
1.67 (1H, m, H-5), 1.26 (3H, s, H-14), 1.13 (3H, d, J 7.5, H-15); dC


(150 MHz; CDCl3) 174.2 (C-12), 169.6 (C(O)CCH3), 161.4 (C-11),
138.3 (C=C(H)CH3), 127.6 (C=C(H)CH3), 126.5 (C-7), 95.2, (O-
8-CH2O), 90.7 (O-10-CH2O), 81.4 (C-6), 80.1 (C-10), 74.2 (C-3),


67.3 (C-8), 55.9 and 55.8 (O-8-CH2OCH3 and O-10-CH2OCH3),
53.4 (C-5), 47.4 (C-1), 43.8 (C-4), 37.4 (C-9), 35.0 (C-2), 27.9
(C-14), 20.6 (C(O)CCH3), 19.3 (C-15), 16.5 (C=C(H)CH3), 9.1
(C-13); mmax (film; CHCl3) 2931 (C–H), 1754 (lactone C=O), 1713
(angelate C=O); found (ESI+) [MH]+ 453.2510; C24H37O8 requires
M, 453.2488.


Diols 21


Concentrated HCl (3 drops) was added to a solution of the MOM
ethers 20 (91.0 mg, 201 lmol) in MeOH (2.0 mL). The mixture
was stirred at 40 ◦C for 3 h 45 min, cooled, quenched with
sodium bicarbonate solution (20 mL) and extracted with EtOAc
(3 × 20 mL). The combined organic phases were washed with
brine (50 mL), dried (MgSO4) and concentrated in vacuo. Column
chromatography (SiO2, EtOAc–PE 1 : 1 then 7 : 3) afforded the diol
as a 3 : 1 (R:S) mixture of C-3 epimers (74.6 mg, quantitative).
Major diastereomer (C-3-(R)): dH (600 MHz; CDCl3) 6.08 (1H,
m, C=C(H)CH3), 5.43 (2H, m, H-3 and H-6), 4.87 (1H, m, H-8),
2.75 (1H, m, H-4), 2.51 (1H, m, H-1), 2.23 (1H, m, H-5), 2.05
(2H, m, H-2 and H-9), 2.00 (3H, m, C=C(H)CH3), 1.97 (3H, s,
C(O)CCH3), 1.88 (3H, s, H-13), 1.88 (1H, m, H-9′), 1.64 (1H,
m, H-2′), 1.35 (3H, s, H-14), 1.13 (3H, d, J 7.5, H-15) (2 OH
signals not observed); dC (150 MHz; CDCl3) 174.0 (C-12), 167.7
(C(O)CCH3), 163.3 (C-7), 138.4 (C=C(H)CH3), 127.8 and 127.1
(C-11 and C=C(H)CH3), 81.2 (C-6), 80.5 (C-10), 71.8 (C-3), 62.5
(C-8), 53.2 (C-5), 50.8 (C-1), 43.7 (C-4), 40.3 (C-9), 34.9 (C-2), 33.4
(C-14), 15.8 (C(O)CCH3), 15.7 (C=C(H)CH3), 9.1 (C-13); mmax


(film; CHCl3) 3429 (OH), 2929 (C-H), 1734 (br, 2 × C=O); found
(ESI+) [MNa]+ 387.1800; C20H28O6Na requires M, 387.1784.


Butyrate 22


Butyric anhydride (36 lL, 220 lmol) was added to a solution
of alcohols 21 (73 mg, 201 lmol) in CH2Cl2 (1.0 mL) followed
by catalytic DMAP. The mixture was stirred for 1 h at room
temperature, then quenched with saturated ammonium chloride
solution (20 mL) and extracted with Et2O (3 × 20 mL). The
combined organic phases were washed with brine (50 mL), dried
(MgSO4) and evaporated under reduced pressure. At this stage,
the C-3 epimers were separable: column chromatography (SiO2,
EtOAc–PE 1 : 4) afforded the R-configured C-3 epimer 22
(46.6 mg, 64%; theoretical maximum yield = 75%); dH (600 MHz;
CDCl3) 6.10 (2H, m, H-8 and C=C(H)CH3), 5.14 (1H, d, J
11.3, H-6), 4.87 (1H, m, H-3), 2.74 (1H, m, H-4), 2.50 (1H,
ddd, J 13.7, 7.6, 7.0, H-2), 2.29 (3H, m, H-1 and CH2CH2CH3),
2.14 (1H, dd, J 14.0, 10.8, H-9), 2.05 (3H, s, C(O)CCH3), 2.04
(1H, m, H-9′), 2.00 (3H, dd, J 7.2, 1.0, C=C(H)CH3), 1.89
(3H, s, H-13), 1.66 (4H, m, H-2′, H-5 and CH2CH2CH3), 1.35
(3H, s, H-14), 1.14 (3H, d, J 7.5, H-15), 0.96 (3H, t, J 7.4,
CH2CH2CH3) (OH signal not observed); dC (150 MHz; CDCl3)
173.6 (C-12), 172.4 (C(O)CH2), 167.6 (C(O)CCH3), 159.9 (C-7),
138.3 (C=C(H)CH3), 127.67 and 127.64 (C-11 and C=C(H)CH3),
81.1 (C-6), 80.0 (C-3), 71.7 (C-10), 64.7 (C-8), 55.0 (C-5), 50.2 (C-
1), 43.6 (C-4), 36.8 (C-9), 36.0 (CH2CH2CH3), 34.7 (C-2), 33.1 (C-
14), 20.6 (C=C(H)CH3), 19.3 (C-15), 18.4 (CH2CH2CH3), 15.8
(C(O)CCH3), 13.6 (CH2CH2CH3), 9.0 (C-13); mmax (film; cm−1)
3478 (br, O–H), 2967 (C–H), 2927 (C–H), 2876 (C–H), 1757
(lactone C=O), 1733 (acetate C=O), 1718 (angelate C=O),
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1645w (C=C); [a]D −56.5 (c 1.08, CHCl3); found (ESI+) [MNa]+


457.2207; C24H34O7Na requires M, 457.2202.


Analogue 8


A solution of the alcohol 22 (8.3 mg, 19.1 lmol) in CH2Cl2


(500 lL) was treated with isopropenyl acetate (200 lL, 1.82 mmol)
and catalytic p-TsOH for 16 h at room temperature. The mixture
was then quenched with saturated sodium bicarbonate solution
(20 mL) and extracted with Et2O (3 × 20 mL). The combined
organic phases were washed with brine (40 mL), dried (MgSO4)
and evaporated under reduced pressure. Column chromatography
(SiO2, Et2O–PE 3 : 7 increasing to 1 : 1) afforded the title compound
as a colourless oil (9.0 mg, 99%); dH (600 MHz; CDCl3) 6.08
(1H, qd, J 7.1, 1.0, C=C(H)CH3), 5.93 (1H, dd, J 11.0, 5.6,
H-8), 5.18 (1H, d, J 9.0, H-6), 4.89 (1H, m, H-3), 3.01 (1H,
ddd, J 13.7, 6.9, 6.8, H-1), 2.71 (1H, m, H-4), 2.53 (2H, m, H-
2 and H-9), 2.27 (2H, t, J 7.3, CH2CH2CH3), 2.19 (1H, dd, J
14.1, 11.0, H-9), 2.01 (3H, dd, J 7.1, 1.0, C=C(H)CH3), 1.98
(3H, s, C(O)CH3), 1.90, (3H, s, C(O)CCH3), 1.84 (3H, s, H-
13), 1.64 (3H, s, H-14), 1.63 (3H, m, H-2′ and CH2CH2CH3),
1.51 (1H, dd, J 10.8, 6.1, H-5), 1.14 (3H, d, J 7.6, H-15), 0.94
(3H, t, J 7.3, CH2CH2CH3); dC (150 MHz; CDCl3) 173.4 (C-12),
172.0 (C(O)CH2), 169.8 (C(O)CH3), 167.5 (C(O)CCH3), 159.2
(C-7), 138.6 (C=C(H)CH3), 128.1 (C-11), 127.5 (C=C(H)CH3),
82.6 (C-10), 81.2 (C-6), 79.7 (C-3), 63.8 (C-8), 52.6 (C-5), 46.1
(C-1), 43.7 (C-4), 35.9 (CH2CH2CH3), 35.3 (C-9), 34.1 (C-2),
27.4 (C-14), 21.9 (C(O)CH3), 20.6 (C(O)CCH3), 19.2 (C-15),
18.4 (CH2CH2CH3), 15.8 (C=C(H)CH3), 13.5 (CH2CH2CH3), 8.9
(C-13); mmax (film; cm−1) 2966 (C–H), 1761 (lactone C=O), 1736
(acetate C=O), 1715 (angelate C=O), 1649w (C=C); [a]D −69.0
(c 0.455, CHCl3); found (ESI+) [MNa]+ 499.2311; C26H36O8Na
requires M, 499.2308.


Alcohol 27


A solution of ketone 26 (764 mg, 1.09 mmol) in THF (24 mL) at
0 ◦C was treated portionwise with sodium borohydride (214 mg,
5.66 mmol). The suspension was stirred at this temperature for 2 h
then warmed to room temperature over 1.5 h. A further portion
of sodium borohydride (86 mg, 2.27 mmol) was added and the
mixture stirred at room temperature for a further 18.5 h, at which
point it was cooled to 0 ◦C and quenched with aqueous ammonium
chloride (20 mL). After warming to room temperature over 30 min,
the solution was extracted with EtOAc (4 × 30 mL), then the
combined organics were dried (MgSO4) and concentrated in vacuo
to a clear oil. This was purified by flash chromatography (SiO2,
Et2O–PE, 1 : 4) to yield the title compound as a clear oil (704 mg,
92%, S:R ratio > 20 : 1); dH (400 MHz; CDCl3) 7.68–7.65 (4 H,
m, o-Ph), 7.44–7.33 (6 H, m, m-Ph, p-Ph), 4.74 (1 H, d, J 7.1,
O-10-CH2O), 4.70 (1 H, d, J 7.2, O-10-CH2O), 4.69 (1 H, d, J 6.8,
O-6-CH2O), 4.68 (1 H, d, J 6.7, O-8-CH2O), 4.63 (1 H, d, J 6.6,
O-8-CH2O), 4.56 (1 H, d, J 6.9, O-6-CH2O), 4.21–4.18 (1 H, m, H-
3), 4.13 (1 H, ddd, J 2.9, 6.0, 11.6, H-8), 4.06 (1 H, ddd, J 3.6, 3.6,
7.4, H-7), 3.69–3.56 (2 H, m, SiCH2CH2), 3.56 (1 H, dd, J 7.1, 7.1,
H-6), 3.38 (3 H, s, O-10-CH2OCH3), 3.34 (3 H, s, O-8-CH2OCH3),
2.86–2.78 (1 H, m, H-1), 2.82 (1 H, d, J 4.1, OH) 2.20–2.12 (1 H,
m, H-4), 1.99 (1 H, ddd, J 6.6, 6.6, 9.0, H-5), 1.90–1.80 (2 H, m,
H-9), 1.57–1.43 (2H, m, H-2), 1.12–1.08 (15H, m, H-11, H-12,


C(CH3)3), 0.94–0.90 (2H, m, SiCH2CH2), 0.01 (9H, s, Si(CH3)3)
[selected NOE contacts: H-5 to H-1, 13.3%; H-5 to H-7, 5.8%
enhancement]; dC (100 MHz; CDCl3) 135.9 (o-Ph), 135.9 (o-Ph),
134.9 (ipso-Ph), 134.2 (ipso-Ph), 129.5 (p-Ph), 127.5 (m-Ph), 127.5
(m-Ph), 96.2 (O-8-CH2O), 95.8 (O-6-CH2O), 90.8 (O-10-CH2O),
79.6 (C-6), 78.0 (C-10), 74.6 (C-3), 74.5 (C-7), 74.4 (C-8), 65.7
(SiCH2CH2), 55.6 (O-10-CH2OCH3), 55.5 (O-8-CH2OCH3), 50.0
(C-5), 46.1 (C-1), 44.1 (C-4), 38.0 (C−2), 37.5 (C-9), 28.0 (C-11),
27.1 (C(CH3)3), 19.5 (C(CH3)3), 18.1 (SiCH2CH2), 15.5 (C-12),
−1.4 (Si(CH3)3); mmax (film; cm−1) 3453w, 2953m, 2893m, 1719w,
1568w, 1463w, 1428m, 1372w, 1249m, 1193m, 1148m, 1103s, 1037s,
917m, 860m, 835m, 741m, 702s; [a]D 22.0 (c 0.30, CHCl3); found
(ESI+) [MNa]+ 725.3875; C38H62O8NaSi2 requires M, 725.3881.


Xanthate 28


Carbon disulfide (361 lL, 6.01 mmol) was added to a solution of
alcohol 27 (704 mg, 1.00 mmol) in THF (29 mL) at −78 ◦C. After
stirring at this temperature for 30 min the mixture was treated
dropwise with NaHMDS (1.3 mL of a 1 M solution in THF,
1.30 mmol). The resulting yellow solution was stirred for 1.5 h
then treated with MeI (623 lL, 10.01 mmol) and stirred for a
further 1.5 h. After this time the reaction mixture was quenched at
−78 ◦C with aqueous ammonium chloride (15 mL) then allowed
to warm to room temperature over 40 min. After partitioning
between water (10 mL) and EtOAc (30 mL) the aqueous layer was
extracted with EtOAc (3 × 30 mL). The combined organics were
dried (MgSO4) and concentrated in vacuo to a yellow oil. This was
purified by flash chromatography (SiO2, Et2O–PE, 30:70) to yield
the title compound as a yellow oil, 781 mg, 98%; dH (400 MHz;
CDCl3) 7.68–7.65 (4 H, m, o-Ph), 7.44–7.33 (6 H, m, m-Ph, p-Ph),
6.24 (1 H, dd, J 2.2, 7.2, H-7), 4.83 (1 H, d, J 7.1, O-10-CH2O),
4.74 (1H, d, J 7.1, O-10-CH2O), 4.71 (1H, d, J 7.1, O-8-CH2O),
4.69 (1H, d, J 7.1, O-8-CH2O), 4.59 (1H, d, J 6.9, O-6-CH2O),
4.57 (1H, d, J 6.9, O-6-CH2O), 4.40–4.36 (1H, m, H-8), 4.23–4.22
(1H, m (br), H-3), 3.94 (1H, dd, J 4.4, 7.2, H-6), 3.71–3.58 (2H,
m, SiCH2CH2), 3.43 (3H, s, O-10-CH2OCH3), 3.31 (3H, s, O-8-
CH2OCH3), 2.94 (1H, ddd, J 6.4, 9.8, 13.3, H-1), 2.53 (3H, s,
C(S)SCH3), 2.11–2.05 (1H, m, H-5), 1.98–1.90 (2H, m, H−9),
1.87–1.79 (1H, m, H-4), 1.53 (1H, ddd, J 3.8, 12.7, 12.7, H-2),
1.44 (1H, dd, J 6.4, 11.8, H-2′), 1.11–1.09 (6H, m, H-11, H-12),
1.08 (9H, s, C(CH3)3), 1.01–0.92 (2H, m, SiCH2CH2), 0.02 (9H, s,
Si(CH3)3); dC (100 MHz; CDCl3) 215.9 (OC(S)), 136.0 (o-Ph),
135.9 (o-Ph), 135.0 (ipso-Ph), 134.1 (ipso-Ph), 129.6 (p-Ph), 129.5
(p−Ph), 127.5 (m-Ph), 127.5 (m-Ph), 95.6 (O-8-CH2O), 94.5 (O-
6-CH2O), 90.9 (O-10-CH2O), 84.3 (C-7), 77.6 (C-10), 74.6 (C-3),
74.1 (C-6), 71.1 (C-8), 65.5 (SiCH2CH2), 55.7 (O-10-CH2OCH3),
55.5 (O-8-CH2OCH3), 49.4 (C−5), 46.3 (C-1), 45.4 (C-4), 38.5 (C-
2), 38.1 (C-9), 28.6 (C-11), 27.1 (C(CH3)3), 19.5 (C(CH3)3), 19.3
(C(S)SCH3), 18.2 (SiCH2CH2), 15.5 (C-12), −1.4 (Si(CH3)3); tmax


(film; cm−1) 3075w, 2948m, 2929m, 2889m, 2857w, 1461w, 1428m,
1373w, 1249m, 1218m, 1187m, 1149m, 1103m, 1040s, 967m, 919m,
860m, 835m, 741m, 703m; [a]D +248.5 (c 1.01, CHCl3); found
(ESI+) [MNa]+ 815.3488; C40H64O8NaSi2S2 requires M, 815.3479.


Tris-acetal 29


Bu3SnH (795 lL, 2.95 mmol) and AIBN (10 granules) were added
to a solution of xanthate 28 (781 mg, 0.99 mmol) in degassed
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toluene (43 mL) and the mixture was heated at reflux for 3 h.
After cooling to room temperature the mixture was concentrated
in vacuo, then the residue was partitioned between water (20 mL)
and EtOAc (30 mL). The aqueous layer was extracted with EtOAc
(3 × 30 mL), then the combined organics were dried (MgSO4)
and concentrated in vacuo to a clear oil. This was purified by
flash chromatography (SiO2, Et2O–PE, neat PE then 1 : 10 to 1 :
1) to yield the title compound as a clear oil (535 mg, 79%); dH


(600 MHz; CDCl3) 7.67 (4H, d (br), J 7.6, o-Ph), 7.43–7.34 (6H,
m, m-Ph, p-Ph), 4.74 (1H, d, J 7.6, O-10-CH2O), 4.73 (1H, d, J
7.6, O-10-CH2O), 4.65 (1H, d, J 7.0, O-8-CH2O), 4.62 (1H, d, J
6.8, O-6-CH2O), 4.57 (1H, d, J 6.7, O-6-CH2O), 4.56 (1H, d, J
7.0, O-8-CH2O), 4.23–4.22 (1H, m, H-3), 4.01–3.97 (1H, m, H-8),
3.66–3.55 (2H, m, SiCH2CH2), 3.52 (1H, dd, J 8.3, 8.3, H-6), 3.40
(3H, s, O-10-CH2OCH3), 3.32 (3H, s, O-8-CH2OCH3), 2.87–2.83
(1H, m, H-1), 2.17 (1H, ddd, J 3.7, 9.3, 18.1, H-7), 1.98 (1H, dd,
J 5.9, 14.4, H-9), 1.95–1.86 (2H, m, H-4, H-5), 1.80 (1H, dd, J
5.5, 14.3, H−7′), 1.56 (1H, dd, J 9.9, 14.4, H-9′), 1.49 (1H, dd, J
6.5, 12.6, H-2), 1.35 (1H, ddd, J 4.6, 12.9, 12.9, H-2′), 1.13 (3H,
d, J 6.9, H-12), 1.08 (9H, s, C(CH3)3), 1.07 (3H, s, H-11), 0.92–
0.87 (2H, m, SiCH2CH2), 0.01 (9H, s, Si(CH3)3); dC (150 MHz;
CDCl3) 135.9 (o-Ph), 135.9 (o-Ph), 134.9 (ipso-Ph), 134.1 (ipso-
Ph), 129.5 (p-Ph), 129.5 (p-Ph), 127.5 (m-Ph), 127.5 (m-Ph), 94.7
(O-8-CH2O), 93.2 (O-6-CH2O), 90.9 (O-10-CH2O), 78.1 (C-10),
74.8 (C-6), 74.5 (C-3), 70.6 (C-8), 65.2 (SiCH2CH2), 55.6 (O-10-
CH2OCH3), 55.2 (O-8-CH2OCH3), 52.1 (C-5), 46.1 (C-1), 44.5
(C-4), 40.5 (C-9), 38.4 (C-2), 37.6 (C-7), 28.7 (C-11), 27.1
(C(CH3)3), 19.5 (C(CH3)3), 18.1 (SiCH2CH2), 15.8 (C-12), −1.4
(Si(CH3)3); mmax (film; cm−1) 2953m, 2931m, 2893m, 2304w, 1456m,
1428m, 1373m, 1249m, 1191m, 1145m, 1096m, 1036s, 940m,
918m, 860m, 836m, 741m, 702m, 613m; [a]D +2.2 (c 2.6, CHCl3);
found (ESI+) [MNa]+ 709.3940; C38H62O7NaSi2 requires M,
709.3932.


Analogue 9


To a solution of alcohol 36 (6.7 mg, 0.0174 mmol) in toluene
(0.5 mL) was added sodium bicarbonate (15 mg, 0.174 mmol) fol-
lowed by (2Z)-2-methyl-2-butenoic 2,4,6-trichlorobenzoic anhy-
dride (2.7 mg, 0.087 mmol) as a solution in toluene (0.66 mL). The
mixture was heated at 80 ◦C for 18.5 h then cooled and quenched
with aqueous sodium bicarbonate (5 mL). After extracting with
EtOAc (4 × 7 mL), the combined organics were dried (MgSO4) and
concentrated in vacuo to a clear oil. This was purified twice by flash
chromatography (SiO2, EtOAc–PE, 1 : 19 to 1 : 4; then a second col-
umn: SiO2, EtOAc–PE 1 : 10 then 1 : 4) to yield the title compound
as a clear oil (7.5 mg, 92%); dH (600 MHz; CDCl3) 6.07 (1 H, qd, J
1.3, 7.1, C=C(H)CH3), 5.14–5.10 (1H, m, H-8), 5.04 (1H, dd (br),
J 9.1, 9.1, H-6), 4.71 (1H, dd, J 7.0, 13.1, H-3), 3.00 (1H, ddd, J 7.5,
7.5, 13.3, H-1), 2.53 (1H, dd, J 6.6, 14.5, H-9), 2.35 (1H, ddd, J 6.9,
6.9, 12.7, H-2), 2.32–2.24 (2H, m, CH2CH2CH3), 2.12–1.87 (5H,
m, H-4, H-5, H-7, H-9′), 2.04, 2.03 (6H, 2 × s, O-6-C(O)CH3/O-
10-C(O)CH3), 1.98 (3H, d (fine splitting), J 7.2, C=C(H)CH3),
1.88 (3H, s, C(O)CCH3), 1.66–1.63 (2H, m, CH2CH2CH3), 1.61–
1.52 (1H, m, H-2′), 1.54 (3H, s, H-13), 1.12 (3H, d, J 7.1, H-14),
0.94 (3H, t, J 7.5, CH2CH2CH3); dC (150 MHz; CDCl3) d 172.9
(O-8-C(O)CH2), 170.1, 170.0 (O-6-C(O)CH3/O-10-C(O)CH3),
168.0 (O-3-C(O)C), 138.1 (C=C(H)CH3), 127.8 (C=C(H)CH3),
83.6 (C-10), 79.1 (C-3), 71.4 (C-6), 67.4 (C-8), 50.9 (C-5), 45.2


(C-1), 43.6 (C-4), 38.0 (C-9), 37.9 (C-7), 36.5 (CH2CH2CH3), 34.3
(C-2), 27.5 (C-13), 22.4, 21.3 (O-6-C(O)CH3/O-10-C(O)CH3),
20.6 (O-3-C(O)CCH3), 18.9 (C-14), 18.3 (CH2CH2CH3), 15.8
(C=C(H)CH3), 13.7 (CH2CH2CH3); mmax (film; cm−1) 3676m,
2972s, 2902m, 1733s, 1647w, 1455m, 1406m, 1394m, 1374m, 1235s,
1177m, 1159m, 1076s, 1067s, 1046s, 946w, 880s; [a]D −46.1 (c 0.38,
CHCl3); found (ESI+) [MNa]+ 489.2442; C25H38O8Na requires M,
489.2464.


Olefin 40


KHMDS (1.43 mL, 716 lmol, 0.5 M in PhMe) was added dropwise
to a stirring suspension of methyltriphenylphosphonium bromide
(269 mg, 754 lmol) in THF (3.0 mL). The resulting yellow mixture
was stirred at rt for 1 h then cooled to −78 ◦C. The ketone
38 (291 mg, 377 lmol) was added dropwise as a solution in
THF (3.0 mL), and the mixture warmed to room temperature
with stirring for 45 min. The reaction was filtered through a pad
of silica, concentrated under reduced pressure, and purified by
column chromatography (SiO2, Et2O–PE 1 : 19) to afford the
title compound as a colourless oil (98.6 mg, 34%); dH (600 MHz;
CDCl3) 7.67 (4 H, m, o-Ph), 7.44 (2 H, p-Ph), 7.38 (4 H, m-Ph),
5.15 (1H, s, =CH), 5.12 (1H, s, C=H′), 4.70 (1H, d, J 7.2, O-
10-CH2O), 4.68 (1H, d, J 7.2, O-10-CH2O), 4.67 (1H, d, J 6.9,
O-8-CH2O), 4.51 (1H, d, J 6.9, O-8-CH2O), 4.43 (1H, dd, J 9.5,
6.5, H-8), 4.23 (1H, m, H-3), 3.95 (1H, d, J 7.6, H-6), 3.72 (1H,
ddd, J 16.3, 7.3, 6.9, SiCH2CH2), 3.49 (1H, ddd, J 16.3, 6.9, 6.2,
SiCH2CH2), 3.36 (3H, s, OCH3), 2.81 (1H, ddd, J 12.6, 7.6, 7.1,
H-1), 2.08 (1H, m, H-4), 2.00 (1H, dd, J 14.2, 6.5, H-9), 1.85
(1H, dd, J 12.6, 7.6, H-5), 1.63 (1H, dd, J 14.2, 9.5, H-9′), 1.47–
1.44 (1H, m, H-2), 1.34 (1H, m, H-2′) 1.25 (3H, s, H-14), 1.13
(3H, d, J 7.1, H-15), 1.08 (9H, s, (C(CH3)3), 0.98–0.89 (11H, m,
SiCH2CH2 and SiCH2CH3), 0.51 (6H, q, J 8.1, SiCH2CH3), 0.02
(9H, s, Si(CH3)3); dC (150 MHz; CDCl3) 150.1 (C-7), 135.90 (o-
Ph), 135.86 (o-Ph), 134.9 (ipso-Ph), 134.2 (ipso-Ph), 129.50 (p-Ph),
129.47 (p-Ph), 127.4 (m-Ph), 112.3 (=CH2), 91.3 (O-8-CH2O), 90.8
(O-10-CH2O), 78.0 (C-10), 74.2 (C-3), 72. 9 (C-6), 72.7 (C-8), 65.0
(SiCH2CH2), 56.1 (OCH3), 55.5 (C-5), 45.5 (C-1), 43.6 (C-4), 39.9
(C-9), 38.1 (C-2), 29.3 (C-14), 27.0 (C(CH3)3), 19.4 (C(CH3)3),
18.1 (SiCH2CH2), 15.7 (C-15), 6.9 (Si(CH2CH3)3), 4.7 (Si(CH2)3,
−1.4 (Si(CH3)3); mmax (film; cm−1) 2954 (C–H), 2926 (C–H), 1461
(Ar), 1428 (Ar), 835 (Si(CH3)3); [a]D −24.4 (c 0.93, CHCl3); found
(ESI+) [MNa]+ 791.4543; C43H72O6Si3Na requires M, 791.4534.


Diol 41


A solution of olefin 40 (22.7 mg, 29.5 lmol) in tBuOH (400 lL)
was treated with a biphasic solution of OsO4 (75 lL, 6.0 lmol,
2.5% by weight in tBuOH), K2CO3 (12.0 mg, 88.5 lmol),
K3Fe(CN)6 (29.0 mg, 88.5 lmol), MeSO2NH2 (8.4 mg, 88.5 lmol)
and quinuclidine (3.3 mg, 29.5 lmol) in tBuOH–H2O (600 lL,
2 : 1). The resulting mixture was stirred in the dark for 3 days
and quenched by stirring with saturated sodium sulfite solution
(5.0 mL) for 1 h. The mixture was diluted with H2O (10 mL) and
extracted with Et2O (3 × 20 mL). The combined organic phases
were washed with brine (50 mL), dried (MgSO4) and evaporated
under reduced pressure. Column chromatography (SiO2, Et2O–
PE 1 : 9) afforded the diol as a colourless oil (19.2 mg, 81%); C-7
stereochemistry tentatively assigned as (R): weak NOE (<1%)
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observed between H-6 and H-11, NOESY coupling between H-6
and H-11 observed. No NOESY or NOE interaction observed
between H-11 and H-8; dH (600 MHz; CDCl3) 7.67 (4H, m, o-Ph),
7.44 (2H, p-Ph), 7.38 (4H, m-Ph), 4.84 (1H, d, J 7.3, O-10-CH2O),
4.80 (1H, d, J 6.7, O-8-CH2O), 4.71 (1H, d, J 7.3, O-10-CH2O),
4.69 (1H, d, J 6.7, O-8-CH2O), 4.22 (1H, m, H-3), 4.00 (1H, br d,
J 8.6, OH), 3.92 (1H, dd, J 11.0, 2.5, H-8), 3.79 (1H, d, J 10.7,
H-11), 3.74 (1H, dd, J 9.3, 5.7, H-6), 3.63 (3H, m, SiCH2CH2


and H-11′), 3.47 (3H, s, OCH3), 3.31 (1H, br s, OH), 2.83 (1H, m,
H-1), 2.36 (1H, m, H-5), 2.29 (1H, m, H-4), 1.82 (1H, dd, J 14.7,
11.0, H-9), 1.76 (1H, dd, J 14.7, 2.5, H-9′), 1.48 (1H, m, H-2), 1.43
(3H, s, H-14), 1.32 (1H, m, H-2′), 1.11 (3H, d, J 7.0, H-15), 1.08
(9H, s, C(CH3)3), 0.91 (11H, m, SiCH2CH2 and SiCH2CH3), 0.57
(6H, q, J 8.0, SiCH2CH3), −0.10 (9H, s, Si(CH3)3); dC (150 MHz;
CDCl3) 135.9 (o-Ph), 135.8 (o-Ph), 135.0 (ipso-Ph), 134.1 (ipso-Ph),
129.5 (p-Ph), 127.52 (m-Ph), 127.46 (m-Ph), 95.9 (O-8-CH2O), 90.6
(O-10-CH2O), 79.6 (C-10), 78.7 (C-7), 77.4 (C-8), 74.9 (C-3),
72.5 (C-6), 65.3 (SiCH2CH2), 64.0 (C-11), 55.6 (OCH3), 48.5
(C-5), 46.7 (C-1), 42.0 (C-4), 38.2 (C-9), 38.0 (C-2), 29.6 (C-
14), 27.1 (C(CH3)3), 19.4 (C(CH3)3), 18.0 (SiCH2CH2), 15.4 (C-
15), 6.7 (Si(CH2CH3)3), 4.3 (Si(CH2CH3)3), −1.5 (Si(CH3)3); mmax


(film; cm−1) 3413 (br, O–H), 2929 (C–H), 1460 (Ar), 1428 (Ar),
822 (Si(CH3)3); [a]D +61.4 (c 0.28, CHCl3); found (ESI+) [MNa]+


825.4572; C43H74O8Si3Na requires M, 825.4589.
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as well as the corresponding MOM-deprotected derivative (9.1%). The
two analogous C-3 tiglate compounds (in which the angelate esters
had isomerised) were also isolated (3.6% and 4.2%, respectively). See
Experimental section and ESI† for further information.
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It has been documented that 5-methylene-Meldrum’s acid derivatives (1, 12) and their enols (2, 13) can
undergo fragmentation to malonic anhydrides (4, 19), carboxyketenes (3, 16) and methyleneketene (5,
21, 35), as well as cyclization to pyrrole-3-one and thiophene-3-one derivatives 11a,b (but not
furan-3-ones 11c) under the conditions of flash vacuum thermolysis (FVT). Here we report theoretical
calculations at the B3LYP/6–311 + G(2d, p) and G3X(MP2) levels of theory, which allow a
rationalization of these observations. The calculated activation barriers for these reactions are all of the
order of 37–40 kcal mol−1. Hydroxyacetylenes (alkynols) 7 are sometimes observed in FVT reactions of
Meldrum’s acid derivatives. Their formation is now explained as an FVT reaction of the carboxyketenes
(e.g. 3 → 7 and 32 → 34) with a calculated activation barrier of ca. 39 kcal mol−1. The cyclization of
alkylamino- and alkylthio-substituted methyleneketenes 8a,b to pyrrolone and thiophenone derivatives
11a,b is found to be energetically very feasible under FVT conditions, and even in some cases in
solution, with activation barriers of 33–39 kcal mol−1. This cyclization takes place via the fleeting ylidic
ketene intermediates 9a,b, 25, and 37a,b, which exist in very shallow energy minima. Alkoxy-substituted
methyleneketenes 8c do not cyclize in this manner due to the rather high, but in principle not
impossible, activation barriers for the initial 1,4-H shifts to the ylidic ketenes 9c (ca. 47 kcal mol−1).


Introduction


Derivatives of Meldrum’s acid (1,3-dioxane-4,6-dione) are ex-
cellent precursors for the production of a variety of ketenes,
propadienones, iminopropadienones, and other reactive molecules
by flash vacuum thermolysis (FVT).1 It has been demonstrated
that simple 5-alkylidene derivatives 1 of Meldrum’s acid can
interconvert with enol tautomers 2 in solution.2a In FVT reactions,
the enol tautomers may be populated by evaporation of the solids
or by tautomerization on the hot surface of the quartz thermolysis
tube. A 6-electron cycloreversion reaction of the retro-Diels Alder
type causes fragmentation of 2 to carboxyketenes 3 (Scheme 1).2


Fragmentation of the keto forms 1 leads to methyleneketenes
5 directly. In one case (R-R′ = 1-methylpyrrolidin-2-ylidene)
the anhydride 3-methyleneoxetane-2,4-dione 4 was isolable.3 The
fragile oxetane 4, in turn, eliminates CO2 to provide a second
route to methyleneketenes 5. This route (3 → 4 → 5) is
the major reaction channel for vinyl(carboxy)ketenes.2 However,
for phenyl(carboxy)ketene this reaction is less likely, as the
cyclization to 4 would destroy the benzene resonance. There-
fore, phenyl(carboxy)ketene 3 decarboxylates to phenylketene 6
instead.2e There has been much discussion in the literature2,4 about
the direct rearrangement of methyleneketenes 5 to vinylketenes 6,
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bDepartment of Chemistry, National University of Singapore, 3 Science
Drive, Singapore, 117543, Singapore. E-mail: chmwmw@nus.edu.sg
† Electronic supplementary information (ESI) available: Computational
data for all calculated species. IRC curves for TS 22, TS 24 and TS 29. See
DOI: 10.1039/b702518a


but since this constitutes a 1,3-H shift, it is expected to have a
high activation barrier. There is strong experimental evidence that
this reaction (5 → 6) does occur in alkylmethyleneletenes, but it
requires forcing FVT conditions (ca. 800 ◦C).2b


Weak signals ascribed to vinylethynols 7 have also been observed
experimentally by low temperature IR spectroscopy, and their role
as precursors of vinylketenes 6 was discussed.2b However, the latter
reaction (7 → 6) is again a 1,3-H shift, which will have a high
activation barrier unless the reaction takes place as a surface-
catalyzed reaction on the hot quartz surface. Carboxyketenes 3
constitute a more promising source of the ethynols 7 by means of
a pseudopericyclic 1,5-H shift (Scheme 1).


Methyleneketenes 8 having an RX substituent (X = NR′′ or S;
Scheme 1) have been postulated to undergo an intriguing 1,4-H
shift from the CH2R′ group (R′ = H or alkyl) to furnish transient
ylidic ketenes 9, which, however, have never been observed directly.
The evidence for the existence of 9 is the isolation of their
cyclization products 11 when X = R′N,1c,2d,3,5 or S1c,6 (but not2d


when X = O). Here, we examine the reactions described in
Scheme 1 computationally.


Results and discussion


Computational methods


Calculations for the pyrrolidinylidene derivatives described in
Scheme 2 were carried out the B3LYP/6–311 + G(2d,p) level
of theory,6 which has been shown to provide adequate agreement
with experimental data in many instances.7 Energies of ground and
transition state structures are ca. 5–9 kcal mol−1 lower at this level
than at the very popular B3LYP/6–31G* level (see table of relative
energies of all calculated species in the ESI†). Some transition
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Scheme 1


state energies may still be too high at the B3LYP/6–311 + G(2d,p)
level. All energies were corrected for zero point vibrational energies
(ZPVE), and all transition state (TS) structures were characterized
by having one imaginary vibrational frequency. The identities of
several key transition states were confirmed by intrinsic reaction
coordinate (IRC) calculations. Examples are shown in Fig. S1–S3
in the ESI.†


The structures and energies of the species related to the
formation and cyclization of the ylidic ketenes 9 (37) (X = NH,
S, O; Schemes 1 and 3) were examined using the G3X(MP2)
theory.8 This composite method corresponds effectively to
QCISD(T)/G3XL//B3LYP/6–31G(2df,p) energy calculations
together with zero-point vibrational and isogyric corrections. The
G3X(MP2) theory represents a modification of the G3(MP2)
theory with three important changes: (1) B3LYP/6–31G(2df,p)
geometry, (2) B3LYP/6–31G(2df,p) zero-point energy, and (3)
addition of a g polarization function to the G3Large basis set
for the second-row atoms at the Hartree–Fock level. All three
features are particularly important for the proper description


Scheme 2 Reactions of the pyrrolidine derivatives. Compound numbers
in bold; relative energies of ground and transition state (TS) structures
in kcal mol−1 at the B3LYP/6–311 + G(2d,p) level in Arabic numerals.


of the sulfur-containing species examined in this publication.
For several investigated species, a charge density analysis was
performed using the natural bond orbital (NBO) approach9 based
on the B3LYP/6–31G(2df,p) wavefunction. All calculations were
performed using the GAUSSIAN 03 suite of programs.6


Reactions


The reactions of the pyrrolidinylidene derivative3 12 of Meldrum’s
acid are summarized in Scheme 2 together with the calculated
energies of ground and transition state structures at the B3LYP/6–
311 + G(2d,p) level of theory. The enol tautomer 13 is considerably
higher in energy (23 kcal mol−1) than the keto form 12, but
it would be readily accessible in FVT reactions, and there is
experimental evidence for the involvement of enols of alkylidene-
Meldrum’s acids in solution.2a Loss of acetone from the keto-
form of Meldrum’s acid 12 affords the isolable malonic anhydride
(oxetanedione) 19 via an activation barrier TS 14 of 37 kcal mol−1.
19 was characterized by IR and NMR spectroscopy.3 Loss of
acetone from the enol 13 leads to carboxyketene 16 via a transition
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state TS 15, which lies ca. 18 kcal mol−1 above 13 (41 kcal mol−1


above the keto-form 12). The reaction 13 → 16 is slightly
exothermic. Carboxyketene 16 has not actually been observed in
this particular FVT reaction, but many examples of the formation
of carboxyketenes of this type have been observed in analogous
reactions.2 Oxetane 19 undergoes easy loss of CO2 to yield the
methyleneketene 21. The reaction takes place at room temperature,
and both 21 and the CO2 formed were observed by 13C NMR
spectroscopy.3 In good agreement with this observation, the
calculated activation barrier for this process is ca. 19 kcal mol−1 via
TS 20 (drawings of the calculated transition structures are shown
in the ESI†). There may be a second route to oxetane 19 from
carboxyketene 16 by an attractive pseudopericyclic cyclization
accompanied by a 1,5-H shift, but a transition state for this
cyclization (16 to 19) was not located, since 16 decarboxylated
directly to 21 with an activation energy of only ca. 12 kcal mol−1


via TS 23. This low barrier explains the difficulty of observing
16 in this FVT reaction. Furthermore, carboxyketene 16 lies ca.
21 kcal mol−1 above the isolable oxetane 19. Carboxyketene 16
could also have been thought to decarboxylate to vinylketene
18, but this compound has a higher energy than both 19 and
21 and was not, in fact, observed experimentally.3 The calculated
barrier for this decarboxylative 1,3-shift 16 → TS 17 → 18 is
ca. 65 kcal mol−1. Vinylketenes have, however, been observed
in other FVT reactions of alkylidene-Meldrum’s acid derivatives
under forcing conditions,2,4 and in agreement with this, we find a
high activation barrier (ca. 64 kcal mol−1) for the conversion of
methyleneketene 21 to the higher energy vinylketene 18. The high
barrier can be ascribed to the reaction being a 1,3-H shift, taking
place via a 4-membered cyclic TS 22.


Up to this point, the two experimentally observed species, 19
and 21, have the lowest relative energies, 0 and 1.6 kcal mol−1,
respectively. Higher temperature is needed for further reaction
to occur. On FVT at 800 ◦C the otherwise remarkably stable
methyleneketene 21 undergoes an intriguing rearrangement3 to
27, postulated to proceed by a 1,4-H shift to generate the transient
ylidic ketene 25 via the TS 26. Ylide 25 exists in a shallow minimum
29 kcal mol−1 above methyleneketene 21, with only a 1 kcal mol−1


barrier to cyclization to the final FVT product 27, which is the
global minimum. This being the case, it is not surprising that all
attempts to observe ylidic ketenes of type 25 have failed,1b,5 and
the 1 kcal mol−1 computed barrier is hardly of any significance at
the high temperature of the reaction. The ylidic ketenes will be
examined in more detail using G3X(MP2) calculations below.


Hydroxyacetylenes


There is strong infrared spectroscopic evidence for the formation
of small amounts of hydroxyacetylenes 7 in some reactions of
alkylidene-Meldrum’s acids.2b The possible formation of ynols 30
from alkylmethyleneketenes 28 by a formally allowed 1,5-H shift
is endothermic by ca. 21 kcal mol−1 and requires a highly strained
transition structure TS 29 (eqn (1)) and an activation barrier of the
order of 77 kcal mol−1 (the reactions in eqn (1) were examined at
the G2(MP2) level, as a transition state could not be located using
B3LYP calculations). The formally ‘forbidden’ 1,3-H shift from
ynol 30 to vinylketene 31 (eqn (1)) also has a very high activation
barrier of ca. 109 kcal mol−1, although it is highly exothermic (by
ca. 34 kcal mol−1). Therefore, the formation2b of hydroxyacetylenes


is not likely to take place via eqn (1). A much more appealing
route to hydroxyacetylenes proceeds from the s-E conformers of
carboxyketenes, e.g. 3 → 7 (Scheme 1) and 32 → 34 (eqn (2)).
This reaction was examined at the B3LYP/6–311 + G(2d,p) level.
The reaction via TS 33 is endothermic by 14 kcal mol−1 and has
a barrier of 39 kcal mol−1 (see IRC curve in the ESI†). This is a
feasible reaction under FVT conditions and explains the formation
of small quantities of alkynols.2 Once formed and isolated at
low temperatures, the exothermic isomerization of alkynols to
vinylketenes or methyleneketenes can take place by intermolecular
H-transfer in the solid state or on the surface of the quartz
thermolysis tube.


(1)


(2)


Ylidic ketenes (X = NH, S, O)


High-level G3X(MP2) calculations were used to examine the en-
ergy profiles for cyclization of the three types of methyleneketenes
CH3XC(H)=C=C=O 35a–c (Scheme 3). The calculated relative
energies of the various equilibrium structures and transition states
are summarized in Table 1. Very similar relative energies were
obtained for the homologous series of C-methyl-methyleneketenes
CH3XC(CH3)=C=C=O and their isomers. As expected, the


Scheme 3 Cyclization of methyleneketenes CH3XC(H)=C=C=O.
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Table 1 Calculated relative energies (G3X(MP2); kcal mol−1) of
methyleneketenes CH3XC(H)=C=C=O 35a–c and related isomeric
species


Species X = NH (a) X = S (b) X = O (c)


Methyleneketene 35 0.0 0.0 0.0
1,4-H shift TS 36 39.1 32.9 47.4
Ylidic ketene 37 24.6 21.8 38.1
Ring closure TS 38 25.5 22.8 38.8
Five-membered ring 39 −26.5 −33.8 −30.2


cyclization of the methyleneketenes is strongly exothermic in all
cases (Table 1). The formation of the ylidic ketene 37 is the
rate-determining step in the overall cyclization reaction. The
CH3NH-substituted methyleneketene 35a has a calculated barrier
of 39 kcal mol−1 for the 1,4-H shift to the ylidic ketene 37a.
This value is virtually identical with that calculated for the
pyrrolidine series in Scheme 2, i.e. 21 → 25, at the B3LYP/6–
311 + G(2d,p) level. In the alkylthiomethyleneketene series (X =
S), the ylidic ketene 37b is ca. 22 kcal mol−1 less stable than the
methyleneketene 35b, and the 1,4-H shift TS 36b lies at a moderate
33 kcal mol−1 above 35b. In the oxygen series, in contrast, the
ylidic ketene intermediate 37c is significantly higher in energy
(ca. 38 kcal mol−1), and the 1,4-H shift transition state TS 36c
is substantially higher (ca. 47 kcal mol−1). The trend of the
activation barriers (S < NH < O) follows the stabilities of the
ylidic ketenes (Table 1), and the relative stabilities of these ylides
is related inversely to the electronegativity of X. Nitrogen and
sulfur, being less electronegative than oxygen, are apparently better
able to stabilize the ylides, although other factors may also be of
importance. This simple argument is supported by the calculated
charge distributions in the ylides, based on the NBO analysis.
The calculated NBO charges of the X atoms are +0.72, +0.03
and −0.37 for X = S, NH and O, respectively. There are two
possible conformations of the ylidic ketenes: s-trans and s-cis.
The s-cis form is slightly more favourable, by ∼1 kcal mol−1


in all 3 cases. The ring closing reactions of the ylidic ketene
intermediates to the five-membered rings 39 via transition state
TS 38 is predicted to be extremely facile. In all cases, the barrier
height is only about 1 kcal mol−1. Not surprisingly, the geometry
of TS 38 resembles the structure of the ylidic ketene 37 (see
Fig. 1). Given this very low activation barrier for ring closure, it is
unlikely that the ylides will be observable. Thus, in agreement with
experimental observations,1b,3,5 the rearrangement to ylidic ketenes
37 and consequently cyclization to pyrrolones and thiophenones
39 is feasible for the N- and S-substituted methyleneketenes, but
more difficult, although in principle not impossible, for the O-
substituted analogs. It is just that the alkoxymethyleneketenes 35c
are thermodynamically quite stable, and hence isolable, and they
have high activation barriers towards further reaction.


Conclusion


In conclusion, the formation of the observable FVT products,
malonic anhydride 19 and methyleneketene 21, is readily explained
by means of fragmentation reactions of the Meldrum’s acid
derivative 12 and its enol 13 with activation energies of ca. 37
and 41 kcal mol−1, respectively. Carboxyketenes such as 16 have


Fig. 1 Calculated geometries (B3LYP/6–31G(2df,p)) of the isomers and
transition states of methyleneketenes CH3XC(H)=C=C=O 35a, 35b (in
parentheses) and 35c [in brackets] (G3X(MP2)). Selected bond lengths
in Å and angles in degrees.


been observed in several other FVT reactions of Meldrum’s acid
derivatives.2 The formation of malonic anhydrides, such as 19, as
well as methyleneketenes, such as 21, requires the possibility of
accommodating the exocyclic C=C double bond. This is a much
less likely process in phenyl-Meldrum’s acid and not possible in
the unsubstituted Meldrum’s acid; in these compounds, therefore,
the carboxyketenes analogous to 16 decarboxylate directly to
vinylketenes of the type 18.2e


The formation of hydroxyacetylenes (alkynols)2b 7 (and likewise
30 and 34) in FVT reactions of Meldrum’s acid derivatives is
now explained as an FVT reaction of the carboxyketenes 3 →
7 (Scheme 1) and 32 → 34 (eqn (2)). This reaction has a low
enough activation barrier, ca. 39 kcal mol−1, to be feasible under
FVT conditions, competitive with the other observed reactions,
and much easier than the formation of vinylketenes 18.


The cyclization of alkylamino- and alkylthio-substituted
methyleneketenes 8a,b, 21, and 35a,b to pyrrolone and thio-
phenone derivatives 11a,b, 27, and 39a,b (Schemes 1–3), which
has been observed experimentally in several methyleneketenes,3,5


is energetically very feasible under FVT conditions, and the
activation barriers are low enough (ca. 33 kcal mol−1) that the
reaction could even take place in solution in some cases when
X = S. It is a stepwise process taking place via the ylidic
ketene intermediates 9a,b, 25, and 37a,b, which exist in very
shallow energy minima, and the formation of these ylides is
the rate-determining step. The reluctance of alkoxy-substituted
methyleneketenes 8c and 35c to cyclize in this manner is due to
the relative stability of these compounds and the rather high, but
in principle not impossible, activation barriers for the initial 1,4-H
shifts to the ylidic ketenes 9c and 37c.
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We report the development of a new fluorescence sensor for reactive oxygen species (ROS) based on a
benzofurazan structure. The sensor, NBFhd, is initially non-fluorescent and reacts with peroxyl radicals
by hydrogen transfer in an aqueous medium under neutral conditions to release the fluorescent
N-methyl-4-amino-7-nitrobenzofurazan (NBF) and 1,4-benzoquinone. NBFhd shows excellent
contrast and no interference in the region of cell autofluorescence and is a new tool to detect ROS in
homogeneous and biological systems.


Introduction


Reactive oxygen species (ROS) formed during the metabolism of
oxygen are believed to be implicated in aging processes and nu-
merous diseases such as atherosclerosis and cancer.1–6 Recently, in
order to gain insight into the exact implication of ROS in different
physiopathologies, research has focused on the characterization of
new sensors able to detect ROS in organisms.7–11


Because of its non-invasive character and its high sensitiv-
ity, fluorescence is frequently the preferred technique to detect
ROS in vitro as well as in vivo. Several fluorescence sensors
have been developed for this purpose; among them, 2-[6-(4′-
hydroxy)phenoxy-3H-xanthen-3-on-9-yl] benzoic acid (HPF) is
commercially available. This molecule, initially non-fluorescent,
is able to release fluorescein, a highly fluorescent compound, upon
interaction with ROS.8,12 In an earlier publication, we investigated
the mechanism of reaction of the HPF sensor.12 We demonstrated
the ability of HPF to react with peroxyl radicals and other
oxidizing agents. We also characterized the formation of the
corresponding phenoxyl radical as the initial oxidation product
and we proposed that the reaction was then followed by radical–
radical reactions and hydrolysis, the latter being responsible for
the release of the fluorescent moiety.


The key characteristic of fluorescent sensors of this type
is the covalent binding between a fluorescent moiety and a
removable fluorescence quencher. In the case of HPF, these
functions are performed by moieties derived from fluorescein and
p-hydroxyquinone, respectively.


In the present work, we have used a similar concept for the
design of a new fluorescent sensor for ROS. We synthesized a new
molecule, NBFhd, which contains a fluorescent compound, N-
methyl-4-amino-7-nitrobenzofurazan (NBF), tethered to a pheno-
lic structure that acts as a quencher and also as a hydrogen donor.
This new sensor has several key advantages over HPF, including a
simple high-yield and inexpensive synthesis, an exceptionally high
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contrast, and fluorescence in a region of the visible spectrum that
minimizes interference by cell autofluorescence.


Experimental


Synthesis of nitrobenzofurazan derivatives


All the chemicals were purchased from Aldrich and used as
received. The 1H and 13C NMR spectra were recorded on a Bruker-
Avance-400 spectrometer at 400 MHz. Samples were prepared in
methyl sulfoxide-d6 (99%) purchased from Aldrich. The chemical
shifts are quoted using the d scale and the coupling constants are
expressed in Hz. Mass spectra (EI) were recorded on a Kratos-
Concept-II instrument.


1. Synthesis of N-methyl-4-amino-7-nitrobenzofurazan (NBF).
The compound NBF was prepared according to the literature
procedure.13 Briefly, 1 g of 4-chloro-7-nitrobenzofurazan (5 mmol)
was dissolved in 30 ml of methanol, to which 7.5 mmol of
methylamine hydrochloride was added. The mixture was refluxed
at 75 ◦C under N2. Then 1.26 g (15 mmol) of sodium hydrogen
carbonate, dissolved in 20 ml of millipore water, was added
dropwise while stirring. While cooling, red crystals of the desired
compound precipitated. 1H NMR (DMSO-d6, 298 K): d = 3.05
(s, 3H), 6.3 (d, J = 8.8 Hz, 1H), 8.51 (d, J = 8.8 Hz, 1H), 9.48
(s, 1H). 13C NMR (DMSO-d6, 298 K, decoupled): d = 30.59,
99.5, 121.14, 138.45, 144.49, 144.72, 146.26. Mp: 259 ◦C–261 ◦C
(264 ◦C–265 ◦C).13 EI found: 194 m/z.


2. Synthesis of 4[N-methyl-N(4-hydroxyphenyl)amino]-7-nitro-
benzofurazan (NBFhd). The synthesis of NBFhd has never been
reported previously. 500 mg of 4-chloro-7-nitrobenzofurazan
(2.5 mmol) was dissolved in 20 ml of methanol, to which 1.29 g
(3.75 mmol) of 4-(methylamino)phenol sulfate was added. The
mixture was refluxed at 75 ◦C under N2 for 1 h. Then 0.76 g
(7.5 mmol) of sodium hydrogen carbonate, dissolved in 10 ml of
millipore water, was added dropwise under stirring. While cooling,
bright red crystals of the desired compound precipitated (668 mg,
93% yield). 1H NMR (DMSO-d6, 298 K): d = 3.81 (s, 3H), 6.21
(d, J = 8.8 Hz, 1H), 6.89 (d, J = 8.8 Hz, 2H), 7.24 (d, J = 8.8 Hz,
2H), 8.45 (d, J = 9.2 Hz, 1H), 9.97 (s, 1H). 13C NMR (DMSO-d6,
298 K, decoupled): d = 45.2, 104.64, 117.1, 121.58, 127.89,
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136.64, 137.32, 145.17, 145.18, 147.04, 157.79. Mp: 250 ◦C–
252 ◦C. The accurate mass was measured to be 286.0648 m/z for a
structure C13H10N4O4. X-ray quality crystals were grown by slow
evaporation of a dimethylformamide–dichloromethane solution.
The data and the structure of the molecule are shown in the ESI†.


Fluorescence measurements


Steady state emission spectra were recorded using a Photon Tech-
nology International fluorimeter. The excitation of the sensor was
set at 468 nm. When necessary, the temperature was maintained at
40 ◦C using a cuvette holder equipped for circulating thermostated
water.


Lifetime fluorescence measurements were performed on a
easylife LS (Photon Technology International). The excitation
was performed with a 440 nm pulsed LED and the emission was
measured at 525 nm.


Computational details


All calculations were performed using the Gaussian 03 suite of
programs.14 Optimized gas-phase geometries were obtained using
the Becke3 exchange functional,15 in combination with the Lee,
Yang, and Parr correlation functional,16 i.e. the B3LYP method,
as implemented in Gaussian 03. The 6–31+G(d′,p′) basis set17–23


was used for geometry optimizations and energy calculations.
Calculating the harmonic vibrational frequencies and noting the
number of imaginary frequencies confirmed the nature of all the
intermediates (NImag = 0). Solvent effects were approximated
with single-point calculations using B3LYP/6–31+G(d′,p′) on
gas-phase B3LYP/6–31+G(d′,p′) geometries using the IEF-PCM
method24–26 with the water solvent parameters. The atomic radii
for the IEF-PCM calculations were specified using the UAHF
keyword, while the free energy of solvation was generated using the
SCFVAC keyword. Mulliken27 atomic spin densities were obtained
from the gas-phase B3LYP/6–31+G(d′,p′) geometries.


Results and discussion


Our main interest was to develop a sensor able to release a
molecule with a fluorescence maximum in a region where cellular
fluorochromes such as flavin and NADPH do not show a signif-
icant autofluorescence.28 N-methyl-4-amino-7-nitrobenzofurazan
(NBF) proved to be an interesting candidate.13,29–31 This molecule
presents an absorption maximum at 468 nm and a fluorescence
maximum at 540 nm, well separated from cell autofluorescence.
The synthesis of NBFhd was based on a strategy similar to that
reported by Heberer et al.13 The high-yield one-pot synthesis is
outlined in Scheme 1.


Scheme 1 Synthesis of NBFhd.


The structure of NBFhd was unequivocally determined by
X-ray crystallography on a crystal obtained from a mixture
of dimethylformamide and dichloromethane (see ESI†). The
accurate mass of NBFhd gave 286.0648 g mol−1and is in agreement
with the proposed structure. 1H and 13C NMR spectra of NBFhd
are also consistent with the proposed structure and confirm the
purity of the sample (see ESI†).


The new probe, NBFhd, presents an absorption maximum
at 500 nm (Fig. 1) with a molar extinction coefficient of
22810 M−1 cm−1; NBFhd does not show any fluorescence within
our detection limit, thus offering excellent contrast for the
detection of ROS. The absence of fluorescence can be rationalized
on the basis of an electron transfer between the phenol moiety
and the excited NBF chromophore. Indeed, as reported on
the Stern–Volmer plot in Fig. 2, phenol is able to quench the
fluorescence of excited NBF. The fluorescence lifetime of NBF
was measured as 6.0 ns (data not shown), which gives a measured
quenching constant of 3.6 × 1010 M−1 s−1. This value is diffusion
controlled, which is not surprising since a similar value has already
been reported for fluorescence quenching of eosin by phenol.32


In phosphate buffer at pH 7 containing 1% DMSO, the two
molecules, NBF and NBFhd, obey the Beer–Lambert law between
at least 1 × 10−7 M and 5 × 10−5 M, indicating the absence of self-
association in the ground state.


Fig. 1 Absorption (left) and fluorescence (right) spectra of a 5 × 10−6 M
solution of NBF (thin line) and NBFhd (thick line) in phosphate buffer
solution (PBS) at pH 7.4. The excitation wavelength was set at 468 nm
and fluorescence spectra (right axis) for unexposed samples include a few
identifier points (�).


Fig. 2 Stern–Volmer plot of the quenching of fluorescence of a 5 × 10−6 M
NBF solution in methanol by phenol.
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The ability of the new fluorescent probe, NBFhd, to react
with reactive oxygen species was monitored by fluorescence
spectroscopy. As illustrated in Fig. 3, when peroxyl radicals
are generated by the thermal decomposition of 2,2′-azobis(2-
amidinopropane) dihydrochloride (AAPH) at 40 ◦C in aerated
solutions,33,34 an increase in fluorescence is observed with time
and was attributed to the release of the fluorescent NBF molecule
following radical attack on NBFhd; this was demonstrated by
HPLC with fluorescence detection (see ESI†). The decrease of
fluorescence observed in Fig. 3 after 120 min is likely due to peroxyl
radical attack on NBF.


Fig. 3 Evolution of the fluorescence intensity of an aerated NBFhd (5 ×
10−6 M) solution in PBS (pH 7.4) at 40 ◦C in the presence of AAPH (5 ×
10−3 M). The excitation wavelength was set at 468 nm. The inset represents
the evolution of the intensity at 540 nm.


The increase of fluorescence shown in Fig. 3 is completely
inhibited when TROLOX (a water soluble analog of Vitamin E
and an excellent hydrogen donor) is present in solution (Fig. 4),
indicating that the release of NBF from NBFhd is due to
its reaction with peroxyl radicals. The fact that an equimolar


Fig. 4 Effect of the addition of TROLOX, 5 × 10−6 M, on the release
of NBF from a NBFhd solution (5 × 10−6 M) in PBS (pH 7.4) at 40 ◦C
in presence of AAPH 5 × 10−3 M. Circles correspond to the solution in
the absence of TROLOX and the squares are the solution in presence of
TROLOX. The wavelength of excitation was set at 468 nm.


concentration of TROLOX totally suppresses the release of NBF
suggests that the rate constant for radical attack on TROLOX is
significantly faster than that for NBFhd.


A GC/MS analysis of the products of the reaction between
NBFhd and peroxyl radicals indicate that 1,4-benzoquinone is a
product formed in this reaction (see ESI†). The results suggest
that the mechanism of reaction of the NBFhd sensor is similar
to that proposed for the commercially available probe, HPF.12


Peroxyl radicals are expected to abstract the hydrogen atom from
the phenolic moiety leading to the formation of the corresponding
phenoxyl radical, followed by reaction with a second peroxyl
radical and water as shown in Scheme 2. In aqueous solution
hydrogen atom transfer is likely mediated by electron transfer.35,36


Scheme 2 Proposed mechanism of reaction of the NBFhd sensor with
peroxyl radicals.


Density functional theory (DFT) calculations at the B3LYP/6–
31+G(d′,p′) level of theory indicate that hydrogen abstraction from
NBFhd by the model peroxyl radical •OOCH3 is approximately
thermoneutral (Fig. 5).


Fig. 5 Calculated gas-phase and solvent corrected relative free energy of
hydrogen abstraction.


Analysis of the spin density of the NBFhd radical reveals that
the radical character is delocalized throughout the phenol moiety,
with the greatest spin densities located on the phenol oxygen and
on the carbon atoms that are ortho and para to the phenol oxygen
(Fig. 6), as expected.


Fig. 6 Mulliken atomic spin densities of the NBFhd radical at the
B3LYP/6–31+G(d′,p′) level of theory. Spin densities between −0.05 and
0.05 are not shown. Unlabeled atoms are C (grey) and H (light grey).
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It is believed that the mechanism by which a second peroxyl
radical and water react with the NBFhd radical to release NBF and
1,4-benzoquinone involves attack at the para-position. However,
regardless of the mechanism by which NBF is released, the
NBFhd radical that was generated by hydrogen transfer, likely
will couple with other radicals, including peroxyl radicals. Using a
smaller model (Model 2, Fig. 7), we calculated the structures and
energies of isomers in which the peroxyl radical coupled to the
NBFhd radical in the ortho- and para-positions. These calculations
revealed that all of the conformers in which coupling occurs at the
ortho-positions are lower in energy than the isomers in the para-
position, which is likely because of the steric bulk of the NBF unit.


Fig. 7 Gas-phase relative free energies of the ortho- and para-coupling
products for two models at the B3LYP/6–31+G(d′,p′) level of theory
compared to the gas-phase relative free energy of •OC6R2H2NCH3R′ +
•OOCH3 set to 0.0 kcal mol−1 (see ESI† for structures and computational
details).


The favorable energetics for formation of the ortho-coupling
product may serve as a side reaction that does not involve NBF
release. This result might explain why experimentally only 15 to
20% of NBF is released from the reaction of NBFhd with the
peroxyl radical.


The interaction of NBFhd with other reactive oxygen species
(ROS) was also investigated. As shown in Fig. 8, NBFhd is able
to react with •OH and O2


•− to release NBF, while H2O2 seems
to have no effect on the fluorescent sensor. We note that only
qualitative comparisons can be made from these results since the
rate of production of ROS, as well as the rate constant of NBFhd
towards those ROS, are not known.


Fig. 8 Fluorescence increase from a 5 × 10−6 M solution in PBS pH 7.4
upon reaction with •OH produced by a Fenton reaction [H2O2 1 mM
(white block), after addition of FeSO4 100 lM (grey block), after a second
addition of FeSO4 100 lM (black box)], H2O2 100 lM at 40 ◦C (white block
t = 0 min, grey block t = 30 min) and O2


•− produced by decomposition of
KO2 100 lM at 40 ◦C (white block t = 0 min, grey block t = 30 min, black
block t = 60 min).


While the NBF released shows fluorescence emission in a region
where cell autofluorescence is weak, its fluorescence quantum yield
is modest in water (0.026 31). However, according to Uchiyama
et al.,31 the fluorescence quantum yield increases when the polarity
of the solvent decreases; this quantum yield was estimated to
be 0.23 in methanol, 0.31 in ethanol and 0.37 in propanol.
The polarity of those solvents is close to that found within
membranes.37 The polarity of NBF and NBFhd is also such
that its partition in biological media will favor phases with
intermediate polarity, rather than the aqueous phase. Therefore,
we can expect an increase of the NBF fluorescence quantum
yield within membranes and other biomaterials, providing an
interesting prospect for the use of this new fluorescent sensor in
biological applications.


The new fluorescent sensor, NBFhd, presents several advantages
compared to the available HPF probe. Indeed, its inexpensive
synthesis required only one step for a yield approaching 100%,
while according to the literature, the multistep synthesis of HPF
gave only 7% overall yield.8 In addition, the precursors are readily
available, the NBFhd system presents minimal interference with
cell autofluorescence and outstanding contrast between unreacted
and reacted probe.


We have employed a computational chemistry approach to
establish if we could favor the formation of para-coupling products
by introducing steric bulk in the form of methyl groups at the
ortho-positions (Model 3, Fig. 6). The relative energies of the
isomers of the coupling products for the dimethyl system (Model
3) reveal that coupling to the ortho-positions is less favorable as
compared to the corresponding products for Model 2. In addition,
for the dimethyl complexes, the ortho- and para-coupling isomers
are closer in energy and less favorable energetically, which leads to
more para-coupling, and as a result may help minimize dead-end
pathways.


Conclusion


In summary, a new fluorescent sensor for reactive oxygen species
(ROS) detection has been developed. The initially non-fluorescent
NBFhd, a 4,7-disubstituted benzofurazan, reacts with peroxyl
radicals in phosphate buffer to release a strongly fluorescent com-
pound: NBF. The release of NBF is accompanied by the formation
of 1,4-benzoquinone, as demonstrated by chromatographic tech-
niques. NBFhd is a new tool to explore the involvement of reactive
oxygen species, in particular oxygen centered radicals, including
superoxide, for biological applications.


Acknowledgements


This work was generously supported by funding from the Natural
Sciences and Engineering Research Council of Canada, by the
Canadian Foundation for Innovation and by the Government of
Ontario. We would like also to thank Dr. Ilia Korobkov for his
help with the X-ray experiments.


References


1 R. Colavitti and T. Finkel, IUBMB Life, 2006, 57, 277.
2 B. Halliwell and J. M. C. Gutteridge, Free Radicals in Biology and


Medicine, Oxford University Press, Oxford, U. K., 1989.
3 D. Harman, Age, 1983, 6, 86.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 1454–1458 | 1457







4 C. Hazelwood and M. J. Davies, J. Chem. Soc., Perkin Trans. 2, 1995,
5, 895.


5 C. P. Schulze and R. T. Lee, Curr. Atheroscler. Rep., 2005, 7, 242.
6 G. Waris and H. Ahsan, J. Carcinog., 2006, 5.
7 T. Kalai, E. Hideg, I. Vass and K. Hideg, Free Radical Biol. Med., 1998,


24, 649.
8 K. Setsukinai, Y. Urano, K. Kakinuma, H. J. Majima and T. Nagano,


J. Biol. Chem., 2003, 278, 3170.
9 K. Setsukinai, Y. Urano, K. Kikuchi, T. Huguchi and T. Nagano,


J. Chem. Soc., Perkin Trans. 2, 2000, 12, 2453.
10 T. Ueno, Y. Urano, H. Kojima and T. Nagano, J. Am. Chem. Soc., 2006,


128, 10640.
11 M. Yuasa and K. Oyaizu, Curr. Org. Chem., 2005, 9, 1685.
12 B. Heyne, V. Maurel and J. C. Scaiano, Org. Biomol. Chem., 2006, 4,


802.
13 H. Heberer and H. Kersting, J. Prakt. Chem., 1985, 327, 487.
14 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,


J. R. Cheeseman, J. J. A. Montgomery, T. Vreven, K. N. Kudin, J. C.
Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth,
P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez and J. A. Pople, Gaussian 03, Revision
B.04, Gaussian, Inc, Wallingford, CT, 2004.


15 A. D. Becke, J. Chem. Phys., 1993, 5648.


16 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785.
17 T. Clark, J. Chandrasekhar, G. W. Spitznagel and P. Von Ragué


Schleyer, J. Comput. Chem., 1983, 4, 294.
18 R. Ditchfield and J. A. Pople, J. Chem. Phys., 1971, 54, 724.
19 J. B. Foresman and M. J. Frisch, Exploring Chemistry with Electronic


Structure Methods, Gaussian, Inc., Pittsburgh, PA, 2nd edn, 1996.
20 P. C. Hariharan and J. A. Pople, Theor. Chim. Acta, 1973, 28, 213.
21 W. J. Hehre, R. Ditchfield and J. A. Pople, J. Chem. Phys., 1972, 56,


2257.
22 G. A. Petersson and M. A. Al-Laham, J. Chem. Phys., 1991, 94, 6081.
23 G. A. Petersson, A. Bennett, T. G. Tensfeldt, M. A. Al-Laham, W. A.


Shirley and J. Mantzaris, J. Chem. Phys., 89, 2193.
24 E. Cances, B. Mennucci and J. Tomasi, J. Chem. Phys., 1997, 107, 3032.
25 M. Cossi, V. Barone, B. Mennucci and J. Tomasi, J. Chem. Phys. Lett.,


1998, 286, 253.
26 M. Cossi, G. Scalmani, N. Rega and V. Barone, J. Chem. Phys., 2002,


117, 43.
27 R. S. Mulliken, J. Chem. Phys., 1955, 23, 1833.
28 J. E. Aubin, J. Histochem. Cytochem., 1979, 27, 36.
29 A. Buldt and U. Karst, Anal. Chem., 1999, 71, 3003.
30 S. Uchiyama, T. Santa, T. Fukushima, H. Homma and K. Imai,


J. Chem. Soc., Perkin Trans. 2, 1998, 2165.
31 S. Uchiyama, T. Santa and K. Imai, J. Chem. Soc., Perkin Trans. 2,


1999, 2525.
32 L. I. Grossweiner and E. F. Zwicker, J. Chem. Phys., 1961, 34, 1411.
33 M. A. Cubillos, E. A. Lissi and E. B. Abuin, Chem. Phys. Lipids, 2000,


104, 49.
34 G. S. Hammond and R. C. J. Neuman, J. Am. Chem. Soc., 1963, 85,


1501.
35 G. Litwinienko and K. U. Ingold, J. Org. Chem., 2003, 68, 3433.
36 G. Litwinienko and K. U. Ingold, Acc. Chem. Res., 2007,


10.1021/ar0682029.
37 W. K. Subczynski, A. Wisniewska, J. J. Yin, J. S. Hyde and A. Kusumi,


Biochemistry, 1994, 33, 7670.


1458 | Org. Biomol. Chem., 2007, 5, 1454–1458 This journal is © The Royal Society of Chemistry 2007








COMMUNICATION www.rsc.org/obc | Organic & Biomolecular Chemistry


The first aza Diels–Alder reaction involving an a,b-unsaturated hydrazone as
the dienophile: stereoselective synthesis of C-4 functionalized
1,2,3,4-tetrahydroquinolines containing a quaternary stereocenter†


Vellaisamy Sridharan, Paramasivan T. Perumal,‡ Carmen Avendaño and J. Carlos Menéndez*


Received 28th February 2007, Accepted 26th March 2007
First published as an Advance Article on the web 4th April 2007
DOI: 10.1039/b703083e


The reaction between aromatic imines and methacrolein
dimethylhydrazone in the presence of 10% indium trichlo-
ride affords in good to excellent yields biologically and
synthetically relevant 1,2,3,4-tetrahydroquinolines bearing a
hydrazone function at C-4 in a one-pot process that involves
the formation of two C–C bonds and the stereoselective
generation of two stereocenters, one of them quaternary,
and this constitutes the first example of an a,b-unsaturated
dimethylhydrazone behaving as a dienophile in a hetero
Diels–Alder reaction and the first vinylogous aza-Povarov
reaction.


The 1,2,3,4-tetrahydroquinoline moiety is a structural fragment of
several natural products, including the well-known enedyine anti-
tumour drug dynemycin, alkaloids of the benzastatin-virantmycin
family, some of which possess potent antiviral activity,1 and the
marine alkaloids discorhabdin2 and martinelline.3 Furthermore,
many unnatural tetrahydroquinoline derivatives exhibit a broad
range of biological activities,4 which has prompted the selection
of tetrahydroquinoline-derived targets in programs aimed at the
solid-phase library generation of natural product-like scaffolds
with privileged substructures.5 Tetrahydroquinolines are also im-
portant as synthetic intermediates, especially in the preparation of
quinoline derivatives.6 The interest in these compounds has stim-
ulated the development of a large number of synthetic methods,7


among which one of the most efficient is the so-called imino
Diels–Alder reaction, i.e. the reaction between imines derived from
aromatic aldehydes and electron-rich alkenes [Scheme 1(a)], which
was discovered by Povarov in the 1960s8 and has experienced
a resurgence in the last 10 years following the discovery that
lanthanide triflates were efficient catalysts for this transformation.9


In spite of its interest, many aspects of the Povarov reaction have
received little attention; for example, the range of dienophiles so
far employed is relatively small, since most attention has been
directed to enol ethers, particularly cyclic ones like dihydrofuran
and dihydropyran.10 Vinylogous versions of the Povarov reaction,
i.e. cycloadditions of arylimines where one of the double bonds
of an open-chain diene-type structure acts as the dienophile,
would be synthetically very useful, but are almost unknown in the
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Scheme 1 The imino Diels–Alder (Povarov) reaction and two proposed
vinylogous versions thereof.


literature. The use of 1,3-butadienes as dienophiles would provide
access to tetrahydroquinoline derivatives bearing a two-carbon
substituent at C-4 [Scheme 1(b)]. A similar reaction involving an
aza derivative of an electron-rich diene [Scheme 1(c)] would also
be very interesting in that it would yield tetrahydroquinolines with
a carbon functional group directly attached to C-4, which is the
substitution pattern found in many relevant tetrahydroquinolines,
including some natural products. In spite of the synthetic potential
of these transformations, only two cases of the Scheme 1(b)
situation have been reported11 and the strategy summarized in
Scheme 1(c) is unknown, to our knowledge. We present here
the first implementation of the formal cycloaddition between
aromatic imines and 1-azadienes where the imine acts as the diene
and the C=C portion of the azadiene behaves as the dienophile.
This transformation involves a vinylogous aza-Povarov reaction
according to Scheme 1(c).


a,b-Unsaturated hydrazones have long been known to behave
as the diene component in hetero Diels–Alder reactions leading
to pyridine and fused pyridine derivatives.12 Due to the electron-
withdrawing effect of the nitrogen atom, the C=C double bond
of these 1-azadienes can be considered as an electron-poor alkene
and therefore unsuitable as a partner for the imino Diels–Alder
reaction. However, the introduction of electron-releasing groups
on nitrogen such as dimethylamino,13 acetylamino14 or 1-tert-
butyldimethylsilyloxy15 substituents reverses this situation and
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allows the use of a,b-unsaturated hydrazones as dienes in normal
electron demand Diels–Alder reactions. With this precedent in
mind, we undertook the study of the reaction between aromatic
imines 1, and methacrolein dimethylhydrazone 2, hoping to
be able to use for the first time the latter compound as the
dienophile component, rather than the diene, in an imino Diels–
Alder reaction. Gratifyingly, we discovered that the use of 10%
indium trichloride as a catalyst allowed us to carry out the ex-
pected transformation, furnishing the C-4 functionalized 1,2,3,4-
tetrahydroquinolines 3 in good to excellent yields (Scheme 2
and Table 1).16 It is noteworthy that the reaction tolerates well
the presence of both electron-withdrawing and electron-releasing
groups at both aromatic rings of the starting imine. Small amounts
of 4-(R3-aryl)dimethylhydrazones, arising from a transimination
reaction17 between compounds 1 and 2, were also observed in the
crude reaction mixtures.


Scheme 2 Three-component reaction between anilines, aromatic aldehy-
des and an a,b-unsaturated hydrazone.


The vinylogous aza-Povarov reaction thus developed was
stereoselective and afforded exclusively compounds 3 with a cis
relationship between the C-2 hydrogen and the C-4 methyl. This
structure was established by NOESY studies, which showed a cor-
relation peak between the H-2 and C4-CH3 signals, which is only
consistent with a cis arrangement for these substituents, both being
equatorial. The observed stereoselectivity can be explained by
taking into account that the Povarov reaction is known to proceed
in a stepwise manner, as proved by the trapping of the intermediate
iminium species when the reaction is carried out in the presence
of nucleophiles.18 Therefore, the generation of intermediates 6
from the reaction between dimethylhydrazone 2 and indium–


Table 1 Results obtained in the indium-catalyzed reaction between
anilines, aromatic aldehydes and methacrolein dimethylhydrazone


Entry Compound R1 R2 R3 Time/h Yield (%)


1 3a H OCH3 H 2 90
2 3b H CH3 H 2 71
3 3c H CH3 Cl 2 76
4 3d H OCH3 Cl 3 87
5 3e H OCH3 CH3 2 93
6 3f OCH3 H Cl 3 70
7 3g H CH3 OCH3 2 72
8 3h H OCH3 OCH3 2 80
9 3i CH3 CH3 Cl 3 79


10 3j CH3 CH3 OCH3 3 83
11 3k CH3 CH3 CH3 5 81
12 3l CH3 CH3 Br 3 80


imine complex 5 is expected under our conditions. The final
cyclization step should take place through a chair-like transition
state, leading to a preference for an equatorial arrangement of
the bulky dimethylhydrazono and aryl substituents and hence
to the observed stereochemistry for compounds 4 (Scheme 3).
The generation with complete control of the stereocenter at
the tetrahydroquinoline C-4 position is noteworthy, since the
stereoselective installation of quaternary stereocenters is one of
the most challenging tasks for synthetic organic chemistry.19


Scheme 3 Rationale for the stereoselectivity of the vinylogous imino
Diels–Alder reaction.


In conclusion, we have developed a new domino reaction that
involves the creation of two C–C bonds and the generation of two
stereocenters, one of them quaternary, with complete diastereos-
electivity and in a single synthetic operation. Furthermore, this
method affords synthetically valuable C-4 functionalized 1,2,3,4-
tetrahydroquinolines in good to excellent yields using simple and
readily available starting materials and a non-toxic and inexpensive
catalyst. This transformation can be considered as a new type of
vinylogous aza-Povarov reaction, and constitutes the first example
of an a, b-unsaturated hydrazone behaving as the dienophile
component in an aza Diels–Alder reaction.
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Based on 1H NMR studies, subtle electronic factors rather
than pre-organisation dictate the binding stoichiometry of
the new, norbornene based, anion hosts 1 and 2 with acetate,
however, the binding of dihydrogenphosphate appears to be
based solely on steric constraints.


Given the key roles that anionic species play in many biological,
chemical and environmental processes1 it is no surprise that
anion recognition and sensing using charge neutral hosts is a
rapidly growing area of research within the field of supramolecular
chemistry.2


Ideal charge neutral receptors have multiple strong hydrogen
bond donors, such as amides and ureas, to selectively bind
their target;2,3 as an example, the phosphate binding protein
incorporates a total of twelve hydrogen bonds cooperating within
the anion binding cavity to ensure both a strong and selective
recognition event.4


A multitude of rigid sub-units have previously been employed
as pre-organising scaffolds including xanthenes, calixpyrroles,
cholic acid, and azophenols.5 Our interest in this field has led
us to examine polynorbornanes as pre-organising elements for the
construction of neutrally charged anion receptors.6 Norbornenes
are prime candidates for use as molecular scaffolds as they boast
an inherent high degree of structural rigidity and are easily
constructed through well established Diels–Alder methodologies.7


The desirable traits of norbornenes as frameworks has led to their
use as alternatives to natural reverse turn residues in proteins for
self-assembled structure studies.8


With an eye to attaching six hydrogen bond donor sites to a
norbornene based host, receptors 1 and 2 were designed. As can
be seen (Fig. 1), such hosts have a high degree of pre-organisation,
yet the anionophoric ‘arms’ possess an element of flexibility


Fig. 1 Structures of the new norbornene based hosts 1 and 2.
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and therefore offer the possibility of binding an anionic guest
through the cooperation of all six hydrogen bond donors. Herein
the synthesis of the new norbornene based receptors 1 and 2 is
presented, as well as the results of the preliminary anion binding
assays using 1H NMR titration techniques.


The synthesis of 1 and 2 was accomplished in three steps
(Scheme 1) commencing with the Diels–Alder cycloaddition of
neat cyclopentadiene with an equimolar amount of dimethyl
maleate to give, in quantitative yield, endo-2,3-dicarbomethoxy-
norborna-5-ene 3.7a Diester 3 was converted directly to the bis-
amide product 4, which was isolated as an extremely viscous
orange–brown oil. The conditions required to convert the methyl
ester to the amide (100 ◦C, neat diamine, 19 h) resulted in
epimerisation of the endo-dicarbonyl compound and the ther-
modynamically more stable endo–exo adduct was obtained.9 The
resultant crude oil 4 was used directly in the next step, where,
following reaction with either 4-fluorophenylisothiocyanate or 4-
nitrophenylisothiocyanate, receptors 1 and 2 were formed in 69%
and 48% yield respectively after chromatographic purification.10


Scheme 1 Synthesis of hosts 1 and 2 from cyclopentadiene and dimethyl
maleate. Reagents and conditions: (i) RT, 5 h, 100% (ii) 100 ◦C, 19 h, 98%
(iii) CHCl3, RT, 24 h, 1 69%, 2 48%.


The ability of the new hosts to recognise anions was evaluated by
titrating DMSO-d6 solutions of Br−, Cl−, F−, HSO4


−, H2PO4
− and


AcO− (as their tetrabutylammonium (TBA) salts) against DMSO-
d6 solutions of each host, and monitoring the migrations of the
relevant N–H proton resonances using 1H NMR spectroscopy.


Firstly, the spherical halides were investigated and the addition
of Br elicited only minor changes in the 1H NMR spectrum (max
Dd = 0.09 ppm after 6.0 equivalents, Table 1). Similar results
were obtained for the addition of Cl−, although the changes
observed were slightly larger (max Dd = 0.74 ppm after 6.0
equivalents). This led to the conclusion that very weak, if any,
binding occurred between Br− or Cl− and 1 or 2. On the other hand,
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Table 1 Maximum observed shifts and calculated binding constantsa


Receptor 1 (4-fluorophenyl) Receptor 2 (4-nitrophenyl)


Max Dd/ppmb Log k1
c Log k2 Max Dd/ppm Log k1 Log k2


Br− 0.09 — — 0.06 — —
Cl− 0.51 — — 0.74 — —
F− 1.62d — — 1.35d — —
HSO4


− 0.09 — — 0.04 — —
H2PO4


− 1.94 3.6 2.7 1.84 3.1 2.6
AcO− 3.24 3.8 2.7 3.14 3.3 —


a Binding constants were determined from 1H NMR titration data using WinEQNMR software.12 b Maximum chemical shift observed for Hc after the
addition of 6 equivalents of anion. c All calculated binding constant errors are <13.0%. d Values after 1.6 equivalents of added anion.


when F− was examined, the thiourea N–H resonances became
considerably broadened after the addition of only 0.1 equivalents
of F−, yet migrated significantly (max Dd ≈ 1.62 ppm after 1.6
equivalents), whereupon, they became indistinguishable from the
baseline. Accompanying this signal disappearance was a distinct,
successive, colour change from pale yellow through to deep
red for receptor 2 (containing the strong electron withdrawing
nitro (NO2) substituent) which was clearly visible to the naked
eye. This colour change, likely due to deprotonation, provided
evidence that these norbornene-based receptors could function
as colorimetric sensors.6,11 Saturation of the hosts had not been
achieved before the N–H signals disappeared, therefore receptor-
to-anion stoichiometry and binding constants for F− could not be
accurately determined.


The tetrahedral anions HSO4
− and H2PO4


− were next examined,
however when HSO4


− was added to either of the new hosts only
minor changes in the 1H NMR spectrum were observed (Dd ≈
0.09 ppm after 6.0 equivalents), indicating weak, if any, binding
of HSO4


−. In contrast, upon addition of the H2PO4
− anion,


significant changes in the chemical shifts of the protons of interest
were observed. As expected, the largest shifts were observed for
the four thiourea proton resonances, which experienced significant
downfield shifts for both hosts 1 and 2 (maximum Dd = 1.97 and
1.84 ppm, respectively, after 6.0 equivalents). When considering
the two amide proton resonances, significant changes were also
observed and it was of great interest that the changes were not
equal (for 1 Ha endo Dd = 0.39 ppm, Hb exo Dd = 1.03 ppm,
Fig. 2). Whilst a 1 : 1 host–guest binding stoichiometry might
have been expected, experimental job plot data for the strong
binding of both 1 and 2 with H2PO4


− indicated that a 1 : 2 host–
guest stoichiometry was occurring (Fig. 3). This result suggested
that the pre-organised cavity size of the host was inappropriate to
accommodate the larger H2PO4


− anion, thus the two anionophoric
‘arms’ act independently to bind one guest each. Although the
guests are primarily bound by the thiourea protons, there is
undoubtedly a degree of cooperation from the amide protons
as evidenced by their significant Dd. Binding constants (Table 1)
were determined by fitting the 1H NMR titration data using
WinEQNMR.12


In the characterisation of the new receptors through multiple
1D and 2D ROESY experiments, it was established that a through
space interaction was occurring between amide N–Ha of the endo
‘arm’ of both 1 and 2 and H1 of the norbornene scaffold (Fig. 5).
This interaction suggests that the lack of cooperation of N–Ha


when binding H2PO4
− to the endo ‘arm’ was based on steric


Fig. 2 Changes in the chemical shift of relevant N–H protons within 1
(top) and 2 (bottom) upon addition of H2PO4


− in DMSO-d6.


Fig. 3 Job plots for complexation of receptors 1 and 2 with AcO− and
H2PO4


− at a total concentration of 12.5 mM.


reasons. Indeed, in kinetic studies examining endo versus exo
norbornene substituents the endo position was found to be less
reactive than the exo and this difference was justified by steric
constraints.13


Finally, the trigonal planar AcO− anion was evaluated. Succes-
sive additions to DMSO-d6 solutions of the two new receptors
resulted in considerable changes in the chemical shifts of the
thiourea protons (Fig. 4). For receptors 1 and 2 a max Dd of
3.33 and 3.14 ppm was observed after 6.0 equivalents, respectively
(Table 1). As was observed when titrating F− against receptor
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Fig. 4 Changes in the chemical shift of relevant N–H protons within 1
(top) and 2 (bottom) upon addition of AcO− in DMSO-d6.


2, a distinct visible colour change accompanied the significant
downfield shifts for 2 yet each N–H resonance was still clearly
visible in the spectrum after 9 equivalents of the anion had
been added.‡ For both receptors, the usual trend of larger
shifts for the thiourea proton resonances was observed, however,
unlike the titrations for H2PO4


−, the amide proton resonances
essentially remained unchanged (Fig. 4). This was indicative of
strong hydrogen bonding between the thiourea protons of the
anionophoric ‘arms’ and the geometrically complementary acetate
anions. The lack of variation in the amide proton resonances
suggested that the AcO− anion was binding near exclusively with
the thiourea protons.


The job plot data for receptor 1 (Fig. 3) however was not
consistent with a 1 : 1 host–guest stoichiometry and indicated


a 1 : 2 host–guest arrangement and that the two ‘arms’ were
acting independently and binding a single anion each (Fig. 5). This
result was typical for thiourea recognition units as the trigonal
planar AcO− anion complements this hydrogen bond donor
system very well.3a It was therefore surprising that for receptor
2 the job plot data suggested a 1 : 1 host–guest stoichiometry
(Fig. 3), where the anion was bound within the receptor cavity
through the cooperation of all four thiourea hydrogen bond donors
(Fig. 5). Whilst there are numerous examples of a single thiourea
recognition unit binding a single AcO− anion,3,14 examples of two
thiourea units binding a single AcO− are less common and steric
complementarity and pre-organisation arguments are usually
invoked to explain these examples.15


Although it is well understood that a pre-organised binding site
is crucial for complementing a guest,2,3,5 the contradicting host–
guest binding stoichiometry of 1 and 2 against AcO− requires
further explanation. The dimensions of the binding site of both
receptors are essentially identical given that they have the same
level of norbornene based pre-organisation. The only difference
is the phenyl substituent: F for 1 and NO2 for 2. Therefore, the
answer is likely due to electronic rather than steric reasons. When
comparing the acidity of p-substituted benzoic acids it is intuitive
that deactivating (electron withdrawing) groups increase acidity
by stabilizing the carboxylate anion, and the opposite is true of
activating groups. For example, the pKa of 4-nitrobenzoic acid
and 4-fluorobenzoic acid are 3.43 and 4.15, respectively.16 In the
current study, the same argument explains the increased acidity
of the thiourea N–Hd protons (Fig. 5) in receptor 2. This makes
these N–H groups of 2 stronger hydrogen bond donors which
in turn, based on the results of this study, better enables the four
hydrogen bond donors to cooperatively bind the single AcO− guest
(Fig. 5).


Fig. 5 Proposed binding conformations of both receptors with H2PO4
− (top), receptor 1 with AcO− (top), and receptor 2 with AcO− (bottom).
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In summary, we have designed, synthesised and evaluated
two new conformationally pre-organised norbornene-based anion
receptors 1 and 2. These receptors bind H2PO4


− in a 1 : 2 fashion
with each ‘arm’ adopting an independent conformation. The
unexpected 1 : 2 and 1 : 1 binding of 1 and 2 with AcO− provides
further insight as to how subtle electronic effects can have a major
impact on overall host–guest binding. Further investigations into
steric and electronic effects in similar pre-organised hosts are
ongoing and will be reported in due course.
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