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As a striking variety of biological activities are elicited by natural products, these chemicals have been
used for decades to study biological phenomena. Understanding how these products interfere with
normal cell functions at a molecular level led to a wide range of discoveries including new signaling
pathways and proteins. Moreover, as natural products often act as chemical inhibitors, such studies
often allow the identification of their binding partners as relevant targets for drug design. This article
aims to emphasize how natural products or engineered analogs can be used as chemical tools to
apprehend some biological problems from the point of view of a chemical biologist.


1 Introduction


While much has been written about the biodiversity of our planet,
the chemical diversity produced by wildlife on Earth nevertheless
remains impressive. Hence, natural products have long been
attractive tools for cell biologists. These molecules are often
synthesized by organisms in response to stress and can exhibit
a plethora of biological activities. As a consequence, clinical,
pharmacological and chemical studies of natural products, mostly
derived from plants, were conducted as early as the beginning
of the 19th century, and molecules such as aspirin, digitoxin,
morphine, quinine, streptomycin, chloramphenicol, erythromycin
and vancomycin, which have been described decades or centuries
ago, continue to be used as drugs.1


Natural products are often isolated based on a potent biological
activity without the knowledge of how that biological activity is
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elicited at a molecular level. However, in the last decades studies
of their activity have elucidated the cellular mechanisms of many
such products (Fig. 1). This review does not aim to provide an
exhaustive list of pathways in which natural products interfere;
it rather intends to assess how natural products can be used as
molecular probes to the discover important biological processes,
validate target proteins for drug treatment, and be subsequently
modified to address specific problems.


Fig. 1 Chemical genomics approach to a biological problem leading to
drug development.


Structurally defined, natural products can be used directly to
interfere with biological functions. Upon binding to their natural
target(s), they perturb normal cascades of events in cell leading to
(an) abnormal macroscopic readout(s).2 This perturbation method
has proved to be useful in understanding protein function in the
past, and it will undoubtedly continue to play an even larger role
in the post-genomic area. Indeed, now that the sequence of the
human genome is available, understanding the protein function
within complex intracellular networks represents one of the major
challenges facing cell biologists today.


The use of small molecules to explore cell biology offers several
advantages over traditional genetic approaches. First, biologically
active natural products can serve as reversible “conditional
alleles”, and therefore be used to mimic lethal mutations or
inhibit protein function at specific points during the cell cycle
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or developmental process. Thus, this ‘chemical genetic’ approach
provides new tools to investigate protein function and signaling
events within a short temporal window and therefore addresses
problems that would be difficult to solve via more traditional
genetic methods.3,4


2 Natural products as molecular biology tools


The first question regarding the interest of a potent natural
product is related to its in vivo relevant target. In many cases,
the global macroscopic influence of a given molecule can be
explained by protein function interference, whether it is elicited
at a molecular level by an enzyme inhibition/overactivation or
by protein–protein interaction disruptions. If for many natural
products standard tests can give a good apprehension of the
identity of the protein involved, some cases appeared trickier
and allowed for the discovery of entirely new families of protein
(i.e. ion channel modulators, see section 2.1). As a result of new
protein identification, studies of the mode of action of natural
products can lead to draw out a complete signaling pathway (i.e.
TOR signaling pathway, section 2.2). Along with finding new
pathways, some biological phenomena can even be unraveled, such
as angiogenesis where the use of small molecules for disrupting the
process turned out to be critical (section 2.3)


2.1 Identification and characterization of unknown proteins


The example of ion channel modulators. Using small molecules
and trying to understand their activity at a molecular level has
often allowed new proteins or new functions for known proteins
to be discovered; such was the case for triptolide 1 (Scheme 1). Trip-
tolide 1 is a diterpene triepoxide that was originally isolated from
the traditional Chinese medicinal vine Trypterygium wilfordii.5 Its
anti-inflammatory effects have been known for several centuries
and have recently been attributed to the inhibition of NF-jB
transactivation.6 However, unlike other NF-jB pathway inhibitors
previously described triptolide 1 blocks this signaling cascade
after DNA binding, demonstrating a different mode of action.
More recently, studies have shown strong calcium dependence for
the antiproliferative activity of triptolide and revealed multiple
possible modes of action in vivo.7


Scheme 1 Ion-channel modulators.


The TRPC calcium channel family member, polycystin 2, was
found to be associated with a [3H]-labeled triptolide binding


activity and might be a triptolide binding protein. Polycystin 2
function is required for mechanosensation-induced cell cycle arrest
during kidney formation. Interestingly, triptolide 1 was shown to
induce a Ca2+ flux via a polycystin-2-dependent mechanism5 and
also to block cyst formation in a murine model of polycystic
kidney disease. Natural products also played a crucial role in
the identification and characterization of thermo-sensitive ion
channels.8 For example, the mechanism through which capsaicin 2,
the pungent ingredient of hot chili peppers, elicits a hot sensation
remained unknown for many years9 until its receptor was cloned
and named transient receptor potential vanilloid 1 (TRPV1).10


Additionally, this receptor was shown to be a heat-activated ion
channel involved in pain sensation, opening a new field of research
on temperature-dependent ion channels.11 Similarly, menthol 3
was found to activate the cold-sensitive receptor TRPM8 in a
comparable manner as its natural stimulus.12 TRPM8 was later
shown to be permeable to ions (Na+, K+, Ca2+ or Ba2+) under both
natural and provoked stimuli.13


2.2 Identification of signaling pathways


Immunosuppressive properties of rapamycin unravel TOR sig-
naling pathway. It was recently discovered that the molecular
mechanisms through which cyclosporine A 4 (CsA), FK506
5, rapamycin 6 and sanglifehrin A 7 (Scheme 2) suppress the
immune response is by inhibiting conserved signaling pathways.14


Elucidating their modes of action has provided great insights into
the understanding of the mechanisms leading to T-cell activation.15


These natural products have been shown to associate with their
intracellular receptors, immunophilins, and form complexes which
subsequently bind their target protein, cyclophilin for CsA 4
and calcineurin for FK506 5 in a complex with its binding
protein FKBP.16 Inhibition of this calcium-dependent phosphatase
prevents dephosphorylation of transcription factor NFAT, which
is required for its translocation into the nucleus. The normal NFAT
function in regulating cytokines gene expression among other
genes is thereby inhibited, leading to a general immunosuppressive
activity.17


Studies on the mode of action of rapamycin 6 have revealed
a new signaling pathway which is central to cell growth con-
trol (Fig. 2(a)).18 Despite structural similarities with FK506 5
(Scheme 2), rapamycin 6 was shown to bind to mTOR (mam-
malian Target Of Rapamycin), a member of the phosphatidylinos-
itol kinase-related kinase (PIKK) family. This large (∼280 kDa)
protein subsequently appeared critical for regulation of two major
events regarding cell growth: when and where cells grow.


When conditions are favorable, TOR initiates anabolic processes
and disables catabolic processes. However, only TOR2 controls
the spatial aspects of yeast cell growth which, intriguingly,
appears to be insensitive to rapamycin. In mammals, mTOR
regulates cell growth through the PI3K pathway responding
to exterior stimuli such as growth factors, nutrients, energy
or stress. For example, amino acid starvation induces dephos-
phorylation of mTOR1 effectors; AMP-activated protein kinase
inhibits mTORC1-dependent phosphorylation depending on the
AMP/ATP ratio in cytosol; protein synthesis is downregulated
under hypoxic conditions via inhibition of TOR signaling pathway
at different levels. Downstream events of TOR are critical for cell
survival and growth including regulation of translation (through
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Scheme 2 Natural products with immunosuppressive properties.


Fig. 2 Rapamycin: (a) simplified scheme of mTOR signaling pathway, (b) activation of gene expression induced by a natural product, (c) conditional
protein splicing, (d) analog design using “bumped” ligand-“hole” protein strategy.
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the control of phosphorylation of S6K1 and 4E-BP), ribosome
biogenesis (by regulating RNA Polymerase I gene transcription),
macroautophagy (via the inhibition of ATG1), transcription
(through transcription factors UBF and TIF1A), metabolism
(such as glucose homeostasis and amino acids synthesis) and
actin organization. All these essential functions in cells have
been clarified thanks to the use of rapamycin 6. This molecule
additionally turned out to be a critical tool for studying molecular
biology as it induces the formation of a ternary FRB–rapamycin–
FKBP complex (Fig. 2).


2.3 Identification of biological processes


Hijacking angiogenesis. Angiogenesis or the formation of
blood vessels is essential for various processes such as wound
healing, tumor growth and metastasis.19 In response to numerous
regulators such as vascular endothelial growth factor (VEGF),
endothelial cells in preexisting blood vessels degrade their base-
ment membrane, migrate, proliferate and ultimately form new
blood vessels. Inhibiting any of these steps has proved to be
effective against angiogenesis. The molecular binding partners of
natural products known to have anti-angiogenic activities are thus
attractive targets for drug development (Scheme 3).


Scheme 3 Natural products with anti-angiogenic activities.


For example, curcumin 8, a component of the food flavor
turmeric (Curcuma longa), inhibits proliferation of various tumor
cell lines; and its target has recently been identified.20 Curcumin 8
binds to CD13/Aminopeptidase N (APN) with a low micromolar
affinity and irreversibly inhibits its activity. APN was subsequently
validated as a target for chemotherapeutic treatment: curcumin
was shown to specifically inhibit APN-positive tumor cell invasion


and growth factor induced angiogenesis; it has no significant effect
on APN-negative tumors. APN inhibition was thought to also lead
to the downregulation of Hypoxia-Inducing Factor-1 (HIF-1) in
hypoxia induced angiogenesis.21 APN is also a target for another
anti-angiogenic agent, marine natural product psammaplin A 9,
which was shown to inhibit APN with an IC50 of 18 lM.22


Withaferin A 10, a compound which was originally isolated
from the medicinal plant Withania somnifera, is known for its
anti-inflammatory and its cardioactive effects, as well as for its
effects on the central nervous system. Its antitumor properties
were discovered back in 1970,23 but more recently a new mode of
action has been elucidated. Indeed, at a 500-fold lower dose than
for its antitumor activity (IC50 = 12 nM), it exerts a strong anti-
angiogenic effect in vivo, confirming a possible second mechanism
of action for this natural product.24 Withaferin A 10 is thought to
inhibit NF-jB in HUVEC cells by interfering with the ubiquitin
proteasome pathway and therefore preventing ubiquitination of
IjBa. However its true target protein is still unclear despite efforts
to synthesize affinity probes.25


One of the most potent antiangiogenic compounds, fumagillin
11, was isolated from an A. fumigatus fresenius colony contami-
nating an endothelial cell culture in the Folkman laboratory.26 The
efforts of medicinal chemists subsequently led to the identification
of an analog (TNP-470) with increased potency, which is now used
in antitumor clinical trials. The molecular target of fumagillin 11
was identified in 1997 using a biotinylated fumagillin 11 affinity
reagent: the intracellular metalloprotease Methionine AminoPep-
tidase 2 (MetAP-2) is covalently inhibited by fumagillin.27 A bond
between fumagillin 11 and the catalytic site of MetAP2 is generated
by the nucleophilic addition of HIS231 to one of the two epoxides
present on the natural product (Fig. 3). The loss of angiogenesis
in MetAP-2 knockout mice confirms MetAP-2 to be an important
anti-angiogenic target.28 Moreover, a recent study has shown that
fumagillin 11/TNP-470 are potent inhibitors of the non-canonical
Wnt signaling pathway.29


Fig. 3 Fumagillin covalently bound to MetAP-2 HIS 23130 (PDB 1BOA).
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3 Natural products validate strategy and targets for
drug design


Making a connection between molecular targets and activities
is essential for medicinal chemistry and ultimately relies on
understanding how the natural product activity is elicited at the
molecular level. For example, antiproliferative compounds that
have a unique mode of action can give alternative strategies for
treatments (section 3.1) such as inhibiting transcription (HDAC
inhibitors) or translation (protein synthesis inhibitors). Alterna-
tively, when the natural product target is clearly identified as a
protein or a family of proteins, one can use complementary tools
such as molecular modeling and traditional medicinal chemistry
for achieving a better drug design. For example, conceiving
proteasome inhibitors is now one of the most promising strategies
for developing antiproliferative drugs thanks to the use of several
natural products which have been shown to inhibit proteolysis
upon binding to the proteasome (section 3.2.).


3.1 Treatment strategy validation


Tackling cancer at the transcription level with HDAC inhibitors.
As mentioned previously, the understanding of how natural
products affect normal biological processes at the molecular level
has often guided new strategies for drug design. Strikingly, studies
on the regulation of gene transcription led to the development
of an entire new family of anticancer molecules, inhibitors of
Histone DeACetylatylases (HDACs, Scheme 4). Indeed, access
of transcription factors and RNA polymerase to specific chro-
mosomal loci is regulated by chromatin structure which is itself
controlled via the modification of histones, protein components of
chromatin. Much of our knowledge of how histone modification
controls chromatin structure has come through the use of natural
products that inhibit HDACs.31 Trichostatin A 12 (TSA) was
initially isolated from Streptomyces hygroscopicus in 197632 on the
basis of its antiproliferative activity. Namely, exposing ovarian
cancer cells to TSA 12 induced a change in cell morphology,
differentiation and proliferation.33 This effect has been shown to
be associated with changes in p21CIP/WAF, retinoblastoma protein
(Rb) and Id proteins induced by the specific inhibition of HDACs
by TSA 12 with an IC50 of 3.4 nM.34 A more detailed analysis
of the pathway showed the overexpression of the CDK inhibitor
p21 CIP/WAF leads to a decrease in Rb phosphorylation. TSA 12
was also shown to suppress growth in pancreatic adenocarcinoma
cells by stopping the cell cycle in G2 phase and inducing apoptotic


Scheme 4 HDACs and protein synthesis inhibitors.


cell death.35 As is the case in ovarian cancer cells, levels of
p21 CIP/WAF were shown to be strongly increased in pancreatic
adenocarcinoma cells36,37 confirming that HDAC inhibition is a
potential therapeutic strategy for cancer treatment.


Similarly, trapoxin 13 (TPX) is a cyclic tetrapeptide that was
reported to induce morphological reversion in v-sis-transformed
NIH3T3 cells. It was through TPX’s effect that the first HDAC
was identified. The activity of TPX 13 is similar to that of TSA 12
except that it is irreversible.38 HDAC inhibition was subsequently
confirmed to be relevant to the mode of action of TPX 13 and
the epoxide moiety of TPX 13 was found to be critical for enzyme
inhibition.38


Traptoxin 13 and trichostatin A 12 have proven useful in
the exploration of HDAC function in gene regulation as well
as differentiation processes.39 However, despite their low affinity
and the appealing strategy for anticancer therapy, their intrinsic
instability has prevented them so far from be used directly as drugs
although synthetic analogs are currently developed for therapeutic
applications.31,40


Protein synthesis inhibition. Another similar strategy for in-
hibiting protein function simply relies on preventing their synthe-
sis. This tactic has been developed thanks to natural products
such as reveromycin 14, pateamine A 15 or myriaporone 16
(Scheme 5). For example, reveromycin A 14 has diverse biological
activities that include morphological reversion of srcts-NRK cells


Scheme 5 Protein synthesis inhibitors.
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from spherical transformed cells to flat shaped cells without
cytotoxicity (EC50 = 1.58 lg mL−1),41 antifungal activity and
antiproliferative activity against human tumor cell lines (IC50 =
1.3 lg mL−1).42,43 These biological activities have been shown to
be mediated by reveromycin via inhibition of isoleucyl-tRNA
synthetase (IC50 of 1.3 ng mL−1) resulting in loss of protein
synthesis.44 Similarly, TAN-1057A 17, another natural product,
particularly effective against Gram positive organisms including
Staphyllococcus aureus, is believed to target the 50S ribosomeal
article and thus blocking translation with an inhibitory effect
that is comparable to the classic antibiotics erythromycin and
clarithromycin (IC50 = 4.5 lg mL−1).45,46


Recently, two marine natural products have been shown to
inhibit eukaryotic protein synthesis in unique ways. Pateamine A
15 is an antiproliferative and antitumor marine natural product47,48


that targets elF4A, a part of the elF4F complex responsible
for recognition of mRNA at the 5′ cap. By binding to elF4A,
pateamine A 15 causes the stalling of initiation complexes on
mRNA in vitro and induces stress granule formation in vivo.49


These results suggest pateamine A 15 should be useful in the
study of eukaryotic translation initiation. Another marine natural
product, myriaporone 3/4 16, isolated from the Mediterranean
false coral Myriapora truncata, also has been potent antiprolif-
erative activity.50 It has recently been shown that in mammalian
cells, myriaporone 16 exhibits low nanomolar reversible and rapid
inhibition of protein synthesis and cell proliferation independent
of p21 activity by blocking the cell cycle in the S phase. Given the
antiproliferative activities of myriaporone 16 and pateamine A 15,
these natural products could serve as the starting points for the
development of novel antitumor drugs.


3.2 Target validation of drug treatments


Proteasome inhibitors. Among other pathways, intracellular
protein turnover is a regulated by the ubiquitin-dependent protea-
some pathway. In this pathway, proteins targeted for degradation
are first labeled with chains of ubiquitin, a highly conserved 76
amino acids protein, before being recognized and degraded by the
26 S proteasome. The 26 S proteasome plays a key role in important
cellular processes such as apoptosis, cell differentiation, NF-
jB activation, tumor suppression and cell division. This protein
complex is composed of two 19 S regulatory particles which cap
the central 20 S proteolytic core. Given the central role of the
proteasome in cell cycle regulation, proteasome inhibition has
attracted much interest recently as an anti-proliferative chemother-
apeutic strategy51–53 and natural products such as lactacystin 18,
epoxomicin 19 or TMC-95A 20 (Scheme 6)54 have been critical in
this line of research.


Lactacystin 18, a secondary metabolite isolated from a Strepto-
myces strain, was first identified based on its ability to inhibit
cell cycle progression and induce differentiation in a murine
neuroblastoma cell line. Lactacystin 18 was subsequently shown
to covalently bind to the N-terminal threonine of the 20 S
proteasome55 via a clasto-lactacystin b-lactone intermediate 21
(Scheme 5(a)), which irreversibly modifies all catalytic b subunits.56


The full therapeutic potential of proteasome inhibition was
recognized when the antitumor natural product epoxomicin 19
was identified as a proteasome inhibitor. It was first isolated from
an Actinomycetes strain based on its ability to inhibit cell division
in M16 murine melanoma tumors. Epoxomicin 19 has been shown
to inhibit proinflammatory signaling as well as plant cell wall


Scheme 6 Proteasome inhibitors: intermediates and analogs.
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synthesis.57 Interestingly, the unique proteasome specificity of
epoxomicin’s epoxyketone pharmacophore was elucidated upon
determination of the structure of epoxomicin bound to the 20 S
proteasome.58,59 The co-crystal structure revealed that an unex-
pected morpholino ring derivative 22 (Scheme 4(b)) forms upon
condensation of both the nucleophilic side chain’s hydroxyl groups
and the aminoterminus of Thr1.60 Unlike most peptide-aldehyde
proteasome inhibitors, epoxomicin 19 is selective and does not
inhibit non-proteasomal proteases such as trypsin, chymotrypsin,
cathepsin or papain. In vitro and in vivo anti-inflammatory activi-
ties have been attributed to interference with the NF-jB signaling
pathway. By preventing the ubiquitin-dependent degradation of
IjBa, epoxomicin 19 blocks NF-jB translocation into the nucleus
and therefore inhibits pro-inflammatory cytokine-mediated gene
transcription.61


TMC-95A 20, a cyclic modified peptide isolated from Apiospora
Montagnei, has also been shown to have antitumor and anti-
inflammatory activities. Indeed, this natural product inhibits the
20 S proteasome activity albeit without covalently binding to the
b subunits. A crystal structure of TMC-95A 20 in the 20 S core
particle62 has provided a better understanding of the binding mode
of this natural product and provided insights for design of new
proteasome inhibitors (Scheme 4(c)).63–65


4 Where natural products are modified and improved
to continue their journey


The main advantage of natural products is their low molecular
weight and ease of use. But after the initial discovery of their target,
natural products often appear too limited for further analysis or
unsuitable for drug treatment. This is where chemistry allows the
design of tailor-made probes to address specific issues. A great deal
of effort has been made in the last decade to synthesize chemical
derivatives of natural products derivatives, and use them as probes
in cell biology.


A bi-functional molecule can be generated where a light reactive
(typically fluorescent) is juxtaposed to a natural compound. Fluo-
rescent probes (Table 1) provide useful preliminary information
relative to the cellular location of the natural product. It is
usually one of the first steps to understand the biological function
of a small molecule. Furthermore, using two-photon excitation
fluorescence microscopy66 precise 4D images of tissues can be
obtained. This basic strategy has been tremendously developed
including by using photoaffinity probes.67


A now commonly used tactic for identifying target of small
molecules is to synthesize an affinity based probe (Table 1). This
heterodimeric molecule binds on one end to a given protein
(typically streptavidin when biotin is used) while the other
one is recruiting its target. Starting from this simple concept,
a wide range of applications can be envisioned from simple
analysis to protein purification using polymer-immobilized avidin
chromatography column. If these approaches are often limited to
in vitro applications due to biotin poor membrane permeability,
alternative strategies can be developed especially when the natural
product is covalently bound to its target. In this case the biotin
moiety can be attached to the assembly in a second stage (after
cell lysis). Finally, the biotin/(strep)avidin pair is undoubtedly
the most widely used system although other affinity reagents can
target other proteins and be used for specific problems.68


As an example of this technique, synthesizing an affinity reagent
derived from the natural product panepoxydone 24 (Scheme 7)
unraveled the mechanism through which this fungal metabolite
displayed anti-inflammatory activity. Indeed panepoxydone 24 has
been shown to interfere with the NF-jB signaling pathway by
inducing higher molecular weight species of IjBa.69–71 However,
other natural products have also played an important role in
the exploration of the NF-jB signaling pathway; in this mech-
anism IKK is phosphorylated leading to the ubiquitin dependent
proteolysis of IjB and subsequent NF-jB translocation in the
nucleus. Inhibition of NF-jB transcription activity results in the
downregulation of genes involved in inflammation. Parthenolide
25, an anti-inflammatory sesquiterpene lactone isolated from
the medicinal herb Feverfew (Tanacetum parthenium) has been


Scheme 7 Inhibitors of NF-jB signaling pathway and affinity reagents.


Table 1 Natural product derivatized heterobifunctional molecules for chemical biology applications


Fluorescent probe Affinity based probe PROTAC


Typical probea


Main applications Imaging, analysis Purification, analysis Chemical genetics
(+) In vivo application, multicolor


labeling, 4-D imaging
Structural diversity, wide
applicability, cheap


In vivo application, chemical analog of RNAi,
catalytic, virtually applicable to all proteins


(−) Expensive, no direct proof of
target


Mainly restricted to in vitro
application


Sensitive to proteolysis, high molecular weight


a Fluo: Fluorescent moiety; E3LBM: E3 Ligase Binding Molecule.
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shown to covalently bind to IKKb via cysteine 179 and inhibit its
kinase activity.72 IjBa is therefore stabilized and prevents NF-jB
translocation into the nucleus. The epoxyquinone A monomer
is structurally similar to panepoxydone and it has the same
mechanism of inhibition of NF-jB activity. However, it has been
shown that the epoxyquinone A monomer blocks two molecular
targets, IjB kinase IKKb and NF-jB subunit p65.73 Moreover,
in IjBa deficient cells, the epoxyquinone A monomer has been
shown to induce apoptosis by directly inhibiting the DNA binding
activity of transcription factor Rel, an NF-jB subunit.74


Finally, a unique approach using natural product derivatives
has recently been described by Craig Crews’ group. The PROTAC
(for PROteolysis TArgeting Chimera, Table 1) strategy relies on
artificially generating a special proximity between the target of
a natural product and an E3 ubiquitin ligase as part of a bigger
complex of proteins (with E2 conjugating enzyme and ubiquitin).
Upon formation of this complex, ubiquitin is transferred to the
protein target, which is subsequently recruited for degradation by
the proteasome.75 After an initial in vitro proof of principle,76,77


the same group managed to induce the selective degradation of
FKBP12 in cells using PROTAC with a heterodimeric molecule
which binds to VHL through a peptidic moiety bearing a
hydroxylatable proline at one end, and FKBP12 via the so-called
“bumped ligand” at the other end.78 This strategy provides a
nice tool to selectively remove a protein from the entire proteome
without otherwise affecting the cell. Moreover, degradation of the
target protein can be regulated in time. This strategy also allows
the cellular concentration of the target protein to be regulated.
It does not require any genetic modification and can target
structural proteins as well as enzymes.


5 Conclusions


Clearly, chemistry tools can be quite helpful to unravel the
complexity of biological processes. This article aimed to employ
a few specific examples to underline how rational design and
synthesis of natural products analogs or probes led to critical
progress in understanding biology. For instance, a wide range
of chemical dimerizers and three hybrid systems has now been
developed allowing the specific activation/inactivation of biolog-
ical processes without requiring invasive methods.79 Rapamycin 6
was widely used as a chemical scaffold around which FRB and
FKBP associate to give a ternary complex.80 This trick allowed
great insight into activation of gene transcription (Fig. 2(b)),81


receptor signaling,82 induction of protein splicing (Fig. 2(c))83,84


and recently recruiting protein for degradation similarly to the
PROTAC strategy.85 Additionally, by designing mutant FKBP
and rapamycin-like molecules, the affinity and specificity of the
interactions can be increased by creating a lock in the binding
pocket of FKBP corresponding to a key on the chemical analog
(Fig. 2(d)).86,87 As illustrated here, natural products and their mode
of action studies have proven to be instrumental in the exploration
of many areas in cell biology.


The journey of natural products doesn’t end with biological
activity. Indeed, biologically active natural products provide
a means by which intracellular functions can be chemically
perturbed, and, as such, combined with more classical molecular
biology techniques to investigate cellular processes. In addition,
current efforts in the design and generation of natural product-


like libraries of compounds acknowledge the inherent advantages
of using natural products as the basis for drug development.88


Further studies on theses products mode of action often lead
to striking discoveries and open widely new fields of research in
stimulating generations of chemical biologists.


Importantly, the rational design of the molecular instruments
resulting from natural products studies is critical and despite a lot
of synthesis efforts, a poor design will inevitably lead to failure.
Nonetheless as shiny as they could appear, chemical tools, natural
products, probes, affinity reagents are not the ultimate answer to
all biological problems either. Luckily for scientific creativity, we
are still far from having in our hand a method that could tell us
the relevant procedure for studying any given system. If chemistry
and biology have been playing together for millennia, the arsenal
of techniques available in the biologists′ toolbox has recently
beneficiated of interdisciplinary connections. Whether serving as
cell biology probes, the basis for therapeutic development or as
inspiration in the design of novel compound libraries, natural
products and their biological activities will undoubtedly continue
to surprise and aid researchers for many years to come. It’s
probably fair to say that chemistry radically changed our way
of understanding and tackling biology questions as much as
molecular biology modified apprehension of medicinal issues in
the second part of the last century.
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Base flipping is the movement of a DNA base from an intrahelical, base-stacked position to an
extrahelical, solvent-exposed position. As there are favorable interactions for an intrahelical base, both
hydrogen bonding and base stacking, base flipping is expected to be energetically prohibitive for an
undamaged DNA duplex. For damaged DNA bases, however, the energetic cost of base flipping may be
considerably lower. Using a selective, non-covalent assay for base flipping, the sequence dependence of
base flipping in DNA sequences containing an abasic site has been studied. The dissociation constants
of the zinc–cyclen complex to small molecules and single strands of DNA as well as the equilibrium
constants for base flipping have been determined for these sequences. Molecular dynamics simulations
of the zinc-cyclen complex bound to both single- and double-stranded DNA have been performed in an
attempt to rationalize the differences in the dissociation constants obtained for the two systems. The
results are compared to previous studies of base flipping in DNA containing an abasic site.


Introduction


The double helical structure of DNA, first proposed by Watson
and Crick, is characterized by the hydrogen bonding of purine–
pyrimidine base pairs, adenine with thymine and guanine with
cytosine, and the stacking of adjacent bases.1 Even while main-
taining optimal geometry, the structure of DNA is quite dynamic.
In addition, there are also dynamic processes that interrupt
hydrogen bonding and/or base stacking, one example being base
flipping. Base flipping is the rotation of one or more bases from
the intrahelical, hydrogen-bonded, base-stacked position to an
extrahelical, solvent-exposed position. The increased accessibility
of flipped-out bases to solvent, other small molecules and proteins
makes it no surprise that most DNA base modification and
repair enzymes require base flipping. Examples include the crystal
structures of the DNA–enzyme complexes of M. HaeI, M. HaeIII,
hOGG1, T4 endonuclease and CPD photolyase, all of which
include one or more bases that have undergone base flipping.2


Since base flipping requires the breaking of hydrogen bonds
and the loss of base-stacking interactions, it is expected to be
energetically costly.


Dornberger et al. have studied the spontaneous flipping of DNA
bases using imino proton exchange and NMR detection.3 Using
these methods, the equilibrium constant for a guanine base in a
GCGC tetramer was found to be 3.3 × 10−7, which corresponds to
a free energy difference of ∼9 kcal mol−1. Using potential of mean
force calculations, base flipping of non-damaged DNA bases has
been studied computationally.4 The free energy required for base
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flipping of a cytosine base in a GCGC containing sequence, which
is recognized by the enzyme M.HhaI, was found to be ∼15 kcal
mol−1.5 Other studies have estimated the energy required for a
base to undergo base flipping to be between 13 and 23 kcal mol−1,
depending upon both the identity of the base and the base flipping
pathway.6


The most commonly used method to detect base flipping of
DNA bases is the incorporation of 2-aminopurine (2-ap) into the
DNA sequence of interest. The fluorescent base 2-ap is quenched
when in an intrahelical, base-stacked position, but the fluorescence
increases and shifts when in an extrahelical, flipped-out position.7


The ease of detection the base flipping of 2-ap has made this an
attractive method which has been used to detect both spontaneous
base flipping as well as the base flipping into DNA modification
and repair enzymes. As with any method, the use of 2-ap to detect
base flipping is not without limitations. As 2-ap is not a native
DNA base, native DNA cannot be used and any study relies on
the synthesis of the 2-ap analog of the sequence in question. This
requires an effort in both time and synthesis. Furthermore, the
DNA structure may be perturbed upon its inclusion in the duplex.
Finally, the closest related native DNA base is adenine, but 2-ap is
not able to mimic this base, nor other damaged bases which may
be the subject of DNA–enzyme binding studies.


In a previous report, we demonstrated the use of a new, non-
covalent assay that is simply added to native DNA to detect
base flipping in free solution, as summarized in Fig. 1.8 This
assay exploits the selective binding of zinc-cyclen complexes to
deprotonated, anionic pyrimidine bases.9 When conjugated to a
solvatochromic dye, in our case the widely used dansyl group as
shown in Fig. 2, the change in environment from bulk solution to
DNA-bound is detected as a change in fluorescence. The dansyl-
cyclen reporter group was used to detect base flipping in a DNA
sequence containing an abasic unit across from a thymine base,
which has been previously shown to induce base flipping using
time-resolved fluorescence.10
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Fig. 1 Schematic representation of the base flipping assay.


Fig. 2 Fluorescent reporter and binding unit used in base flipping assay,
dansyl-cyclen.


Base flipping of DNA sequences containing an abasic unit
has been studied extensively using NMR spectroscopy and time-
resolved fluorescence.11,10 There are three possibilities for the
location of the abasic site and the opposite base: i) both the
abasic site and opposite base are intrahelical and the “gap”
left by the absence of the base is filled by solvent, presumably
water, ii) the abasic sugar moves closer to the opposite base,
which “pinches” the DNA backbone to allow for interactions
with the “orphaned” base and iii) both the abasic sugar and
opposite base are extrahelical and the duplex collapses to fill the
empty space.11e For apyrimidinic sites where the opposite base
is adenine, there have been no structures reported in which the
adenine base is extrahelical. However, in both experimental and
computational studies the extrahelical conformation of the ribose
at the abasic site has been observed.11g,h Base flipping of 2-ap
across from a tetrahydrofuran analog of an abasic site has been
studied using time-resolved fluorescence.10 Open conformations
of 2-ap were observed for sequences in which both adenines and
thymines flank the abasic site analog. Cuniasse et al. studied
the conformations of 5′-CGTGXGTGC-3′/3′-GCACNCACG-5′


where X is the anhydroribitol analog of an abasic site and N is
either G, C or T.11a Only the intrahelical form was observed when
guanine was opposite the abasic site, while a mixture of intra-
and extrahelical conformations were observed when thymine was
opposite the abasic site. Only the extrahelical form was observed
when cytosine was opposite. This result was confirmed by Singh
et al. who found a mixture of intra- and extrahelical conformations
for a thymine base opposite a true abasic site, X, in the sequence 5′-
CGTGXGTGC-3′/3′-GCACTCACG-5′.11b Interestingly, in a dif-
ferent sequence, 5′-CGCACXCACGC-3′/3′-GCGTGTGTGCG-
5′, in which the abasic site is flanked by pyrimidine bases, Coppel
et al. reported that the thymine base opposite the abasic site was
intrahelical.11c The resulting hypothesis was that the flipping of the
ribose at the abasic site and the opposite base are dependent upon
sequence context. In sequences in which the abasic site is flanked
by purine bases the drive for those bases to stack is large and, as
a result, the abasic site and the opposite base are expelled from
the duplex which then contracts to allow for maximum overlap
between the purine bases. In sequences in which the abasic site is


flanked by pyrimidine bases, the drive for those bases to stack is not
as large and the abasic site and the opposite base are not expelled
from the duplex. However, this hypothesis would not explain the
observation of the extrahelical conformation of 2-ap in a sequence
in which the bases to the 5′ and 3′ sides of 2-ap were adenine.


As previously mentioned, we have developed a non-covalent
assay to detect base flipping of thymine bases in free solution.
Since our assay requires both base flipping and binding of the
fluorescent reporter to the flipped-out base, as shown in Fig. 1,
the observed equilibrium constant obtained is a product of the
individual equilibrium constants of the two events. Here, we
report the dissociation constant of the complex formed between
the fluorescent reporter unit and thymine and the application of
that dissociation constant to the determination of equilibrium
constants for base flipping. We have used both thymine and
thymidine monophosphate as well as short single strands of
DNA in which base flipping is not required for binding to occur.
Molecular dynamics (MD) simulations were used to explore the
conformations of the dansyl-cyclen bound to short single strands
of DNA. As a comparison to previously reported data, the
dissociation constant of the guanosine monophosphate–dansyl-
cyclen complex has been determined. Finally, we will discuss the
results of the base flipping assay as applied to duplex DNAs
containing abasic sites in various sequence contexts in order to
study the sequence dependence of base flipping in these systems
using the non-covalent base flipping assay.


Results and discussion


To determine the dissociation constants, three independent titra-
tion experiments of dansyl-cyclen with different DNA sequences
and building blocks were performed for each analyte, as shown
in the respective figure(s). The dissociation constants reported are
the averages (± standard deviation) of the dissociation constants
obtained from the three trials. Each of the data points presented in
the graphs of normalized relative fluorescence versus [analyte], is
the average of ten individual measurements to increase the signal-
to-noise ratio and to reduce error in each individual measurement.
Fitting parameters, including the R2 of the best fit line and
maximum fluorescence, are presented in the ESI.† The errors in
the dissociation constants obtained from the fitting of the data
from one trial to a one-site binding model were between ∼5 and
10% for thymine, thymidine monophosphate, the single strands
of DNA and the duplex DNAs studied. The differences in the
reported dissociation constants from the different trial runs were
between 36% and 57%, corresponding to free energy differences
between measurements of only 0.3 kcal mol−1 or less. Considering
the data averaging discussed above, it can therefore be stated that
the error limit for this method is expected to be sufficiently small
to investigate the sequence dependence of base flipping.


The dissociation constant of the dansyl-cyclen–thymine com-
plex was determined to be 1.04 ± 0.32 lM. The plots of normalized
relative fluorescence versus concentration of DNA and the best-fit
binding curves are shown in Fig. 3. In order to determine whether
phosphate may influence the dissociation constant, thymidine
monophosphate was also subjected to the same analysis, as
shown in Fig. 4. The dissociation constant obtained for the
thymidine monophosphate titration was 1.01 ± 0.30 lM. This
indicates that the included phosphate did not influence the
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Fig. 3 Normalized relative fluorescence emission of 1 lM dansyl-cyclen
in the presence of increasing concentrations of thymine in 100 mM
phosphate buffer, pH 7.0.


dissociation constant of the dansyl-cyclen–thymine complex. The
binding constant of thymidine monophosphate to zinc-cyclen
complexes has been previously determined using potentiometric
pH titrations.9e For unfunctionalized zinc-cyclen complexes, the
reported logK was 3.5 M−1, which corresponds to a dissociation
constant of 3.1 × 10−4 M. For a benzyl-functionalized cyclen
the dissociation constants with deoxythymidine and thymidine
monophosphate were reported to be 6.3 × 10−4 M and 4.0 ×
10−4 M.9c For a zinc-cyclen complex in which one of the secondary
amines has been functionalized with a (4-quinolyl)methyl group,
the dissociation constant was found to be 5.0 × 10−5 M. In
contrast, the dissociation constant obtained using fluorescence
titrations is 1.01 × 10−6 M, which is overestimated by a factor
of ∼200 as compared to the previously determined values. These
differences have to be due to structural features in the dansyl-
cyclen system that are not present in the systems previously
studied. Although the dansylsulfonamide adds sites of potential
interactions with complexed ligands that will be discussed later, the
fact that essentially identical binding constants are obtained for
thymine and thymidine makes this explanation unlikely. We rather
hypothesize that the effect is on the binder itself, presumably due
to the sulfonamide linkage, which restricts the cyclen nitrogen via
sp2 hybridization and changes the conformational behavior the
cyclen ring.


Fig. 4 Normalized relative fluorescence emission of 1 lM dansyl-cyclen
in the presence of increasing concentrations of thymidine monophosphate
in 100 mM phosphate buffer, pH 7.0.


Zinc-cyclen complexes have been previously shown to be
selective for pyrimidine bases.9 A titration was performed with
guanosine monophosphate to determine if this selectivity exists
in our system. The dissociation constant of unfunctionalized
zinc-cyclen to guanosine monophosphate has been reported to
be >0.01 M, while that of a (4-quinolyl)methyl-functionalized
zinc-cyclen to guanosine monophosphate has been reported to
be 4.0 × 10−3 M.9e Using our experimental setup, obtaining
concentrations at which the guanosine–dansyl-cyclen system has
achieved saturation would require the addition of a large volume of
the guanosine monophosphate solution. The data shown in Fig. 5
clearly show that at 28 lM guanosine monophosphate, saturation
has not been achieved. The fit of this data to a one-site binding
model can be used to give an estimate of the dissociation constant,
but because saturation has not been achieved, the reliability of
the data is questionable. The experimentally obtained dissociation
constant is on the order of 100 lM (1 × 10−4 M). The previously
determined dissociation constant of a monofunctionalized zinc-
cyclen monophosphate is an order of magnitude higher than the
dissociation constant obtained using our method. This difference
may be due to the difference in the systems studied. The addition
of a (4-quinolyl)methyl substituent has been found to decrease the
dissociation constant of the complex by an order of magnitude,
consistent with the results obtained here.9


Fig. 5 Normalized relative fluorescence emission of 1 lM dansyl-cyclen
in the presence of increasing concentrations of guanosine monophosphate
in 100 mM phosphate buffer, pH 7.0.


Next, the dissociation constants of the dansyl-cyclen complex
with short single strands of DNA were studied to determine if
the full DNA backbone and the bases flanking thymine have an
effect on binding. The titration curves for the sequences studied,
5′-GGTGG-3′, 5′-AATAA-3′ and 5′-CCTCC-3′, are shown in
Fig. 6. The dissociation constants obtained for the dansyl-cyclen
complexes with 5′-GGTGG-3′, 5′-AATAA-3′ and 5-CCTCC-3′


were found to be 0.81 ± 0.46, 1.44 ± 0.52 and 3.55 ± 1.28 lM,
respectively. The dissociation constants of the dansyl-cyclen
complexes with 5′-AATAA-3′ and 5′-GGTGG-3′, in which the
flanking bases are purines, are ∼2 and 4 times lower, respectively,
than the dissociation constant obtained for 5′-CCTCC-3′, in which
the flanking bases are pyrimidines. This indicates stronger binding
of the dansyl-cyclen to thymines flanked by purine bases, with
the strongest binding observed when those bases are guanine.
Because strong preorganization can be excluded for these short
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Fig. 6 Normalized relative fluorescence emission of 1 lM dansyl-cyclen in the presence of increasing concentrations of (a) 5′-GGTGG-3′,
(b) 5′-AATAA-3′ and (c) 5′-CCTCC-3′, in 100 mM phosphate buffer, pH 7.0.


oligonucleotide strands, the increased binding of the adjacent
guanidine is most likely due to an additional, specific interaction.


In order to more fully understand the possible interactions of
the dansyl-cyclen and thymine and the experimentally observed
differences in the binding of the oligonucleotides, unrestrained
MD simulations were performed on dansyl-cyclen bound to
deprotonated thymines in both 5′-GGTGG-3′, where the flanking
bases are purines, and 5′-CCTCC-3′, where the flanking bases are
pyrimidines. The total simulation time for each sequence was 6 ns.
In the simulation of the dansyl-cyclen bound to 5′-GGTGG-3′,
interactions between the sulfonamide oxygens and hydrogens (H1,
cyclic amino hydrogen, and H22, exocyclic 1◦ amino hydrogen) of
a guanine base were observed after ∼1.2 ns, as shown in Fig. 7.
The distance between the sulfonamide oxygens and the guanine
hydrogens decreases from ∼9 Å at the start of the simulation to
∼2 Å from 1.2 to 3.7 ns and from 3.9 to 5.8 ns. The results of
the simulation show that the interaction is rapidly formed, but
also dissociates at longer simulation times, and indicates that this
interaction is relatively weak, in agreement with the experimentally
observed weak binding differences. Shown in Fig. 8 is a snapshot
of the MD simulation at 4000 ps showing the interaction of the
sulfonamide oxygens of the dansyl-cyclen with a guanine base. The
simulation of dansyl-cyclen bound to the deprotonated thymine
of 5′-CCTCC-3′ did not show any analogous interactions of the
sulfonamide oxygens with the flanking DNA bases. This may
explain the ∼4 fold difference in the experimentally determined
dissociation constants of the dansyl-cyclen to the sequences


Fig. 7 Distances between sulfonamide oxygens of dansyl-cyclen and
guanine hydrogens H1 (solid) and H22 (dashed) of 5′-GGTGG-3′ vs. time
(ps).


Fig. 8 Snapshot at 4000 ps of MD simulation of dansyl-cyclen bound
to deprotonated thymine in 5′-GGTGG-3′ showing the interaction of
sulfonamide oxygens with guanine hydrogens (O3–H1 distance 1.93 Å,
O3–H1–N1 angle 177.1◦, O4–H22 distance 2.15 Å, O4–H22–N2 angle
177.5◦).


in which purine (5′-GGTGG-3′) and pyrimidine (5′-CCTCC-3′)
bases flank the thymine.


Detection of base flipping in a duplex DNA in which an aba-
sic unit is located across from a thymine base using dansyl-cyclen
has been demonstrated previously.5 The sequence dependence of
base flipping in duplex DNAs containing an abasic site was studied
by varying the two bases to both the 5′ and 3′ sides of the abasic
site. The sequences studied are listed in Table 1, with the X =
tetrahydrofuran analog of an abasic site, and the corresponding
thymine marked in bold. The titration curves for duplex G, duplex
C and duplex T are shown in Fig. 9. The average dissociation
constants obtained for the dansyl-cyclen complexes with duplex
G, duplex C and duplex T from the three experiments were found
to be 1.45 ± 0.48, 2.14 ± 0.84 and 1.63 ± 0.26 lM, respectively.
The average dissociation constant for the dansyl-cyclen complex
with duplex A was previously reported to be 0.72 ± 0.25 lM.8
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Table 1 Sequences studied (X = abasic site)


Duplex Sequence


Aa 5′-GCACGAATAAGCAGC-3′


3′-CGTGCTTXTTCGTGC-5′


G 5′-GCACGGGTGGGCAGC-3′


3′-CGTGCCCXCCCGTGC-5′


C 5′-GCACGCCTCCGCAGC-3′


3′-CGTGCGGXGGCGTCG-5′


T 5′-GCACGTTTTTGCAGC-3′


3′-CGTGCAAXAACGTCG-5′


a Previously reported in ref. 8.


Using this data, the equilibrium constants for base flipping of
the thymine base can be calculated. The dissociation constants
reported are a product of the dissociation constant of the
dansyl-cyclen to an extrahelical thymine base and inverse of the
equilibrium constant for the flipping of the thymine base to an
extrahelical position. The choice of the dissociation constant of
the dansyl-cyclen–thymine complex that is used in the calculation
of the equilibrium constant for base flipping becomes therefore
critical for the absolute value of the equilibrium constant for base
flipping. While the relative equilibrium constants (and thus the
sequence dependence of base flipping) should not depend on the
binding constant as long as the interactions remain the same, the
observation of interaction of the dansyl-cyclen with bases adjacent
to thymine in the short single-strands in both the experimental
studies and the MD simulations indicate that this assumption
might not be valid. Although the use of short single-strands of
DNA appeared to be the optimal choice for the determination of
the dissociation constant of the dansyl-cyclen–thymine complex
due to the similarity in environment to duplex DNA, it is not
clear that the results for 5′-GGTGG-3′ discussed above are also
applicable to a duplex where the guanine might stay inside the
duplex. Thus, we checked whether the additional interactions to
a guanine obtained during the 6 ns of MD simulations of dansyl-
cyclen bound to duplex G or other interactions with the DNA
backbone occurred in the larger systems.


The total time of the simulation of the dansyl-cyclen bound
to an extrahelical deprotonated thymine in an undamaged DNA
duplex was 8 ns. A snapshot of the MD simulation at 6 ns, which
is a structure representative of the simulation, is shown in Fig. 10.
Flipping of the extrahelical thymine base back into the helix was
not observed. In the present case, this is due to the definition of


Fig. 10 Snapshot (6 ns) of MD simulation of dansyl-cyclen bound to
5′-GCACGGGTxGGGCAGC-3′/3′-CGTGCCCACCCGTGC-5′ where
Tx represents anionic thymine.


a bond between the deprotonated thymine and the zinc ion which
would prevent base flipping because the bulky dansyl-cyclen would
be impossible to incorporate into the DNA structure. This can be
seen by considering the strength of the zinc–nitrogen bond and
the fact that base flipping is not observed in similar duplexes in
MD simulations on the 10 ns timescale.9,18 Waters included in the
simulation are observed to fill the “hole” in the duplex left by the
extrahelical thymine base, again in analogy to earlier simulations.


During the 8 ns of simulation, no interactions of the dansyl-
cyclen with the backbone of the DNA or guanines were observed.
Although it cannot be excluded that the simulation timescale


Fig. 9 Normalized relative fluorescence emission of 1 lM dansyl-cyclen in the presence of increasing concentrations of (a) duplex G, (b) duplex C and
(c) duplex T, in 100 mM phosphate buffer, pH 7.0.
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Table 2 Summary of experimental data


System Kd/lM


Thymine 1.04 ± 0.32
Thymidine monophosphate 1.01 ± 0.30
Guanosine monophosphate 135.2 ± 61
5′-AATAA-3′ 1.44 ± 0.52
5′-GGTGG-3′ 0.81 ± 0.46
5′-CCTCC-3′ 3.55 ± 1.28
Duplex Aa 0.72 ± 0.25
Duplex G 1.45 ± 0.48
Duplex C 2.14 ± 0.84
Duplex T 1.63 ± 0.26


a Previously reported in ref. 8.


is too short to position a guanine for interaction with the
sulfonamide, we consider this possibility as unlikely because the
interaction energy is small compared to the energy needed to
deform the backbone and disrupt base stacking of the guanine.
Since interactions between the dansyl-cyclen and guanine bases
were only observed in the single-stranded oligonucleotides, the
dissociation constants obtained using single-stranded DNAs may
not be appropriate for use in the determination of base flipping
equilibrium constants. The dissociation constant of the thymine–
dansyl-cyclen complex is larger than the dissociation constant
obtained for the 5′-GGTGG-3′–dansyl-cyclen complex, indicating
that there are interactions present in the latter system not present
in the former. Use of the smaller dissociation constant may lead
to underestimation of the equilibrium constants for base flipping
in abasic DNAs. Therefore, the dissociation constant obtained
for the dansyl-cyclen–thymine complex is best suited to be used
to calculate the equilibrium constants for base flipping in abasic
DNAs.


A summary of the dissociation constants obtained using the
base flipping assay is presented in Table 2. The dissociation con-
stants for the dansyl-cyclen complexes with thymine and thymidine
monophosphate are essentially identical, indicating that there are
no significant differences in the binding in these two systems.
The large dissociation constant estimated from the titration of
guanosine monophosphate demonstrates the selectivity of the
dansyl-cyclen for pyrimidine bases, namely thymine. The trend
in the dissociation constants of the dansyl-cyclen complexes with
the single-stranded DNAs was found to be 5′-CCTCC-3′ > 5′-
AATAA-3′ > 5′-GGTGG-3′. This trend follows the observation
that interactions of the sulfonamide oxygens were observed in
the MD simulation of the dansyl-cyclen bound to 5′-GGTGG-
3′ but not in the simulation of 5′-CCTCC-3′. These interactions
increase the affinity of the dansyl-cyclen for the single-stranded
DNA which, in turn, decreases the dissociation constant. Based
upon the differences in the dissociation constants obtained for 5′-
GGTGG-3′ and 5′-CCTCC-3′, the difference in energy of binding
of dansyl-cyclen has been calculated to be ∼0.9 kcal.


The base flipping equilibrium constant for duplex A calculated
using the binding constant of the dansyl-cyclen–thymine complex
was found to be 1.44, which indicates that there is a 50% higher
concentration of the flipped-out species in solution. The flipped-
out conformation of duplex A is favored by 0.2 kcal, making it the
only one of the four sequence studies here that was found to favor
the flipped-out state. The base flipping equilibrium constants, Kflip,


for the three other duplexes G, C and T were calculated to be 0.70,
0.49 and 0.64. This indicates that the flipped-in conformations
of duplexes G, C and T are favored compared to the flipped-out
conformations by ∼0.2 to 0.4 kcal. The sequence dependence of
base flipping in DNA containing an abasic site analog using the
base flipping assay is therefore duplex A > duplex G ≥ duplex T >


duplex C.
Comparison of the results obtained using the base flipping assay


and previously reported structures of DNA duplexes containing
an abasic site reveals some interesting differences. The results
presented herein indicate that the flipped-out state is more likely
to be detected in sequences in which purines flank the flipping
base, i.e. thymine, leaving pyrimidines to flank the abasic site. This
result is consistent with the observations of Rachovsky et al., who
reported observing the extrahelical conformation of 2-ap using
time-resolved fluorescence when the abasic site was flanked by
adenine and thymine bases.10 However, the population of the
extrahelical conformation was greater when the abasic site was
flanked by adenines than by thymines. This is the reverse sequence
dependence than we observe, opening the intriguing possibility
that the reversal of the base opposite the abasic site (from the
adenine-like 2-ap in ref. 11 to thymine in the present study) leads
to an inversion of the sequence dependence of flipping.


It has been previously reported that in a sequence in which an
abasic site is flanked by guanine bases, the extrahelical conforma-
tion of both thymine and cytosine bases opposite the abasic site
was observed using NMR spectroscopy.11a,11b When the abasic site
is flanked by cytosine bases, only the intrahelical conformation
of a thymine base opposite the abasic site was observed. These
observations led to the interesting hypothesis that the favorable
base-stacking interactions of the purine bases flanking the abasic
site drive the conformational equilibrium toward the extrahelical
conformation. The base opposite the abasic site is forced out of
the helix and the duplex then collapses to fill the unoccupied space,
allowing the flanking purine bases to stack. Using the base flipping
assay described in this report, however, the opposite is observed.
The largest values for Kflip were observed for duplexes A and G in
which pyrimidine bases flank the abasic site. The Kflip for duplex
T was found to be approximately equal to that of duplex G. In
addition, the MD simulations do not provide evidence for such a
collapse of the duplex. Rather, the hole created by flipping of the
thymine is filled with water molecules and the overall structure of
the duplex is maintained. However, the differences in the model
systems studied here and in ref. 11 are large enough that other
explanations are possible.


Conclusions


The sequence dependence of base flipping in DNA containing an
abasic site has been studied using a previously developed, non-
covalent assay with a fluorescent readout. The dissociation con-
stant of the dansyl-cyclen complex with thymine was determined to
be approximately 1 lM. The dissociation constants of the dansyl-
cyclen complexes with thymine and thymidine monophosphate
are essentially identical, indicating that the added phosphate
backbone did not affect binding. The dissociation constant of
the dansyl-cyclen–thymine complex can be used to calculate the
base flipping equilibrium constants, Kflip, for the four different
duplex DNAs used in this study. The dissociation constants of


490 | Org. Biomol. Chem., 2008, 6, 485–492 This journal is © The Royal Society of Chemistry 2008







dansyl-cyclen complexes with single strands of DNA, which were
originally intended for this purpose, are a less reliable model.
This is due to additional interactions of the dansyl-cyclen with
DNA bases adjacent to thymine that were observed during MD
simulations of these systems as well as in the experimentally
observed binding constants, which may affect the dissociation
constants of these systems.


The base flipping equilibrium constants for duplex A, duplex
G, duplex C and duplex T were found to be 1.44, 0.70, 0.49
and 0.64, indicating that of the four sequences studied only
duplex A was found to favor the flipped-out state. The energy
differences between the flipped-out conformations of all four
sequences studied are small, between 0.4 and 0.6 kcal, but the
trends are readily discernible using the assay employed here.
The differences between this work using native abasic DNA
and a noncovalent probe and previous studies of base flipping
using time-resolved fluorescence of covalently modified DNA may
indicate a difference in the energetics of base flipping in the two
types of systems that reflect the subtle effects on DNA dynamics
and warrant further study. The combination of experimental and
computational methods used here is a promising approach to
elucidate these subtle effects.


Experimental


Thymine and thymidine monophosphate were purchased from
Sigma Chemical Co., guanosine monophosphate from VWR In-
ternational, all DNA strands from Integrated DNA Technologies,
and were used as received. All fluorescence spectra were recorded
on a Jobin-Yvon Fluoromax-3 spectrometer in a 10 × 4 mm,
1.6 mL quartz cell (Starna Cells, Atascadero, CA). The slit width
was 5 nm and the integration time was 0.5 s. The temperature was
regulated using an external water bath. The excitation wavelength
used for all experiments was 335 nm. Duplex DNA was prepared
by mixing equal concentrations of complementary single strands
(500 lM in 100 mM phosphate buffer, pH 7.0 with 50 mM NaCl)
and heating to 95 ◦C for 5 min in a water bath. The solutions
were then allowed to slowly cool to room temperature. All DNA
stock solutions were stored in a −20 ◦C freezer when not in use.
The synthesis of the fluorescent reporter, dansyl-cyclen, and the
development of the base flipping assay was previously reported.8


The maximum difference in the fluorescence emission for
duplex DNAs containing an abasic site and native DNA was
previously determined to be 533 nm.8 For thymine, thymidine
monophosphate, guanosine monophosphate, 5′-AATAA-3′, 5′-
CCTCC-3′ and 5′-GGTGG-3′, the fluorescence emission was
monitored at 500 nm (see ESI†). The assay was performed as
follows: To a 1 lM solution of dansyl-cyclen was titrated 17
additions of 0.5 lL of a 250 lM solution of the compound of
interest and 13 additions of 4 lL of the same solution. The
fluorescence emission of the titrations was monitored at the
maximum difference wavelength and each data point is the average
of ten repeated measurements, each with a standard error of either
<0.15% (duplex DNA, ssDNA) or <0.25% (thymine, thymidine
monophosphate, guanosine monophosphate). All experiments
were performed in 100 mM phosphate buffer, pH 7.0, at 25 ◦C. The
data were fit using a one-site binding model as provided in Origin
6.1.12 The error bars shown are the 95% confidence interval for
each of the measurements. Three trials were performed for each


compound, as shown in the text, and the average dissociation
constants (± standard deviation) are reported.


Computational details


All molecular dynamics simulations were performed using the
Amber 9 suite of programs using the Cornell et al. force field
with the adjustments added by Wang et al. and the general Amber
force field (gaff).13 The DNA structures, as well as the dansyl-
cyclen, were prepared using Insight II.14 The starting structures
for the single-stranded DNA simulations were identical except for
the replacement of the appropriate bases. Using Gaussian03, the
optimized geometry and charges for the deprotonated thymine
bound to the dansyl-cyclen, both at the B3LYP/6-31G* level of
theory, were calculated.15 The antechamber module of Amber was
then used to perform two-stage restrained electrostatic potential
(RESP) fitting to obtain the charges for the new residue.16 The
anionic thymine and the zinc ion were assigned AMBER atom
types; the cyclen ring and the dansyl moiety were assigned general
Amber force field (gaff) atom types (see ESI† for full listings of
charges and atom types). The systems were neutralized using Na+


counterions and solvated using the TIP3P water model as provided
in xleap. The solvent box extended 8 Å beyond the DNA structure
in each direction. The final systems, 5′-GGTGG-3′, 5′-CCTCC-
3′ and duplex DNA, consisted of 4000, 4189 and 20 545 atoms
including 1258, 1325 and 6503 water molecules and 4, 4 and 28
sodium ions, respectively. The systems were minimized for 60 000
steps, first with restraints placed on the DNA heavy atoms to allow
the water box and hydrogen atoms to equilibrate. A second round
of minimization with no restraints was performed. The minimized
system was then equilibrated in the constant volume, isothermal
(NVT) ensemble for 20 ps with restraints of 10 kcal mol−1 Å−2 on
the DNA. The system was then heated to the final temperature
of 300 K over 100 ps in the constant pressure, isothermal (NPT)
ensemble. Isotropic position scaling with a relaxation time of 2 ps
was used to maintain a pressure of 1 atm and Langevin dynamics
with a collision frequency of 1.0 ps−1 was used to maintain the
temperature at 300 K. All calculations used SHAKE to constrain
covalent bonds to hydrogen, which allowed the use of a 0.002 ps
time step. Long-range electrostatic interactions were treated using
PME with long-range cutoffs of 10 Å applied to the Lennard-
Jones interactions.17 Periodic boundary conditions were used in all
calculations. All simulations were analyzed using the ptraj module
of Amber.
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A facile combinatorial strategy was developed for the construction of libraries of functionalized chiral
ionic liquids (FCILs) including doubly chiral ionic liquids and bis-functional chiral ionic liquids. These
FCIL libraries have the potential to be used as asymmetric catalysts or chiral ligands. As an example,
novel asymmetric bifunctional catalysts were developed by simultaneously incorporating functional
groups onto the cation and anion. The resultant bis-functionalized CILs showed significantly improved
stereoselectivity over the mono-functionalized parent CILs.


Introductions


Functionalized ionic liquids (FILs, or task-specific ionic liquids,
TSILs), are receiving growing attention due to their tunable
features for various targeted chemical tasks1 and their ad-
vantages as reusable homogeneous supports and dual solvent-
catalysts with green credentials.2 Recently, chiral ionic liquids
(CILs) have emerged as an important kind of ionic liquid in
the development of task-specific ionic liquids.3 Following the
initial works of Howarth4a and Seddon,4b a number of CILs
have been synthesized and applied as chiral resolution reagents,
chiral solvents or asymmetric catalysts.3 For example, the use
of CILs as reaction media has been shown to induce signifi-
cant chiral induction in several reactions including the Baylis–
Hillman reaction,5 photoisomerization,6 Michael addition7 and
hydrogenation.8 Recently, we and other groups have reported that
CILs with specific functional groups served as highly effective
asymmetric organocatalysts for the direct aldol reaction and the
Michael addition reaction.9 Functionalized CILs have also been
shown to be effective chiral ligands in asymmetric transition metal
catalysis.10 Overall, as the unique properties of ILs become well-
established, more promising applications of CILs are ensured, and
the bottleneck now is in the development and synthesis of new
kinds of CILs.


In general, CILs have been generated by introducing chirality
into the cation, anion or both via a “chiral pool” strategy11 or
asymmetric synthesis.12 Of the two approaches, the former strategy
has normally been employed to produce optically pure CILs. In the
chiral pool synthesis, the judicious selection of chiral precursors
and the corresponding IL-forming reaction are considered critical
steps. Ideally, a successful synthesis would encompass a modular
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and combinatorial strategy, an easy, quick and clean reaction and
readily available chiral precursors. Despite much success achieved
in this area,13 most of the syntheses have been applied to only a few
selected substrates with limited structural diversity. A facile and
combinatorial synthesis of CILs with a wide variety of structural
patterns has not been reported until now.14 Herein, we describe
such a method for the synthesis of CILs by choosing chiral cyclic
sulfates and cyclic sulfamidates as the key precursors (Scheme 1).15


In this procedure, ring opening of cyclic sulfates or sulfamidates
with tertiary amines serves as the key IL-forming reaction. This
reaction, with characteristics resembling “click” reactions,16 allows
for facile and combinatorial construction of libraries of chiral ionic
liquids with structural diversity. Besides being highly modular, this
new protocol opens access to a wide variety of CILs with hydroxyl
or amino chiral centers in a highly efficient and halide-free manner.


Scheme 1 Strategy for the click synthesis of FCILs.


Results and discussion


Synthesis of cyclic sulfates and sulfamidates


The chiral cyclic sulfates and sulfamidates were synthesized
from readily available chiral diols and chiral amino alcohols,15


respectively. The chiral diols or chiral amino alcohols were
treated with SOCl2 and the cyclic sulfites or cyclic sulfimidates
obtained were oxidized with RuCl3/NaIO4 to afford the final
products (Scheme 2). Alternatively, the sulfamidates could also
be accessed from chiral diols by use of the Burgess reagent17 or
direct asymmetric intramolecular amidation of simple alcohols by


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 567–576 | 567







Scheme 2 Synthesis of cyclic sulfate and sulfamidates. Reagents and
conditions: i) SOCl2, NEt3, imidazole, CH2Cl2, rt, 12 h; ii) RuCl3, NaIO4,
CH3CN–H2O, rt, 12 h, 56–86% yield.


C–H activation,18 which would eventually make the process more
atom-economic.


Ring-opening reactions of cyclic sulfates and sulfamidates


The ring-opening reactions were simply carried out by mixing
the two reactants in a 1 : 1 molar ratio. In cases where liquid
substrates were involved, no solvent is necessary to facilitate the
reaction. Gratifyingly, the ring-opening reactions of both cyclic
sulfates and cyclic sulfamidates proceeded smoothly, affording the
desired zwitterionic products. These were insoluble in non-polar
solvents and precipitated from reaction mixture, thus making
the work-up very straightforward. In all the cases examined,
simple washing with ether or ethyl acetate was sufficient to give
the pure zwitterionic products in quantitative yields (Table 1).
Several notable features of the alkylation reactions are evident:
(1) the reactions are very clean and quick, thus accelerating the
synthesis of CILs, (2) only stoichiometric alkylation reagents are
employed. This stands in contrast to the commonly practised
ionic liquid synthesis with alkyl halides, where excess reagents
and extending heating are normally required to complete the
reaction; and (3) the cyclic sulfate or sulfamidate moieties also
serve as masked functional groups, thus diminishing protection–
deprotection manipulations. For example, our present synthesis of
chiral hydroxyl ionic liquid from the cyclic sulfate of (R)-propane-
1,2-diol were conveniently conducted in one pot, and the reactions
went to completion cleanly in minutes at room temperature, a
significant improvement over the previous synthesis that required
multiple protections and deprotections.13m


Some selected zwitterionic products are summarized in Table 1.
As shown, the current method accommodates a variety of chiral
cyclic sulfates and cyclic sulfamidates as well as a wide range of
nucleophiles, including alkylated imidazoles and pyridines. With
cyclic sulfates, the reactions took place exclusively on the less
substituted side, leading to a single product in quantitative yields.
Judged from the data in Table 1, combinatorial synthesis is clearly
viable by combination of different cyclic sulfates/sulfamidates and
nucleophiles (e.g. entries 9–14).


Synthesis of the final functionalized chiral ionic liquids


The zwitterions were next treated with strong acids to afford,
as initially predicted, Brønsted acidic CILs. Unfortunately, this
type of acidic CIL is unstable, and slow decomposition of the
sulfuric/sulfamic acid groups was observed in most of the cases
examined. However, this instability provides us with a chance
to remove the sulfonyl groups to achieve functionalized CILs.


The zwitterionic products, e.g. 2 and 3b, were therefore heated in
the presence of a strong acid to completely remove the sulfonyl
groups. This step could be accelerated using microwave heating.
After treatment, the sulfuric zwitterions were cleanly transferred
to functionalized CILs with hydrogen sulfate anions. For sulfamic
zwitterions, this step could introduce the anion of the final FCILs
when excess strong acids such as HCl, CF3SO3H, HClO4 or HBF4


were used (Scheme 3, route I). Alternatively, the anions of FCILs
could also be introduced following an anion exchange (OH−) and
neutralization procedure (Scheme 3, route II). It should be noted
that the neutralization strategy allowed for the incorporation of all
kinds of acids, either strong or weak, especially with chiral acids
as the final anions. The diversity of our combinatorial synthesis
is therefore significantly enhanced, and a facile combinatorial
synthesis of doubly chiral ILs (with chirality on both cation
and anion) and bis-functional CILs (with functional groups on
both cation and anion) was achieved for the first time. Following
routes I and II, an initial library of functionalized chiral ionic
liquids were easily constructed (Fig. 1). In general, the final
functionalized chiral ionic liquids were obtained in quantitative
yields starting from the corresponding zwitterions. Fig.1 lists the
selected examples of functionalized chiral ionic liquids, doubly
chiral ILs and bifunctional CILs.


Scheme 3 Synthesis of final FCILs.


Table 2 summarizes the thermal properties of the selected final
FCILs 20 and 21. These functionalized CILs demonstrated good
thermal stability (>163 ◦C) as determined by TGA. Given the
multi-functionalized structural features, FCILs 20 and 21 are
still viscous liquids with glass transition temperaturesranging
from −37 ◦C to −67 ◦C. These properties suffice for potential
applications of the FCILs.11


Catalytic applications of functionalized chiral ionic liquids


To illustrate the potential of current combinatorial synthesis,
the obtained functionalized chiral ionic liquids, in particular
the doubly chiral ionic liquids and the bis-functionalized chiral
ionic liquids, were next applied as catalysts in asymmetric direct
aldol reactions. Previously, we have shown that functionalized
chiral ionic liquids such as 20 can serve as highly efficient and
reusable organocatalysts for Michael addition reactions9a,b,d and
direct aldol reactions.9c Though excellent stereoselectivities were
achieved in Michael reactions with the catalysis of 20, FCILs such
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Table 1 Synthesis of zwitterions


Entry Product Conditionsa Time Yield (%)b


1 R = Me (1a) A 15 min >99


2 R = n-C4H9 (1b) A 15 min >99
3 R = n-C8H17 (1c) B 1 min >99
4 R = n-C12H25 (1d) B 1 min 97
5c 2 B 10 h >99


6 R= Me (3a) B 30 min >99


7 R = n-C4H9 (3b) B 1.5 h >99
8 R = n-C8H17 (3c) C 5 h >99
9 4 C 10 h 72


10 5 B 3 h 99


11 6 B 3 h 71


12 7 B 3 h >99


13 8 C 5 h >99


14 9 C 7 h 98


15 10 C 3 h 75


16 11 C 5 h 96


a Reagents and conditions: A: 1.0 equiv. Nu, CH2Cl2, 0 ◦C; B: 1.0 equiv. Nu, neat, rt; C: 1.0 eq. Nu, toluene, 80 ◦C. b Isolated yield. c Excess pyridine was
used.


as 20a demonstrated poor stereoselectivities in aldol reactions.9c


Further evolution of the catalysts is therefore necessary. In
this regard, the current combinatorial synthesis might provide
promising solutions. A initial library of doubly chiral ionic liquids
and bis-functionalized CILs were briefly examined in the model
reaction of cyclohexanone and p-nitrobenzaldehyde (Table 3).


A variety of doubly chiral ionic liquids such as 21 were first
tested and showed reasonably high catalytic activities in the model
reactions but with marginal effect on the stereoselectivity (Table 3,
entries 2–4 vs. entry 1), suggesting the second chirality on anions


is insignificant in influencing stereocontrol. We next examined
possible bifunctional catalysis by introducing an additional func-
tional group (namely, a hydrogen-bonding group), onto FCIL
anions. As is known, bifunctional catalysis is a well-explored
motif in asymmetric organocatalysis.19 A prominent example is
L-proline, for which both the pyrrolidine and carboxylic groups
have been shown to be essential for asymmetric catalysis in many
transformations.20 Previously, we have shown that acidic additives
have a dramatic impact on the catalytic performance of FCILs.9a,c


Bearing these observations in mind, we prepared a series of
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Fig. 1 Library of final FCILs.


Table 2 Thermal properties of the FCILs


Entry FCIL T g/
◦Ca Tdecomp/◦Cb [a]20


D


1 20a −52 232 +25.5 (c = 1.0, CHCl3)
2 20b −67 263 +24.6 (c = 1.0, EtOH)
3 20c −63 228 +17.6 (c = 1.0, EtOH)
5 21a −54 197 +6.1 (c = 1.0, CH3OH)
6 21b −52 163 +2.9 (c = 1.0, CHCl3)
7 21c −41 179 +9.8 (c = 1.0, CHCl3)
8 21d −38 235 +11.6 (c = 1.0, CHCl3)
9 21e −64 167 +20.2 (c = 1.0, CH3OH)


10 21f −37 226 −31.2 (c = 1.0, CH3OH)
11 21g −44 229 +46.4 (c = 1.0, CHCl3)


a Determined by DSC. b Determined by TGA.


bis-functionalized FCILs 22, i.e. hydroxy- or carboxy-
functionalized ILs, by incorporating acidic groups onto anions
following the neutralization strategy (Fig. 1, route II). FCILs 22
were generated in situ and used directly in the model reaction
(Table 3). To our delight, improvement on stereoselectivity was
indeed observed (Table 3, entries 5–10) and the best results were
achieved with FCIL 22d bearing a phthalic mono-anion. In the
presence of 22d (10 mol%), the reaction gave 94% yield, 70 :
30 anti/syn and 55% ee (anti) in 23 h, showing a significant
improvement over the parent FCIL 20a (Table 3, entry 8 vs. entry
1). Interestingly, FCILs 22e and 22f (prepared from the phthalic
acid isomers isophthalic acid and terephthalic acid, respectively),
showed much lower stereoselectivity than that of FCIL 22d,
though they maintained similar activities (Table 3, entries 9 and
10 vs. entry 8). These results strongly suggest that the carboxylic
acid group is involved in the catalytic cycle, wherein its orientation
in the chiral ion pair is vital for stereocontrol. FCIL 22d may
therefore represent a rare example of non-covalent bifunctional
organocatalysts with its two acting functional groups residing


Table 3 FCIL-catalyzed direct aldol reactionsa


ee (%)c


Entry Catalyst Time/h Yield (%) Anti/synb Anti Syn


1 20a 30 92 46 : 55 26 71
2 21b 36 90 64 : 36 7 4
3 21c 60 94 60 : 40 15 46
4 21e 36 97 60 : 40 21 6
5 22a 36 94 50 : 50 23 58
6 22b 50 90 57 : 43 35 34
7 22c 96 66 70 : 30 47 24
8 22d 23 94 70 : 30 55 73
9 22e 30 90 54 : 46 23 <5


10 22f 30 80 50 : 50 16 7


a Conditions: 0.25 mmol of substrate in the presence of 10 equiv. of
cyclohexanone, neat. b Determined by 1H NMR. c Determined by chiral
HPLC.


separately on cation and anion. To further prove the bifunctional
catalysis of FCIL 22d, several other substrates were examined
(Scheme 4) and consistent results were obtained, all showing
significantly improved stereoselectivity over the parent FCIL 20a.
Importantly, the ionic liquid type catalyst 22d maintains good
biphasic properties, and can be easily recycled and reused as
previously demonstrated.9


Conclusions


In conclusion, we have presented herein a facile and combina-
torial synthesis of functionalized chiral ionic liquids by utilizing
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Scheme 4 Non-covalent bifunctional catalysis of the asymmetric direct
aldol reaction.


ring-opening reactions of chiral cyclic sulfates/sulfamidates. As a
result, parallel synthesis of library of FCILs is not only accelerated
but allows for a much richer family of functionalized structures.
This versatility was demonstrated in the parallel synthesis of
doubly chiral ionic liquids and bis-functional CILs. These series of
ionic liquids, endowed with multiple functional groups, still main-
tain good ionic liquid properties. The potential of these FCILs was
further demonstrated in asymmetric direct aldol reactions. Novel
non-covalent bifunctional organocatalysts have been evolved by
screening a series of doubly chiral and bis-functionalized ionic
liquids. FCIL 22d, endowed with a carboxylic acid group on
the anion, showed significantly improved stereoselectivity over its
parent FCILs. This bifunctional strategy can be applied to many
other bifunctional organocatalytic transformations. Furthermore,
the chiral imidazolium zwitterions would also serve as good
nitrogen heterocyclic carbene (NHC) ligands and catalysts,21 and
these features are also currently being investigated by our groups.


Experimental


General


Commercial reagents were used as received, unless otherwise
stated. 1H and 13C NMR were recorded on a Bruker-DPX 300
spectrometer, and chemical shifts are reported in ppm relative
to tetramethylsilane with the solvent resonance as the internal
standard. The following abbreviations are used to designate
chemical shift mutiplicities: s = singlet, d = doublet, t = triplet,
q = quartet, h = heptet, m = multiplet, br = broad. All first-order
splitting patterns were assigned on the basis of the appearance of
the multiplet. Splitting patterns that could not be easily interpreted
are designated as multiplet (m) or broad (br). Mass spectra were
obtained using a fast-atom bombardment (FAB) spectrometer,


electron impact ionization (EI) mass spectrometer or electrospray
ionization (ESI) mass spectrometer. Glass transition temperatures
(T g) were determined by scanning differential chromatography on
a DSC 822e instrument with a heating rate of 10 ◦C min−1 after
initially cooling to −80 to −100 ◦C. Decomposition temperatures
(Tdec) were determined with a STA 409 PC instrument with a
heating rate of 10 ◦C min−1. Optical rotations were measured
using a 1 mL cell with a 1 dm path length on a Perkin-
Elmer 341 digital polarimeter and are reported as [a]20


D values
(c in g per 100 mL of solvent). The cyclic sulfates and cyclic
sulfamidates were synthesized following previous procedures with
minor modifications.


Synthesis of FCILs 12 and 13


FCIL 12a (Condition A). The chiral cyclic sulfate of (S)-
propane-1,2-diol (69 mg, 0.5 mmol) was dissolved in ca. 3 mL
CH2Cl2, followed by the dropwise addition of N-methylimidazole
(41 mg, 0.5 mmol, dissolved in ca. 3 mL CH2Cl2). The mixture
was stirred for another 15 min, concentrated in vacuo, the residue
washed with Et2O (5 mL × 6), and dried in vacuo to afford 1a
as white solid in quantitative yield. 1H NMR (300 MHz, D2O):
d 1.41 (3H, d, J = 5.46 Hz), 3.94 (3H, s), 4.25–4.33 (1H, m),
4.50–4.55 (1H, m), 4.70–4.84 (1H, m), 7.48 (1H, s), 7.54 (1H, s),
8.79 (1H, s); 13C NMR (D2O, 75 MHz): d 17.25, 35.86, 53.37,
74.59, 123.24, 123.47, 136.86; MS (ESI) for C7H13N2O4S+ (M+ +
1): calcd. 221.06, found 221.18.


The zwitterion 1a obtained above was dissolved in 5 mL 4 N HCl
in EtOH solution and refluxed for 6 h. The the reaction mixture
was then evaporated and dried in vacuo to afford the FCIL 12a
as a colorless viscous liquid in quantitative yield. [a]20


D = +1.8
(c = 1.0, CH3CH2OH); 1H NMR (300 MHz, D2O): d 1.06–1.09
(3H, m), 3.76–3.77 (3H, m), 3.90–4.03 (2H, m), 4.14–4.19 (1H,
m), 7.31 (1H, s), 7.35 (1H, s), 8.58 (1H, s); 13C NMR (D2O, 75
MHz): d 18.92, 25.73, 55.59, 65.79, 122.92, 123.38, 136.40; IR
(film): m 3348.8, 3150.2, 3099.1, 2973.7, 1571.7, 1457.9, 1427.1,
1379.8, 1168.7, 1114.7 cm−1; HRMS (FAB) for C7H13N2O+ (M+):
calcd. 141.1022, found 141.1015.


FCIL 12b. The corresponding zwitterion 1b was obtained
following Condition A in quantitative yield in 15 min, 1b: 1H
NMR (300 MHz, D2O): d 0.87 (3H, t, J = 7.41 Hz), 1.23–1.34
(5H, m), 1.76–1.85 (2H, m), 4.15–4.25 (3H, m), 4.43–4.49 (1H,
m), 7.47 (2H, s), 8.77 (1H, s); 13C NMR (D2O, 75 MHz): d 12.70,
17.24, 18.76, 31.29, 49.50, 53.40, 74.52, 122.29, 123.28, 136.13; MS
(ESI) for C10H19N2O4S+ (M+ + 1): calcd. 263.11, found 263.27.
The desired FCIL 12b was obtained as a colorless viscous liquid
in quantitative yield after desulfonation with HCl/EtOH. [a]20


D =
+2.8 (c = 1.0, CH3CH2OH); 1H NMR (300 MHz, D2O): d 0.80–
0.85 (3H, m), 1.13–1.16 (2H, m), 1.19–1.30 (3H, m), 1.75–1.80 (2H,
m), 3.98–4.26 (5H, m), 7.44 (2H, s); 13C NMR (D2O, 75 MHz):
d 12.67, 18.75, 18.99, 31.19, 49.34, 55.61, 65.77, 122.18, 123.04.
IR (film): m 3348.8, 3144.0, 3087.0, 2967.9, 2933.2, 2875.3, 1540.9,
1457.9, 1410.7, 1376.9, 1188.9, 1115.6 cm−1; HRMS (FAB) for
C10H19N2O+ (M+): calcd. 183.1492, found 183.1486.


FCIL 12c (Condition B). The chiral cyclic sulfate of (S)-
propane-1,2-diol (69 mg, 0.5 mmol) was mixed with 1-
octylimidazole (90 mg, 0.5 mmol). The mixture was stirred for
1 min, then washed with ether six times, and dried in vacuo
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to afford 1c as a colorless solid in quantitative yield. 1H NMR
(300 MHz, CDCl3): d 0.77 (3H, t, J = 7.16 Hz), 1.14–1.24 (13H,
m), 1.74–1.78 (2H, m), 4.05–4.20 (3H, m), 4.53–4.57 (1H, m),
4.69–4.73 (1H, m), 7.30 (1H, m), 7.61 (1H, s), 9.10 (1H, s); 13C
NMR (CDCl3, 75 MHz): d 13.98, 18.08, 22.48, 26.16, 28.86, 28.94,
30.08, 31.59, 49.90, 53.62, 71.76, 121.40, 124.18, 136.84; MS (ESI)
for C14H27N2O4S+ (M+ + 1): calcd. 319.17, found 319.26.


The zwitterion 1c obtained above was dissolved in 5 mL 4 N
HCl in EtOH solution and refluxed for 6 h. The reaction mixture
was then evaporated and dried in vacuo to afford the FCIL 12c
as a colorless viscous liquid in quantitative yield. [a]20


D = +1.0
(c = 1.0, CH3CH2OH); 1H NMR (300 MHz, D2O): d 0.76–0.80
(3H, m), 1.17–1.30 (13H, m), 1.75–1.90 (2H, m), 4.06–4.32 (5H,
m), 7.49 (1H, s) 7.54 (1H, s), 8.81 (1H, s); 13C NMR (D2O, 75
MHz): d 13.65, 19.02, 22.26, 25.67, 28.48, 28.64, 29.47, 31.37,
49.61, 55.72, 65.70, 122.10, 123.38, 135.88; IR (film): m 3349.8,
3144.3, 3090.4, 2961.2, 2927.4, 2857.0, 1562.1, 1458.9, 1377.9,
1187.0, 1121.4 cm−1; HRMS (FAB) for C14H27N2O+ (M+): calcd.
239.2118, found 239.2120. HSO4


− (X−): calcd. 96.96, found 96.95.


FCIL 12d. The corresponding zwitterion 1d was obtained
following Condition B in 97% yield after 1 min, 1d: 1H NMR
(300 MHz, CDCl3): d 0.88 (3H, t, J = 6.40 Hz), 1.24–1.33 (21H,
m), 1.75–1.96 (2H, br), 4.14–4.30 (3H, m), 4.61–4.66 (1H, m),
4.74–4.87 (1H, br), 7.38 (1H, m), 7.71 (H, s), 9.20 (1H, s); 13C
NMR (CDCl3, 75 MHz): d 14.02, 18.11, 22.57, 26.21, 28.95,
29.23, 29.34, 29.46, 29.52, 30.11, 31.80, 49.89, 53.66, 71.77, 121.34,
124.17, 136.88; MS (ESI) for C18H35N2O4S+ (M+ + 1): calcd.
375.23, found 375.40. The desired FCIL 12d was obtained as a
pale yellow viscous solid in quantitative yield after desulfonation
with HCl/EtOH. [a]20


D = +3.6 (c = 1.0, CH3CH2OH); 1H NMR
(300 MHz, D2O): d 0.82–0.86 (3H, m), 1.15–1.26 (21H, m), 1.75–
1.90 (2H, m), 4.03–4.35 (5H, m), 7.34 (1H, s) 7.56 (1H, s), 8.99 (1H,
s); 13C NMR (D2O, 75 MHz): d 14.06, 19.70, 22.64, 26.33, 29.13,
29.34, 29.51, 29.64, 29.67, 30.07, 31.89, 49.96, 55.97, 66.01, 121.69,
123.81, 136.32; IR (film): m 3347.8, 3144.4, 3083.6, 2969.8, 2923.6,
2853.2, 1562.1, 1457.9, 1377.9, 1167.7, 1122.4 cm−1; HRMS (FAB)
for C18H35N2O+ (M+): calcd. 295.2744, found 295.2742. HSO4


−


(X−): calcd. 96.96, found 96.96.


FCIL 13. The corresponding zwitterion 2 was obtained fol-
lowng Condition B, except that 10 equiv. of pyridine was used and
the reaction was carried out for 10 h at 0 ◦C, with quantitative
yield. 2: 1H NMR (300 MHz, D2O): d 1.43 (3H, d, J = 6.31 Hz),
4.52–4.60 (1H, m), 4.78–4.90 (2H, m), 8.04 (2H, t, J = 6.86 Hz),
8.54 (1H, t, J = 7.68 Hz), 8.81 (1H, d, J = 6.04 Hz); 13C NMR
(D2O, 75 MHz): d 17.50, 64.81, 75.00, 128.10, 145.19, 146.36. MS
(ESI) for C8H12NO4S− (M+ + 1): calcd. 218.05, found 218.13. The
desired FCIL 13 was obtained as a colorless liquid in quantitative
yield after desulfonation with HCl/EtOH. [a]20


D = +5.9 (c = 1.0,
CH3CH2OH); 1H NMR (300 MHz, D2O): d 1.18 (3H, d, J =
6.31 Hz), 4.13–4.18 (1H, m), 4.27–4.34 (1H, m), 4.62–4.66 (1H,
m), 7.97 (2H, t, J = 6.86 Hz), 8.46 (1H, t, J = 7.68 Hz), 8.69 (1H,
d, J = 6.04 Hz); 13C NMR (D2O, 75 MHz): d 19.12, 66.56, 67.32,
128.01, 144.82, 146.00; IR (film): m 3364.2, 3089.4, 3060.5, 2974.7,
2934.2, 1634.4, 1488.8, 1461.8, 1409.7, 1378.8, 1185.0 cm−1;MS
(ESI) for C8H12NO+ (M)+: calcd. 138.09, found 138.16, HSO4


−


(X−): calcd. 96.96, found 96.93.


Synthesis of FCILs 14–19


FCIL 14a. The corresponding zwitterion 3a was obtained
using Condition B in quantitative yield after 30 min. 3a: 1H NMR
(300 MHz, D2O): d 1.50–1.66 (1H, m), 1.67–1.81 (1H, m), 1.83–
1.99 (1H, m), 2.05–2.22 (1H, m), 3.19–3.34 (2H, m), 3.94 (4H, s),
4.15–4.22 (1H, m), 4.36–4.42 (1H, m), 7.44 (1H, s), 7.54 (1H, s),
8.76 (1H, s); 13C NMR (D2O, 75 MHz): d 24.01, 28.66, 35.66, 49.83,
53.00, 59.08, 123.01, 123.35, 136.72. MS (ESI) for C9H16N3O3S
(M+ + 1): calcd. 246.09, found 246.10. The zwitterion 3a obtained
above was dissolved in 5 mL aqueous 4 N HCl, refluxed for 6 h,
and then the solution was cooled to rt and neutralized by solid
NaHCO3 until no further gas was evolved. The mixture was stirred
for 1 h and concentrated to dryness in vacuo, extracted with CHCl3


(10 mL × 4), and the combined organic layer concentrated in
vacuo to afford FCIL 14a (known compound)9 as a pale yellow
oil in quantitative yield. [a]20


D = +3.3 (c = 1.0, CH3CH2OH); 1H
NMR (300 MHz, CDCl3): d 1.10–1.22 (1H, m), 1.41–1.51 (2H, m),
1.66–1.78 (1H, m), 2.57–2.71 (1H, m), 2.85–3.03 (1H, m), 3.14–
3.40 (1H, m), 3.81–3.93 (4H, m), 4.09–4.16 (1H, m), 7.41 (1, s),
7.48 (1H, s), 10.07 (1H, s); 13C NMR (CDCl3, 75 MHz): d 25.69,
29.02, 36.22, 46.32, 53.97, 57.46, 122.80, 122.98, 137.90; IR (film):
m 3434.6, 3145.3, 3082.7, 2958.3, 2871.5, 1562.1, 1454.1, 1404.9,
1169.6 cm−1.


FCIL 14b. The corresponding zwitterion 3b was obtained
using Condition B in quantitative yield after 1.5 h. 3b: [a]20


D =
−39.5 (c = 1.0, H2O); 1H NMR (300 MHz, D2O): d 0.94 (3H,
t, J = 7.34 Hz), 1.24–1.40 (2H, m), 1.43–1.54 (1H, m), 1.67–1.76
(1H, m), 1.83–1.93 (3H, m), 2.06–2.18 (1H, m), 3.15–3.31 (2H, m),
3.91–3.99 (1H, m), 4.15–4.26 (3H, m), 4.40 (1H, apparent dd, J =
4.14 Hz, 4.33 Hz, 13.94 Hz), 7.49 (1H, s), 7.54 (1H, s), 8.81 (1H,
s); 13C NMR (D2O, 75 MHz): d 12.61, 18.73, 23.95, 28.60, 31.31,
49.31, 49.76, 53.00, 58.87, 121.82, 123.44, 135.97; MS (ESI) for
C12H22N3O3S (M+ + 1): calcd. 288.14, found 288.15. The desired
FCIL 14b was obtained as a yellow viscous oil in 94% yield after
desulfonation. 1H NMR (300 MHz, CDCl3): d 0.69 (3H, t, J =
7.16 Hz), 0.99–1.22 (3H, m), 1.41–1.48 (2H, m), 1.60–1.78 (3H, m),
2.58–2.85 (2H, m), 3.13–3.43 (2H, m), 3.90–3.98 (1H, m), 4.08 (2H,
t, J = 7.16 Hz), 4.17 (1H, dd, J = 3.58 Hz, 13.56 Hz), 7.29–7.34
(1H, m), 7.54 (1H, s), 10.27 (1H, s); 13C NMR (CDCl3, 75 MHz): d
13.26, 19.24, 25.70, 29.01, 31.94, 46.40, 49.38, 53.93, 57.40, 121.22,
123.15, 137.55. IR (film): m 3429.8, 3130.9, 3069.2, 2959.2, 2934.2,
2872.5, 1562.1, 1455.0, 1405.9, 1363.4, 1164.8 cm−1; HRMS (FAB)
for C12H22N3


+ (M+): calcd. 208.1808, found 208.1805.


FCIL 14c (Condition C). The cyclic sulfamidate of L-prolinol
(0.326 g, 2 mmol) was dissolved in 20 mL toluene, and 1-
octylimidazole (0.361 g, 2 mmol) was added with stirring.
The mixture was stirred at 80 ◦C until TLC showed complete
conversion to a product that did not migrate on TLC (ca. 5 h,
ethyl acetate–petrol ether = 1 : 4). The solvent was removed in
vacuo. The residue was washed with ether, and dried in vacuo to
afford 3c as a colorless gluey liquid in quantitative yield. [a]20


D =
−39.7 (c = 1.0, H2O); 1H NMR (300 MHz, D2O): d 0.83 (3H, d,
J = 3.01 Hz), 1.27 (11H, d, J = 19.59 Hz), 1.64–1.78 (1H, br),
1.79–2.00 (3H, br), 2.08–2.20 (1H, m), 3.16–3.28 (2H, m), 3.95–
4.00 (1H, m), 4.24–4.34 (3H, m), 4.48–4.53 (1H, m), 7.56 (1H,
s), 7.64 (1H, s), 8.93 (1H, s); 13C NMR (D2O, 75 MHz): d 13.67,
22.33, 24.07, 25.71, 28.62, 28.66, 28.78, 29.62, 31.44, 49.59, 49.85,
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53.05, 58.60, 121.75, 123.89, 136.36. MS (ESI) for C16H30N3O3S
(M+ + 1): calcd. 344.20, found 344.13. The zwitterion 3c was
desulfonated following the same procedure as for 3a to afford
FCIL 14c as a pale yellow viscous oil in 68% yield. [a]20


D = +2.4
(c = 1.0, CH3CH2OH); 1H NMR (300 MHz, CDCl3): d 0.67 (3H,
t, J = 6.97 Hz), 1.05–1.29 (11H, m), 1.44–1.55 (2H, m), 1.69–
1.85 (3H, m), 2.64–2.78 (2H, m), 3.23–3.49 (1H, m), 3.97–4.05
(1H, m), 4.13 (2H, t, J = 7.54 Hz), 4.22–4.28 (1H, m), 7.29 (1H,
s), 7.59 (1H, s), 10.42 (1H, s); 13C NMR (CDCl3, 75 MHz): d
13.87, 22.38, 25.77, 26.09, 28.78, 28.85, 29.08, 30.13, 31.48, 46.48,
49.74, 54.02, 57.48, 121.03, 123.23, 137.91. IR (film): m 3434.6,
3130.9, 3064.3, 2956.3, 2926.5, 2856.1, 1563.1, 1451.2, 1409.7,
1359.6, 1162.9 cm−1; HRMS (FAB) for C16H30N3


+ (M+): calcd.
264.2434, found 264.2435.


FCIL 15. The corresponding zwitterion 4 was obtained fol-
lowing Condition C in 72% yield after 10 h. 4: [a]20


D = +9.7 (c =
1.0, H2O); 1H NMR (300 MHz, D2O): d 1.70–1.90 (2H, m), 1.95–
2.07 (1H, m), 2.13–2.27 (1H, m), 3.26–3.39 (2H, m), 4.08–4.16
(1H, m), 4.43 (1H, dd, J = 8.67 Hz, 13.19 Hz), 4.80–4.84 (1H, m),
8.08 (2H, t, J = 6.97 Hz), 8.58 (1H, t, J = 7.72 Hz), 8.85 (2H, d,
J = 6.03 Hz); 13C NMR (D2O, 75 MHz): d 24.17, 28.84, 49.70,
59.93, 64.57, 127.60, 145.17, 145.69. MS (ESI) for C10H15N2O3S
(M+ + 1): calcd. 243.08, found 243.06. The desired FCIL 15 was
obtained as red viscous oil in 88% yield after desulfonation. [a]20


D =
+64 (c = 0.5, CH3CH2OH); 1H NMR (300 MHz, CDCl3): d 1.34–
1.46 (1H, m), 1.58 (2H, h, J = 6.78 Hz), 1.90–2.02 (1H, m), 2.78
(2H, t, J = 6.78 Hz), 3.00–3.28 (2H, br m), 3.58–3.67 (1H, m),
4.60 (1H, dd, J = 8.48 Hz, 12.62 Hz), 5.05 (1H, dd, J = 3.77 Hz,
12.43 Hz), 7.98 (2H, t, J = 7.35 Hz), 8.42 (1H, t, J = 7.72 Hz), 9.49
(2H, d, J = 5.65 Hz); 13C NMR (CDCl3, 75 MHz): d 25.76, 29.10,
46.27, 58.67, 64.63, 127.44, 144.87, 145.84. IR (film): m 3416.3,
3043.1, 2961.2, 2925.5, 2871.5, 2376.8, 2348.9, 1727.9, 1633.4,
1488.8, 1122.4 cm−1; HRMS (FAB) for C10H15N2


+ (M+): calcd.
163.1230, found 163.1229.


FCIL 16. The corresponding zwitterion 5 was obtained fol-
lowing Condition B in 99% yield after 3 h. 5: [a]20


D = +0.6 (c =
1.0, H2O); 1H NMR (300 MHz, D2O): d 0.94 (3H, t, J = 7.34 Hz),
1.28–1.40 (2H, m), 1.57–1.72 (5H, m), 1.87 (3H, h, J = 7.54 Hz),
3.07–3.16 (1H, m), 3.60 (1H, d, J = 13.38 Hz), 4.10–4.17 (1H, br),
4.22 (2H, t, J = 6.79 Hz), 4.32 (1H, dd, J = 5.09 Hz, 14.32 Hz),
4.63 (1H, dd, J = 9.61 Hz, 14.13 Hz), 7.50 (1H, s), 7.53 (1H, s),
8.79 (1H, s); 13C NMR (D2O, 75 MHz): d 12.75, 18.65, 18.80,
23.29, 24.99, 31.32, 41.42, 48.52, 49.39, 53.53, 122.08, 122.93,
135.71; MS (ESI) for C13H24N3O3S (M+ + 1): calcd. 302.15, found
302.13. The desired FCIL 16 was obtained as a brown viscous
oil in quantitative yield after desulfonation. [a]20


D = +2.0 (c = 1.0,
CH3CH2OH); 1H NMR (300 MHz, CDCl3): d 0.62 (3H, t, J =
7.35 Hz), 0.70–0.79 (1H, m), 0.92–1.10 (3H, m), 1.20 (1H, d, J =
11.30 Hz), 1.36–1.48 (1H, m), 1.58 (2H, h, J = 7.54 Hz), 2.18–2.26
(1H, m), 2.62–2.72 (3H, m), 3.98 (3H, t, J = 7.35 Hz), 4.02–4.22
(2H, m), 7.28 (1H, s), 7.47 (1H, s), 9.94 (1H, s); 13C NMR (CDCl3,
75 MHz): d 13.18, 19.16, 23.82, 25.63, 29.31, 31.75, 46.06, 49.36,
54.08, 55.69, 121.21, 123.48, 137.27. IR (film): m 3433.6, 3134.7,
3067.2, 2931.3, 2858.0, 1639.2, 1562.1, 1444.4, 1334.5, 1166.7,
1114.6 cm−1; HRMS (FAB) for C13H24N3


+ (M+): calcd. 222.1965,
found 222.1963.


FCIL 17a. The corresponding zwitterion 6 was obtained
following Condition B in 71% yield after 3 h. 6: 1H NMR
(300 MHz, D2O): d 0.98 (3H, t, J = 7.35 Hz), 1.08 (6H, apparent
dd, J = 6.59 Hz, 6.78 Hz, 14.51 Hz), 1.32–1.44 (2H, m), 1.82–
2.04 (3H, m), 2.74 (3H, s), 3.73–3.81 (1H, m), 4.31–4.30 (3H,
m), 4.46 (1H, apparent dd, J = 3.58 Hz, 3.77 Hz, 14.51 Hz),
7.49–7.52 (2H, m), 8.74 (1H, s); 13C NMR (D2O, 75 MHz): d
12.63, 18.76, 19.30, 20.20, 28.17, 28.43, 31.25, 48.70, 49.32, 65.07,
121.93, 122.90, 135.85; MS (ESI) for C13H26N3O3S (M+ + 1):
calcd. 304.17, found 304.14. The desired FCIL 17a was obtained
as a yellow oil in quantitative yield after desulfonation. [a]20


D =
+0.9 (c = 1.0, CH3CH2OH); 1H NMR (300 MHz, CDCl3): d
0.89–0.99 (9H, m), 1.27–1.39 (2H, m), 1.80–1.87 (3H, m), 2.27
(3H, s), 2.49–2.54 (2H, m), 4.15–4.31 (3H, m), 4.54 (1H, s), 7.34
(1H, s), 7.51 (1H, s), 10.19–10.24 (1H, m); 13C NMR (CDCl3,
75 MHz): d 13.39, 17.97, 18.92, 19.39, 28.64, 32.09, 34.29, 49.69,
50.73, 64.92, 121.12, 122.79, 138.14. IR (film): m 3418.2, 3134.7,
3063.3, 2960.2, 2932.3, 2873.4, 1636.3, 1562.1, 1463.7, 1373.0,
1165.8, 1097.3 cm−1; HRMS (FAB) for C13H26N3


+ (M+): calcd.
224.2121, found 224.2119.


FCIL 17b. The corresponding zwitterion 7 was obtained
following Condition B in quantitative yield in 3 h. 7: [a]20


D = +5.2
(c = 0.25, H2O); 1H NMR (300 MHz, D2O): d 0.93–1.00 (9H, m),
1.39–1.49 (3H, m), 1.61–1.75 (2H, m), 1.89 (2H, h, J = 7.35 Hz),
2.70 (3H, s), 4.05–4.15 (1H, m), 4.20–4.26 (4H, m), 7.49–7.51
(2H, m), 8.76 (1H, s); 13C NMR (D2O, 75 MHz): d 12.64, 18.75,
21.67, 21.87, 24.31, 28.09, 31.26, 37.46, 49.36, 50.24, 56.46, 122.03,
122.85, 135.73; MS (ESI) for C14H28N3O3S (M+ + 1): calcd. 318.18,
found 318.13. The desired FCIL 17b was obtained as a yellow
viscous oil in 63% yield after desulfonation. [a]20


D = +8.0 (c = 1.0,
CH3CH2OH); 1H NMR (300 MHz, CDCl3): d 0.85–0.93 (9H, m),
1.09–1.23 (2H, m), 1.25–1.36 (2H, m), 1.57–1.68 (1H, m), 1.84
(2H, h, J = 7.72 Hz), 2.33 (3H, s), 2.43–2.61 (1H, br), 2.75–2.84
(1H, m), 4.20–4.33 (4H, m), 7.37 (1H, d, J = 1.32 Hz), 7.47 (1H,
d, J = 1.32 Hz), 10.07 (1H, s); 13C NMR (CDCl3, 75 MHz): d
13.37, 19.37, 22.53, 22.86, 24.77, 32.04, 34.46, 40.63, 49.69, 52.32,
59.94, 121.14, 123.04, 137.98; IR (film): m 3434.6, 3285.1, 3131.8,
2957.3, 2933.2, 2869.6, 2797.2, 1621.8, 1562.1, 1464.7, 1367.3,
1165.8, 1114.7 cm−1; HRMS (FAB) for C14H28N3


+ (M+): calcd.
238.2278, found 238.2275.


FCIL 17c. The corresponding zwitterion 8 was obtained
following Condition C in quantitative yield in 3 h. 8: [a]20


D = −46.4
(c = 0.25, H2O); 1H NMR (300 MHz, D2O): d 0.97 (3H, t, J =
7.16 H z), 1.30–1.38 (2H, m), 1.85 (2H, h, J = 7.35 Hz), 2.84
(3H, s), 2.89–2.93 (1H, m), 3.23–3.29 (1H, m), 4.15–4.20 (3H,
m), 4.23–4.31 (1H, br), 4.32–4.40 (1H, m), 7.34–7.50 (7H, m),
8.63 (1H, s); 13C NMR (D2O, 75 MHz): d 12.63, 18.73, 29.14,
31.18, 34.95, 49.01, 49.33, 60.25, 121.99, 122.62, 126.98, 128.98,
129.28, 135.66, 137.97; MS (ESI) for C17H26N3O3S (M+ + 1): calcd.
352.17, found 352.05. The desired FCIL was obtained as a yellow
viscous oil in 91% yield after desulfonation. [a]20


D = +2.2 (c = 1.0,
CH3CH2OH); 1H NMR (300 MHz, CDCl3): d 0.83–0.95 (3H, m),
1.23–1.39 (2H, m), 1.78–1.89 (2H, m), 2.27–2.33 (3H, m), 2.70–
2.76 (2H, m), 3.02–3.10 (4H, m), 4.21–4.35 (4H, m), 7.14–7.22
(5H, m), 7.33 (1H, s), 7.38 (1H, s), 9.77–10.07 (1H, m); 13C NMR
(CDCl3, 75 MHz): d 13.37, 19.34, 31.95, 33.60, 37.55, 49.64, 52.04,
60.38, 121.32, 123.03, 126.70, 128.76, 129.14, 137.47. IR (film):
m 3419.2, 3137.6, 3061.4, 2960.2, 2931.3, 2872.5, 1636.3, 1561.1,
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1494.6, 1455.0, 1164.8 cm−1; HRMS (FAB) for C17H26N3
+ (M+):


calcd. 272.2121, found 272.2116.


FCIL 18a. The corresponding zwitterion 9 was obtained
following Condition C in 98% yield after 7 h. 9: 1H NMR
(300 MHz, D2O): d 0.91–0.96 (3H, m), 1.23–1.35 (5H, m), 1.46–
1.51 (9H, m), 1.81–1.90 (2H, m), 4.19–4.25 (2H, m), 4.29–4.37
(1H, m), 4.65–4.73 (1H, m), 4.80–4.88 (1H, m), 7.51–7.52 (2H,
m), 8.71 (1H, s); 13C NMR (D2O, 75 MHz): d 12.65, 15.96, 18.77,
27.39, 31.34, 49.45, 51.94, 54.74, 84.35, 122.26, 123.09, 135.68,
183.11. MS (ESI) for C15H28N3O2 (M+ − SO3


− + 1): calcd. 282.22,
found 282.15. The desired FCIL 18a was obtained as a pale yellow
viscous oil in 82% yield after desulfonation. [a]20


D = +12.6 (c = 1.0,
CH3CH2OH); 1H NMR (300 MHz, CDCl3): d 0.74 (3H, t, J =
7.54 Hz), 0.94 (3H, d, J = 6.40 Hz), 1.11–1.23 (2H, m), 1.39–1.56
(2H, br), 1.65–1.75 (2H, m), 3.13–3.22 (1H, m), 4.05–4.14 (3H,
m), 4.20–4.26 (1H, m), 7.37 (1, s), 7.64 (1H, s), 10.23 (1H, s);
13C NMR (CDCl3, 75 MHz): d 13.27, 19.28, 21.26, 31.93, 46.93,
49.51, 56.30, 121.25, 123.51, 137.50. IR (film): m 3426.9, 3134.7,
3071.1, 2961.2, 2934.2, 2873.4, 1562.1, 1459.9, 1375.0, 1164.8,
1113.7 cm−1; HRMS (FAB) for C10H20N3


+ (M+): calcd. 182.1652,
found 182.1653.


FCIL 18b. The corresponding zwitterion 10 was obtained
following Condition C in 75% yield after 3 h. 10: 1H NMR
(300 MHz, D2O): d 0.89–0.95 (9H, m), 1.25–1.67 (13H, m), 1.83
(2H, h, J = 7.72 Hz), 1.91–2.19 (1H, br), 4.20 (2H, t, J = 6.78 Hz),
4.30–4.35 (1H, m), 4.52–4.75 (2H, br), 7.38–7.51 (2H, m), 8.61–
8.80 (1H, br); 13C NMR (D2O, 75 MHz): d 12.76, 18.81, 21.07,
22.77, 24.61, 27.48, 31.40, 49.45, 51.71, 57.79, 83.97, 122.20,
123.25, 135.84; MS (ESI) for C13H24N3O3S+ (M+ + 1): calcd.
302.15, found 302.20. The desired FCIL 18b was obtained as a
yellow-brown viscous oil in quantitative yield after desulfonation.
[a]20


D = −2.0 (c = 1.0, CH3CH2OH); 1H NMR (300 MHz, CDCl3):
d 0.59–0.69 (9H, m), 0.94–0.99 (2H, m), 1.03–1.13 (2H, m), 1.43–
1.53 (1H, m), 1.63 (2H, h, J = 7.35 Hz), 2.85–2.94 (1H, m), 3.95–
4.19 (4H, m), 7.36 (1H, s), 7.46 (1H, s), 10.16 (1H, s); 13C NMR
(CDCl3, 75 MHz): d 13.23, 19.21, 21.49, 23.24, 24.26, 31.87, 44.08,
49.17, 49.39, 55.56, 121.39, 123.14, 137.73. IR (film): m 3418.2,
3137.6, 3066.3, 2957.3, 2934.2, 2870.5, 1747.2, 1562.1, 1465.6,
1368.3, 1165.8, 1048.1 cm−1; HRMS (FAB) for C13H26N3


+ (M+):
calcd. 224.2121, found 224.2119.


FCIL 19. The corresponding zwitterion 11 was obtained
following Condition C in 96% yield after 5 h. 11: 1H NMR
(300 MHz, D2O): d 1.41 (9H, s), 1.56–1.65 (1H, m), 1.68–1.77 (1H,
m), 1.81–1.88 (2H, m), 1.90–1.99 (2H, m), 2.08–2.21 (2H, m), 3.18–
3.48 (4H, m), 3.93–4.00 (1H, m), 4.20–4.29 (2H, m), 4.39–4.49 (3H,
m), 7.51–7.66 (2H, m), 8.86 (1H, s); 13C NMR (D2O, 75 MHz): d
22.22, 23.99, 27.68, 28.20, 28.70, 46.21, 49.83, 51.77, 53.07, 58.96,
82.06, 122.95, 123.68, 136.52. MS (ESI) for C18H31N4O5S+ (M+ +
1): calcd. 415.20, found 415.16. The desired FCIL was obtained as
a pale yellow viscous oil in 80% yield after desulfonation. [a]20


D =
+27.9 (c = 1.0, CH3CH2OH); 1H NMR (300 MHz, CDCl3): d
1.17–1.45 (2H, br), 1.45–1.74 (4H, m), 1.74–1.98 (2H, br), 2.70–
3.10 (3H, m), 3.15–3.33 (1H, br), 3.46–3.63 (1H, br m), 3.84–4.00
(1H, br), 4.11–4.52 (4H, m), 5.54–6.52 (1H, br), 7.39 (1H, s),
7.60 (1H, m), 9.65–10.13 (1H, m); 13C NMR (CDCl3, 75 MHz): d
22.94, 24.20, 24.64, 28.18, 28.67, 44.81, 45.32, 46.24, 51.74, 52.29,
52.70, 53.31, 55.86, 56.78, 57.58, 121.97, 137.07, 161.01. IR (film):


m 3418.2, 3141.5, 3080.7, 2963.1, 2873.4, 1637.3, 1561.1, 1449.2,
1396.2, 1358.6, 1163.8, 1118.5 cm−1; HRMS (FAB) for C13H23N4


+


(M+): calcd. 235.1917, found 235.1917.


Synthesis of FCILs 20a–c


FCIL 20a. Zwitterion 3b (86 mg) was dissolved in 3 mL
H2O, and 415 lL HBF4 (40% in water, ca. 8 equiv. of acid)
was added. The mixture was refluxed for 6 h, cooled to rt, and
solid NaHCO3 was added portionwise until pH = 10. The solvent
was removed in vacuo, the residue was dried and extracted with
chloroform (10 mL × 4), and the organic layers were combined
and concentrated to afford 20a in 94% yield as a pale yellow oil
(known compound).9


FCIL 20b. Following the above procedure, but using HClO4.
[a]20


D = +24.6 (c = 1.0, CH3CH2OH); 1H NMR (300 MHz, CDCl3):
d 0.90 (3H, t, J = 7.14 Hz), 1.25–1.41 (3H, m), 1.58–1.73 (2H, m),
1.78–1.88 (2H, m), 1.89–2.00 (1H, m), 2.50 (1H, s), 2.77–2.93 (2H,
m), 3.48–3.57 (1H, m), 3.93–4.00 (1H, m), 4.14–4.24 (3H, m), 7.33
(1H, s), 7.49 (1H, s), 8.83 (1H, s); 13C NMR (CDCl3, 75 MHz): d
13.35, 19.37, 25.82, 29.02, 31.85, 46.49, 49.80, 54.33, 57.47, 121.75,
123.29, 135.83; IR (film): m 3432.7, 3137.6, 3075.9, 2958.3, 2932.2,
2872.5, 2461.7, 1564.0, 1453.1, 1410.7, 1383.7, 1101.2 cm−1; MS
(ESI) for C12H22N3


+ (M+): calcd. 208.18, found 228.34; ClO4
− (X−):


calcd. 98.95, found 98.93.


FCIL 20c. Following the above procedure using CF3SO3H.
[a]20


D = +17.6 (c = 1.0, CH3CH2OH); 1H NMR (300 MHz, CDCl3):
d 0.83 (3H, t, J = 7.41 Hz), 1.18–1.30 (2H, m), 1.35–1.47 (1H, m),
1.66–1.80 (4H, m), 1.94–2.06 (1H, m), 2.94 (2H, t, J = 6.86 Hz),
3.56–3.67 (1H, m), 4.04–4.12 (3H, m), 4.27–4.33 (1H, m), 4.81
(1H, s), 7.30 (1H, s), 7.49 (1H, s), 8.88 (1H, s); 13C NMR (CDCl3,
75 MHz): d 13.13, 19.21, 24.81, 28.41, 31.59, 46.32, 49.73, 52.48,
58.43, 113.98, 118.22, 122.04, 122.45, 123.13, 126.69, 135.94. IR
(film): m 3349.8, 3145.3, 3109.7, 2968.9, 2938.9, 2877.3, 1564.0,
1458.9, 1382.7, 1259.3, 1224.6, 1159.9, 1108.9, 1029.8 cm−1; MS
(ESI) for C12H22N3


+ (M+): calcd. 208.2, found 208.2; CF3SO3
−


(X−): calcd. 149.0, found 148.9.


Synthesis of FCILs 21a–g


FCIL 21a. Zwitterion 3b (0.330 g, 1.14 mmol) was dissolved
in 10 mL of ca. 4 M HCl/EtOH, and the mixture was refluxed
for 6 h. The solvent was then removed in vacuo. The residue
was converted to a hydroxide-anion-type ionic liquid using anion
exchange resin (IRA400). The compound obtained was dissolved
in 40 mL water, and L-leucine (0.188 g, 1.1 equiv.) added. The
reaction was stirred until pH = 7, and the solution concentrated
to dryness in vacuo. The residue was dissolved in 50 mL solvent
(acetonitrile–methanol = 9 : 1), stirred vigorously for 2 h, and
then filtered to removed the excess amino acid. The filtrate was
concentrated to afford 21a in quantitative yield. [a]20


D = +6.1
(c = 1.0, CH3OH); 1H NMR (300 MHz, DMSO): d 0.78–0.90
(9H, m), 1.03–1.13 (1H, m), 119–1.33 (3H, m), 1.36–1.46 (1H,
m), 1.51–1.61 (2H, m), 1.70–1.81 (4H, m), 2.68–2.77 (2H, m),
2.79–2.86 (1H, m), 2.94–3.24 (3H, m), 3.35–3.43 (1H, m), 3.97–
4.05 (1H, m), 4.15–4.24 (3H, m), 7.86 (2H, s), 9.89 (1H, s); 13C
NMR (DMSO, 75 MHz): d 13.20, 18.73, 21.84, 23.62, 24.61,
25.36, 28.57, 31.43, 45.84, 48.32, 48.42, 53.25, 54.55, 57.11, 121.76,
122.93, 137.05, 178.07. IR (film): m 3398.9, 3062.4, 2957.3, 2871.5,
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1579.4, 1513.9, 1454.1, 1405.9, 1360.5, 1295.9, 1167.69 cm−1; MS
(ESI) for C12H22N3


+ (M+): calcd. 208.18, found 208.30; C6H12NO2
−


(X−): calcd. 130.09, found 130.15.


FCIL 21b. The title compound was prepared according to
the general procedure. Yellow oil, quantitative yield. [a]20


D = +2.9
(c = 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d 0.69–0.78 (9H,
m), 1.08–1.17 (2H, m), 1.24–1.32 (1H, m), 1.51–1.69 (4H, m),
1.75–1.83 (1H, m), 1.94–2.04 (1H, m), 2.75 (2H, t, J = 6.59 Hz),
3.29 (1H, d, J = 5.76 Hz), 3.44–3.54 (1H, m), 4.01–4.23 (4H, m),
4.46 (1H, br), 7.18 (1H, s), 7.50 (1H, s), 9.87 (1H, s); 13C NMR
(CDCl3, 75 MHz): d 13.21, 17.99, 19.24, 20.16, 25.22, 28.81, 30.96,
31.82, 46.00, 49.42, 53.11, 57.70, 71.86, 121.26, 123.09, 137.67,
174.33. IR (film): m 3409.5, 3139.5, 3083.6, 2963.1, 2873.4, 2102.0,
1606.4, 1564.0, 1462.7, 1384.6, 1268.0, 1166.7 cm−1; MS (ESI) for
C12H22N3


+ (M+): calcd. 208.18, found 208.29; C5H8N3O2
− (X−):


calcd. 142.06, found 142.13.


FCIL 21c. The title compound was prepared according to
the general procedure. Yellow oil, quantitative yield. [a]20


D = +9.8
(c = 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d 0.80–0.85 (9H,
m), 1.20–1.38 (4H, m), 1.52–1.92 (9H, m), 2.80–2.84 (1H, m),
3.50–3.55 (1H, m), 4.13–4.30 (5H, m), 7.26 (1H, s), 7.54 (1H, s),
10.00 (1H, br); 13C NMR (CDCl3, 75 MHz): d 13.28, 19.30, 21.40,
23.19, 25.35, 25.42, 28.94, 31.92, 41.15, 46.20, 49.45, 53.53, 57.67,
63.87, 121.25, 123.07, 137.72, 175.52. IR (film): m 3418.2, 3141.5,
3083.6, 2960.2, 2872.5, 2105.9, 1607.4, 1562.1, 1457.9, 1385.6,
1166.7 cm−1; MS (ESI) for C12H22N3


+ (M+): calcd. 208.18, found
208.30; C6H10N3O2


− (X−): calcd. 156.08, found 156.15.


FCIL 21d. The title compound was prepared according to
the general procedure. Yellow oil, 90% yield. [a]20


D = +11.6 (c =
1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d 0.66 (3H, t, J =
7.41 Hz), 1.03–1.11 (2H, m), 1.16–1.25 (1H, m), 1.38–1.50 (1H,
m), 1.53–1.63 (3H, m), 1.66–1.76 (1H, m), 2.09 (6H, s), 2.67 (1H, t,
J = 6.86 Hz), 2.74 (2H, s), 3.40–3.47 (1H, m), 3.98–4.18 (4H, m),
5.06 (2H, br), 7.16 (1H, s), 7.48 (1H, s), 10.29 (1H, s); 13C NMR
(CDCl3, 75 MHz): d 13.27, 19.33, 25.56, 29.04, 31.96, 45.35, 46.36,
49.38, 49.53, 53.79, 57.70, 64.18, 120.91, 122.85, 138.55, 175.62.
IR (film): m 3409.5, 3137.6, 3074.9, 2960.2, 2873.4, 1628.6, 1589.1,
1563.0, 1457.0, 1397.2, 1359.6, 1325.8, 1167.7 cm−1; MS (ESI) for
C12H22N3


+ (M+): calcd. 208.18, found 208.32; C4H8NO2
− (X−):


calcd. 102.60, found 102.00.


FCIL 21e. The title compound was prepared according to the
general procedure. Pale yellow oil, 87% yield. [a]20


D =+20.2 (c = 1.0,
CH3OH); 1H NMR (300 MHz, CDCl3): d 0.87 (3H, t, J = 7.41 Hz),
1.23–1.35 (2H, m), 1.38–1.48 (1H, m), 1.64–1.84 (3H, m), 1.90–
2.00 (1H, m), 2.90 (2H, t, J = 6.86 Hz), 3.57 (2H, s), 3.61–3.69 (1H,
m), 4.16–4.37 (6H, m), 7.21 (1H, s), 7.55 (1H, s), 10.2 (1H, s); 13C
NMR (CDCl3, 75 MHz): d 13.34, 19.30, 25.40, 28.96, 31.94, 46.17,
49.62, 52.98, 53.32, 57.84, 121.03, 123.01, 138.29, 172.55; IR (film):
m 3408.6, 3137.6, 3074.9, 2962.1, 2935.1, 2874.4, 2100.1, 1598.7,
1565.9, 1457.9, 1376.9, 1282.4, 1260.3, 1164.8, 1106.0 cm−1; MS
(ESI) for C12H22N3


+ (M+): calcd. 208.18, found 208.31; C2H2N3O2
−


(X−): calcd. 100.02, found 99.96.


FCIL 21f. The title compound was prepared according to the
general procedure. Red viscous liquid, quantitative yield. [a]20


D =
−31.2 (c = 1.0, CH3OH); 1H NMR (300 MHz, CDCl3): d 0.76
(3H, t, J = 7.41 Hz), 1.12–1.35 (3H, m), 1.48–1.60 (2H, m), 1.62–


1.86 (5H, m), 1.91–2.09 (2H, m), 2.24 (3H, s), 2.57–2.66 (1H, m),
2.75 (1H, t, J = 6.59 Hz), 3.17–3.24 (1H, s), 3.44–3.53 (1H, m),
4.08–4.28 (4H, m), 4.52 (1H, br), 7.16–7.20 (1H, m), 7.50 (1H, s),
10.56 (1H, s); 13C NMR (CDCl3, 75 MHz): d 13.43, 19.44, 22.80,
25.86, 29.20, 30.37, 32.12, 41.17, 46.57, 49.38, 53.91, 56.42, 57.73,
71.96, 120.02, 122.50, 140.70, 179.35. IR (film): m 3410.5, 3141.5,
3075.9, 2961.2, 2873.4, 1562.0, 1457.0, 1397.1, 1359.6, 1164.8,
1112.7 cm−1; MS (ESI) for C12H22N3


+ (M+): calcd. 208.18, found
208.32; C6H10NO2


− (X−): calcd. 128.07, found 128.12.


FCIL 21g. The title compound was prepared according to the
general procedure. Pale yellow oil, quantitative yield. [a]20


D = +46.4
(c = 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d 0.65 (3H, s), 0.76
(3H, t, J = 7.41 Hz), 0.92 (3H, s), 1.11–1.32 (4H, m), 1.47–1.58
(3H, m), 1.65–1.88 (6H, m), 2.12 (1H, dt, J = 18.11 Hz, 3.29 Hz),
2.58 (1H, d, J = 14.82 Hz), 2.73 (2H, t, J = 6.86 Hz), 3.09 (1H,
d, J = 14.82 Hz), 3.40–3.46 (4H, m), 4.00–4.13 (4H, m), 4.21
(1H, dd, J = 13.72 Hz, 4.67 Hz), 7.31 (1H, s), 7.55 (1H, s), 9.43
(1H, s); 13C NMR (CDCl3, 75 MHz): d 13.34, 19.30, 19.71, 19.87,
24.42, 25.38, 26.92, 28.93, 31.94, 42.47, 42.83, 46.30, 47.03, 47.72,
49.37, 53.55, 57.81, 58.42, 121.64, 123.25, 137.08, 216.98. IR (film):
m 3418.2, 3136.6, 3074.9, 2960.2, 2873.4, 1738.5, 1637.2, 1562.1,
1455.0, 1405.9, 1390.4, 1374.0, 1229.4, 1188.9, 1170.6 cm−1; MS
(ESI) for C12H22N3


+ (M+): calcd. 208.18, found 208.32; C10H15O4S−


(X−): calcd. 231.07, found 231.23.


General procedure for the direct aldol reactions


Procedure A. In a vial, FCIL (0.025 mmol) was mixed
with cyclohexanone (0.3 mL) and the corresponding aldehyde
(0.25 mmol) at rt. The solution was stirred until complete
conversion of aldehyde, or the time indicated in Table 3 and
Scheme 3. The reaction mixture was directly loaded onto a silica
gel column and purified by FC to afford the desired aldol product.
Alternatively, the reaction mixture was first treated with ether
to precipitate the catalyst, and the organic layer separated and
subjected to purification by FC after concentration.


Procedure B. The final FCIL catalyst 22 was prepared in situ
by mixing pyrrolidinylimidazolium hydroxide (0.025 mmol) and
the corresponding dicarboxylic acid (0.025 mmol) in CH2Cl2


(1.0 mL). The solution was stirred for 30 min at rt and the solvent
was removed in vacuo. The residue was subjected to the model
reaction following Procedure A. All the aldol products are known
compounds.9c
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11 P. Wasserscheid, A. Bösmann and C. Bolm, Chem. Commun., 2002,
200–201.


12 For examples, see: (a) M. L. Patil, C. V. L. Rao, K. Yonezawa, S.
Takizawa, K. Onitsuka and H. Sasai, Org. Lett., 2006, 8, 227–230;
(b) Y. Ishida, H. Miyauchi and K. Saigo, Chem. Commun., 2002, 2240–
2241.


13 For recent examples of chiral pool synthesis, see: (a) H. Clavier, L.
Boulanger, N. Audic, L. Toupet, M. Mauduit and J.-C. Guillemin,
Chem. Commun., 2004, 1224–1225; (b) W. Bao, Z. Wang and Y. Li,
J. Org. Chem., 2003, 68, 591–593; (c) J. Levillain, G. Dubant, I.
Abrunhosa, M. Gulea and A. C. Gaumont, Chem. Commun., 2003,
2914–2915; (d) B. K. Ni, Q. Y. Zhang and A. D. Headley, J. Org. Chem.,
2006, 71, 9857–9860; (e) B. Ni and A. D. Headley, Tetrahedron Lett.,
2006, 47, 7331–7334; (f) J. Pernak and J. Feder-Kubis, Tetrahedron:
Asymmetry, 2006, 17, 1728–1737; (g) K. Fukumoto and H. Ohno,
Chem. Commun., 2006, 3081–3083; (h) V. Jurcik and R. Wilhelm,
Tetrahedron: Asymmetry, 2006, 17, 801–810; (i) F. Guillen, D. Bregeon
and J. C. Plaquevent, Tetrahedron Lett., 2006, 45, 1245–1248; (j) B. K.
Ni, A. D. Headley and G. G. Li, J. Org. Chem., 2005, 70, 10600–10602;
(k) J. Pernak and J. Feder-Kubis, Chem. Eur. J., 2005, 11, 4441–4449;
(l) G. Tao, L. He, N. Sun and Y. Kou, Chem. Commun., 2005, 3562–
3564; (m) Z. Wang, Q. Wang, Y. Zhang and W. Bao, Tetrahedron Lett.,
2005, 46, 4657–4660; (n) E. J. Kim, S. Y. Ko and E. K. Dziadulewicz,
Tetrahedron Lett., 2005, 46, 631–633; (o) K. Fukumoto, M. Yoshizawa
and H. Ohno, J. Am. Chem. Soc., 2005, 127, 2398–2399.


14 For combinatorial synthesis of non-chiral ionic liquids, see: P. Wasser-
scheid, B. Drießen-Hölscher, R. van Hal, H. C. Steffens and J.
Zimmermann, Chem. Commun., 2003, 2038–2039.


15 For the applications of cyclic sulfamidates in organic synthesis, see:
R. E. Meléndez and W. D. Lubell, Tetrahedron, 2003, 59, 2581–2616.


16 For a review on click chemistry, see: H. C. Kolb, M. G. Finn and K. B.
Sharpless, Angew. Chem., Int. Ed., 2001, 40, 2004–2021.


17 K. C. Nicolaou, S. A. Snyder, D. A. Longbottom, A. Z. Nalbandian
and X. Huang, Chem. Eur. J., 2004, 10, 5581–5606.


18 J.-L. Liang, S.-X. Yuan, J.-S. Huang, W.-Y. Yu and C.-M. Che, Angew.
Chem., Int. Ed., 2002, 41, 3465.


19 (a) P. I. Dalko and L. Moisan, Angew. Chem., Int. Ed., 2004, 43, 5138;
(b) A. Berkessel and H. Groger, Asymmetric Organocatalysis, Wiley-
VCH, Weinheim, 2005.


20 (a) B. List, R. A. Lerner and C. F. Barbas, III, J. Am. Chem. Soc., 2000,
122, 2395–2396; (b) J. Seayad and B. List, Org. Biomol. Chem., 2005, 3,
719–724.


21 For reviews on these subjects, see: (a) O. Kühl, Chem. Soc. Rev., 2007,
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Microwave-assisted unimolecular isomerization–Claisen domino reactions of 1,3-di(hetero)aryl
propargyl trityl ethers lead, depending on the basicity of the amine, either to the formation of
tricyclo[3.2.1.02,7]oct-3-enes (with triethylamine) or to indanes (with DBU). Based upon product
analyses and computations, this base dependent dichotomy can be rationalized as a sequel of pericyclic
reactions with intermediate protonation and deprotonation.


Introduction


In the past few years, the concept of domino reactions1 has
become almost synonymous for the rapid construction of complex
structural frameworks in a one-pot fashion. With regard to syn-
thetic efficiency and efficacy, reactive functionalities are generated
and transformed in a programmed fashion without altering the
reaction conditions nor adding further reagents or catalysts.
Therefore, mastering unusual combinations and sequences of ele-
mentary organic reactions under identical conditions remains the
major conceptual challenge in engineering novel types of domino
sequences. Based upon the coupling–isomerization reaction2


(CIR)—a Sonogashira coupling of electron deficient (hetero)aryl
halides and (hetero)aryl propargyl alcohols followed by a base
catalyzed transformation of the intermediate internal 3-aryl
propargyl alcohol into a 1,3-aryl propenone—we have developed,
in recent years, consecutive multi-component heterocycle synthe-
ses initiated by transition metal catalysis3 giving rise to efficient
and diverse syntheses of pharmaceutically relevant heterocycles
in a one-pot fashion.4 Furthermore, a mechanistic expansion of
CIR by etherification of the propargyl alcohol and intramolecular
carbopalladation led to the formation of a new class of highly
fluorescent spirocyclic benzofuranones and dihydroindolones.5


However, propargyl trityl ethers as alkynyl substrates set the
stage for a whole multitude of domino sequels that, after CIR
and Claisen rearrangement, culminated in dichotomizing final
pericyclic steps with high selectivity as a consequence of minute
electronic differences in the substitution pattern (Scheme 1).6


Since CIR can be considerably accelerated by microwave
heating7 and encouraged by the amazing and highly selective bi-
furcation in the concluding steps of CI–Claisen domino reactions,6


the influence of dielectric heating and variation of the base strength


aOrganisch-Chemisches Institut, Ruprecht-Karls-Universität Heidelberg, Im
Neuenheimer Feld 270, 69121 Heidelberg, Germany
bInstitut für Organische Chemie und Makromolekulare Chemie, Heinrich-
Heine-Universität Düsseldorf, Universitätsstrasse 1, 40225 Düsseldorf,
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products. See DOI: 10.1039/b714351f
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Scheme 1 Dichotomies in CI–Claisen domino sequences.


should render a deeper insight into the parameters of the new
domino sequences. Here, we report on a series of unimolecular
isomerization–Claisen domino sequences triggered by microwave
heating and two bases with different base strengths.


Results and discussion


In all CIR based domino sequences, the cross-coupling event is
always rapid in comparison to the isomerization step. Therefore,
it is reasonable to treat both elementary steps separately and,
thus, 1,3-di(hetero)aryl propargyl trityl ethers 1 are logical starting
substrates for unimolecular sequences. Upon reaction of propargyl
trityl ethers 1 in a 1 : 1 mixture of butyronitrile and triethylamine
under microwave heating in a sealed vessel, tricyclo[3.2.1.02,7]oct-
3-enes 2 were formed as sole products in excellent yields, whereas
in a 1 : 1 mixture of DMSO and DBU, dielectric heating in a
sealed vessel led to the selective formation of indanes 3 in good to
excellent yields (Scheme 2, Table 1 and Table 2).


The structures of the tricyclo[3.2.1.02,7]oct-3-enes 2 and the
indanes 3 were unambiguously supported by spectroscopic (1H,
13C and DEPT, COSY, NOESY, HETCOR and HMBC NMR
experiments, IR, UV–Vis, mass spectrometry) and combustion
analyses. Additionally, the molecular structure of 2 was corrobo-
rated by X-ray structure analyses of compounds 2a (Fig. 1) and
2c (Fig. 2).§


§Data were collected on a Bruker Smart CCD (2c) or a Bruker APEX
diffractometer (2a, 11e, 11f). Mo Ka radiation (k = 0.71073 Å) was used in
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Table 1 Microwave-assisted isomerization–Claisen rearrangement–
Diels–Alder domino sequence to tricyclo[3.2.1.02,7]oct-3-enes 2a


Entry Tricyclo[3.2.1.02,7]oct-3-ene 2 (yield)b


1c 2a (aryl1 = p-O2NC6H4, 85%)
2d 2b (aryl1 = p-MeO2CC6H4, 83%)
3 2c (aryl1 = p-NCC6H4, 92%)
4 2d (aryl1 = p-MeC6H4, 0%)
5 2e (aryl1 = p-MeOC6H4, 0%)


a Reaction conditions: 1 (0.2 M in butyronitrile–triethylamine 1 : 1), was
dielectrically heated at 135 ◦C for 30 min in a sealed vial. b Yields refer to
isolated yields of tricyclo[3.2.1.02,7]oct-3-enes 2 after flash chromatography
on silica gel and were ≥95% pure as determined by NMR spectroscopy
and elemental analysis. c After conductive heating in a coupling sequence
and after isolation and recrystallization, a 91% yield of 2a was obtained.
d After conductive heating in a coupling sequence and after isolation and
recrystallization, a 85% yield of 2b was obtained.


Table 2 Microwave-assisted isomerization–Claisen rearrangement–
deprotonation–electrocyclization–protonation domino sequence to
indanes 3a


Entry Indane 3 (yield)b


1c 3a (aryl1 = p-MeO2CC6H4, 80%)
2 3b (aryl1 = Ph, 94%)
3d 3c (aryl1 = p-NCC6H4, 62%)
4e 3c (aryl1 = Ph, 92%)
5 3d (aryl1 = p-MeC6H4, 82%)
6 3e (aryl1 = p-MeOC6H4, 62%)


a Reaction conditions: 1 (0.2 M in DMSO) and 1.6 eq DBU were
dielectrically heated at 130 ◦C for 20 min in a sealed vial. b Yields refer
to isolated yields of indanes 3 after flash chromatography on silica gel
and were ≥95% pure as determined by NMR spectroscopy and elemental
analysis. c The reaction was carried out in butyronitrile and 1.15 eq DBU
at 100 ◦C for 18 min. d The reaction was carried out at 120 ◦C for 5 min.
e The reaction was carried out in butyronitrile under otherwise identical
conditions.


Scheme 2 Base dependent dichotomy in microwave-assisted isomeriza-
tion–Claisen domino sequences.


all cases and the intensities were corrected for absorption effects using
SADABS14 based on the laue symmetry of the reciprocal space. The
structures were solved by direct methods and refined against F 2 with a full
matrix least square algorithm by using the SHELXTL14 software package.
Hydrogen atoms were partially refined isotropically (at the core of 11e),
otherwise they were considered at calculated positions and refined using
appropriate riding models. Relevant crystal and data collection parameters
for the individual structures are given here. Crystal data: 2a: C37H31NO4,
M = 553.63, monoclinic, space group P21/c, a = 15.348(2), b = 8.806(1),


Fig. 1 Molecular structure of tricyclo[3.2.1.02,7]oct-3-ene 2a (hydrogen
atoms were omitted for clarity, ORTEP: 50% probability).


Fig. 2 Molecular structure of tricyclo[3.2.1.02,7]oct-3-ene 2c (hydrogen
atoms were omitted for clarity, ORTEP: 50% probability).


In consistency with the CI process carried out under con-
ductive heating and in the presence of NEt3 as the base,


c = 22.612(4) Å, b = 109.831(3)◦, V = 2874.9(7) Å3, T = 100(2) K,
Z = 4, q = 1.28 g cm−3, dimensions 0.43 × 0.065 × 0.04 mm3, l =
0.08 mm−1, 0.3◦ omega-scans, 16360 reflections measured, 3488 unique
[R(int) = 0.0536], 2697 observed [I > 2r(I)], 509 parameters refined,
goodness of fit 1.04, wR2 = 0.107, R1 = 0.048 (observed reflections),
residual electron density −0.59 to 0.54 eÅ−3, CCDC 660693. 2c: C35H25NO,
M = 475.6, triclinic, space group P1̄, a = 12.1762(2), b = 17.4387(2),
c = 20.1060(1) Å, a = 80.239(1)◦, b = 73.766(1)◦, c = 73.137(1)◦, V =
3904.56(8) Å3, T = 200(2) K, Z = 6, q = 1.21 g cm−3, crystal dimensions
0.40 × 0.24 × 0.08 mm3, l = 0.07 mm−1, 0.3◦ omega-scans, 26587
reflections measured, 10487 unique [R(int) = 0.0491], 7415 observed [I >


2r(I)], 1000 parameters refined, goodness of fit 1.03, wR2 = 0.107, R1 =
0.049 (observed reflections), residual electron density −0.23 to 0.37 eÅ−3,
CCDC 641143. 11e: C29H24O, M = 388.5, triclinic, space group P1̄,
a = 8.5190(2), b = 12.5850(3), c = 10.2410(1) Å, a = 73.0570(1)◦, b =
86.7680(1)◦, c = 98.8770(9)◦, V = 1031.73(4) Å3, T = 200(2) K, Z = 2,
q = 1.25 g cm−3, crystal dimensions 0.49 × 0.17 × 0.06 mm3, l = 0.07 mm−1,
0.3◦ omega-scans. The crystals turned out to be partially merohedrically
twinned, so an artificially enlarged unit cell had to be used to be able to
integrate all the reflections, 6151 reflections of solely component A, 6201
reflections of solely component B, and 2026 reflections belonging to both
components result in 14378 observations measured, 9690 observed [I >


2r(I)], 3505 after merging equivalents, 285 parameters refined, goodness
of fit 1.22, wR2 = 0.110, R1 = 0.048 (observed reflections), residual
electron density −0.17 to 0.17 eÅ−3, CCDC 641144. 11f: C29H24O2, M =
404.48, orthorhombic, space group Pccn, a = 15.277(3), b = 37.640(8), c =
7.251(2) Å, V = 4169.4(15) Å3, T = 200(2) K, Z = 8, q = 1.289 g cm−3,
dimensions 0.18 × 0.12 × 0.05 mm3, l = 0.08 mm−1, 0.3◦ omega-scans,
10547 reflections measured, 2173 unique [R(int) = 0.0737], 1621 observed
[I > 2r(I)], 281 parameters refined, goodness of fit 1.08, wR2 = 0.133, R1 =
0.061 (observed reflections), residual electron density −0.20 to 0.21 eÅ−3,
CCDC 660694.
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tricyclo[3.2.1.02,7]oct-3-enones 2 are the products of the in-
tramolecular isomerization–Claisen sequence. However, increas-
ing the base strength from NEt3 (pKb = 3.35) to DBU (pKb = 1.16)
favors the formation of indanes 3. Furthermore, the stronger base
DBU obviously also triggers the propyne–allene isomerization
which does not occur with electron-donating aryl substituents in
the 3-position when applying NEt3 as the base (Table 1, entries 4
and 5 vs. Table 2, entries 3–6).


However, the concluding steps in this domino sequence seem to
be relatively complex. For an insight into the energetic scenario,
quantum chemical calculations on structures and energies of the
propargyl trityl ether 1c, the tentative intermediates 4c and 5c, and
the possible reaction products 2c, 3c, and 6c were carried out on
high levels of theory (Fig. 3).8


Geometry optimizations were carried out using Becke Perdew
(BP) 86 functionals [RBP86/6-31+G(d,p)]9 and based upon
single point energy calculations using the Møller–Plesset cor-
relation energy correction truncated at second-order [RMP2/6-
311++G(2d,2p)//RBP86/6-31+G(d,p)],10 energetic estimations
propose some profound mechanistic implications. Starting from
the propargyl trityl ether 1c, isomerization of the alkyne furnishes
the allenyl trityl ether 4c with a thermodynamic driving force
of 5.75 kcal mol−1. This allenyl intermediate is quite in agree-
ment with other sequences that are based upon the coupling–
isomerization reaction.2,5,6 Then, intermediate 4c sets the stage
for an allenyl–benzyl Claisen rearrangement giving rise to the
formation of a exo-methylene cyclohexadiene enone 5c, which
is less than 1 kcal mol−1 more stable than 4c. According to the
product analysis, now, the bifurcation takes place. Computing


the energies of the possible products, which are indeed observed
under special conditions, i.e. tricyclo[3.2.1.02,7]oct-3-ene 2c (under
microwave irradiation and with triethylamine as a base), 2-
substituted triphenylmethyl enone 6c (under conductive heating
and with triethylamine as a base),6 and indane 3c (under microwave
irradiation and with DBU as a base), reveals interesting aspects
of this sequence. Obviously, the thermodynamically most stable
isomer is indane 3c (−61.23 kcal mol−1) and it is only formed at
higher temperatures (microwave heating) and if the base is strong
enough (DBU). Interestingly, the thermodynamically more favor-
able enone 6c (−44.41 kcal mol−1) is not formed if the energy is
just high enough (microwave heating) to trigger an intramolecular
[4 + 2]-cycloaddition as a kinetically controlled formation of the
least favorable tricyclo[3.2.1.02,7]oct-3-ene 2c (−20.46 kcal mol−1).
Only prolonged conductive heating furnishes the more stable
isomer 6c if the base is triethylamine. However, under dielectric
heating in combination with sufficient base strength, kinetic
control is apparently dominating by rapid energy transfer to the
reactants in the vessel. Here again, as reported before,6 minute elec-
tronic differences in combination with the mode of heating and the
basicity determine the bifurcation of isomerization–pericyclic se-
quences. Hence, triethylamine as a base is definitely strong enough
to catalyze the isomerization from alkyne 1 to allene 4, but it fails
to catalyze the isomerization from Claisen rearrangement product
5 to indane 3 or enone 6c. This can be accounted for by the inter-
mediacy on an anion generated upon deprotonation with a suffi-
ciently strong base. Otherwise, if no anion can be rapidly gener-
ated, the obvious reaction is the fast intramolecular cycloaddition
that should proceed at higher rates than intermolecular processes.


Fig. 3 Computed energies (RBP86/6-31+G(d,p) for geometries and RMP2/6-311++G(2d,2p)//RBP86/6-31+G(d,p) for energies) of the propargyl
trityl ether 1c, the tentative intermediates 4c and 5c, and possible reaction products 2c, 3c, and 6c.
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Based upon these energetic considerations, the tentative mech-
anism of these bifurcating domino reactions can be rationalized
as follows (Scheme 3).


Scheme 3 Mechanistic rationale for the base dependent dichotomy in
microwave-assisted isomerization–Claisen domino sequences.


After the propyne–allene isomerization–Claisen rearrangement,
the cyclohexadienyl proton is susceptible to deprotonation with
a sufficiently strong base. The presence of a weak base leads
to an intramolecular [4 + 2] cycloaddition that immediately es-
tablishes the tricyclo[3.2.1.02,7]oct-3-ene framework of 2, whereas
deprotonation with DBU generates delocalized carbanions 7
and 8, which are prone to cis–trans interconversion. However,
the carbanion isomer 8 culminates in a 6p-electrocyclization
with concomitant rearomatization and generation of enolate 9.
Finally, protonation of 9 gives rise to the formation of the
thermodynamically most stable anti-configured indane 3. Hence,
if equilibration is possible, the thermodynamic outcome of an
isomerization–Claisen sequence with 1 as a substrate is always the
indane motif 3.


As a consequence, we also tested whether an aryl substituent
in the 3-position of 1 is necessary at all to favor the generation of
indane derivatives. Therefore, trityl ethers 10 with terminal alkyne
functionality were submitted to the isomerization conditions
in DMSO and with DBU as a base to selectively furnish 1-
(hetero)aroyl 3,3-diphenylindanes 11 in moderate to excellent
yields (Scheme 4, Table 3).


The unambiguous structural assignments were based on ex-
tensive spectroscopic and combustion analyses. Additionally, the
molecular structure of 11 was corroborated by X-ray structure
analyses of compounds 11e (Fig. 4) and 11f (Fig. 5).§


Table 3 Isomerization–Claisen rearrangement–deprotonation–electro-
cyclization–protonation domino sequence to 1-(hetero)aroyl 3,3-diphenyl-
indanes 11a


Entry 1-(Hetero)aroyl 3,3-diphenylindane 5 (yield)b


1c 11a ((het)aryl = p-NCC6H4, 33%)
2 11b ((het)aryl = p-ClC6H4, 94%)
3 11c ((het)aryl = C6H5, 94%)
4d 11d ((het)aryl = 2-thienyl, 84%)
5 11e ((het)aryl = p-MeC6H4, 90%)
6 11f ((het)aryl = p-MeOC6H4, 92%)
7e 11g ((het)aryl = p-nhexylOC6H4, 89%)


a Reaction conditions: 4 (0.2 M in DMSO) and 1.6 eq of DBU were
dielectrically heated at 150 ◦C for 20 min in a sealed vial. b Yields refer
to isolated yields of indanes 5 after flash chromatography on silica gel
and were ≥95% pure as determined by NMR spectroscopy and elemental
analysis. c The reaction was carried out in butyronitrile using 1.6 eq DBU
at 120 ◦C for 15 min. d The reaction was carried out at 130 ◦C for 10 min.
e The reaction was carried out at 150 ◦C for 15 min.


Scheme 4 Microwave-assisted isomerization–Claisen–cyclization
domino sequence to 1-(hetero)aroyl 3,3-diphenylindanes 11.


Fig. 4 Molecular structure of 1-(hetero)aroyl 3,3-diphenylindane 11e
(most hydrogen atoms were omitted for clarity, ORTEP: 50% probability).


Conclusions


In conclusion, we have found that base strength exercises a consid-
erable influence in microwave-assisted dichotomizing unimolecu-
lar isomerization–Claisen sequences. Particularly, computations
and product analyses support the tentative mechanistic rationale
where bifurcation occurs after the Claisen step as a consequence
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Fig. 5 Molecular structure of 1-(hetero)aroyl 3,3-diphenylindane 11f
(most hydrogen atoms were omitted for clarity, ORTEP: 50% probability).


of the generation of anionic intermediates in the presence of
sufficiently strong bases. Interestingly, excellent chemoselectivities
underline the well balanced electronic interplay in concluding
pericyclic steps. Both tricyclo[3.2.1.02,7]oct-3-enes 2 and indanes
3 or 11 are intriguing frameworks and are suitable for synthetic
and methodological elaboration. In particular, highly substituted
indanes display biological activity such as pharmacological11 and
olfactory properties.12 Studies addressing the synthetic scope of
these new domino reactions are currently under investigation.


Experimental


General considerations. All reactions involving water-sensitive
compounds were carried out in oven-dried vials under a nitrogen
atmosphere. The solvents were dried according to standard
procedures13 and were distilled prior to use. Column chro-
matography: silica gel 60 M (mesh 230–400) Macherey-Nagel.
Thin layer chromatography (TLC): silica gel layered aluminium
foil (60 F254 Merck, Darmstadt). Melting points (uncorrected):
Reichert-Jung Thermovar and Büchi Melting Point B-540. 4-
Iodobenzonitrile 4 was purchased from ACROS and used without
further purification. Trityl propargyl ethers 2 were prepared from
propargyl alcohols obtained by literature procedures.2 1H and 13C
NMR spectra: Bruker ARX250, Bruker DRX 300 with CDCl3


as solvent. The assignments of quaternary C, CH, CH2 and CH3


were made on the basis of DEPT spectra. IR: Bruker Vector 22
FT-IR. UV–Vis: Hewlett Packard HP8452 A. MS: Jeol JMS-700
und Finnigan TSQ 700. Elemental analyses were carried out in the


microanalytical laboratory of the Organisch-Chemisches Institut
der Universität Heidelberg.


General procedure for the synthesis of terminal propargyl trityl
ethers 10 and internal propargyl trityl ethers 1


Synthesis of compounds 10. A detailed experimental procedure
for the synthesis of compounds 10 has been previously published.6


Synthesis of compounds 1. To a deaerated mixture of a
magnetically stirred THF solution of compound 7 and 1.00
equivalent of the corresponding aryl halides in a Schlenk flask
with a positive nitrogen atmosphere was gradually added 5
mol% of PdCl2(PPh3)2, 5 mol% of CuI, and 1.05 equivalents of
triethylamine. The reaction mixture was stirred at room temp until
complete consumption of the aryl halide (monitored by TLC). For
work up, the reaction mixture was diluted with ether, submitted to
filtration for removal of the ammonia salts and the solvents were
evaporated in vacuo. The residue was filtered on silica gel (hexane–
ethyl acetate 10 : 1 up to 5 : 1) to give the internal propargyl trityl
ethers 1 in quantitative yields as light yellow solids, which were
submitted to the isomerization–Claisen sequences without further
purification.


General procedure for the isomerization–Claisen sequences to the
products 2, 3, or 11


A magnetically stirred deaerated solution of compound 1 or 4
(0.3 mmol) in 3.0 mL of a mixture of butyronitrile and NEt3 (1 : 1,
v/v) was dielectrically heated in a sealed microwave vial at 135 ◦C
for 30 min (see Table 4 for experimental details). After cooling
to rt, the solvents were removed in vacuo, and the residue was
chromatographed on silica gel to give rise to the desired products
2, 3, or 11, respectively.


Table 4 Experimental details of CI–Claisen sequencesa


Entry Propargyl trityl ether 1 or 7 Sequence products 2, 3, or 11 (yield)b


1a 149 mg (0.3 mmol) of 1a 127 mg (85%) of 2a
2b 153 mg (0.3 mmol) of 1b 127 mg (83%) of 2b
3 143 mg (0.3 mmol) of 1c 131 mg (92%) of 2c
4c 153 mg (0.3 mmol) of 1b 122 mg (80%) of 3a
5d 143 mg (0.3 mmol) of 1c 89 mg (62%) of 3b
6e 135 mg (0.3 mmol) of 1d 127 mg (94%) of 3c
7e 139 mg (0.3 mmol) of 1e 114 mg (82%) of 3d
8e 144 mg (0.3 mmol) of 1f 89 mg (62%) of 3e
9f 120 mg (0.3 mmol) of 4a 40 mg (33%) of 11a


10 123 mg (0.3 mmol) of 4b 116 mg (94%) of 11b
11 112 mg (0.3 mmol) of 4c 105 mg (94%) of 11c
12g 114 mg (0.3 mmol) of 4d 96 mg (84%) of 11d
13 117 mg (0.3 mmol) of 4e 105 mg (90%) of 11e
14 121 mg (0.3 mmol) of 4f 111 mg (92%) of 11f
15h 142 mg (0.3 mmol) of 4g 126 mg (89%) of 11g


a Yields of a thermal conventionally heated bimolecular reaction after
isolation and recrystallization (91%). b Yields of a thermal conventionally
heated bimolecular reaction after isolation and recrystallization (85%).
c The reaction was carried out in butyronitrile and 1.15 eq DBU at 100 ◦C
for 18 min. d The reaction was carried out in DMSO and 1.6 eq DBU at
120 ◦C for 5 min. e The reaction was carried out in DMSO and 1.6 eq DBU
at 130 ◦C for 20 min. f The reaction was carried out in butyronitrile using
1.6 eq DBU at 120 ◦C for 15 min. g The reaction was carried out at 130 ◦C
for 10 min. h The reaction was carried out at 150 ◦C for 15 min.
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6-Benzhydrylidene-8-(4-nitro-phenyl)-tricyclo[3.2.1.02,7]-
oct-3-en-1-yl]-phenyl-methanone (2a)


Mp. 174–176 ◦C. 1H NMR (300 MHz, CDCl3): d 2.95–2.92 (m, 1
H), 3.25–3.21 (m, 1 H), 3.65–3.61 (m, 1 H), 4.14 (d, J = 6.0 Hz, 1
H), 5.61–5.55 (m, 1 H), 6.27–7.22 (m, 1 H), 7.17 (d, J = 7.8 Hz, 2
H), 7.51–7.24 (m, 13 H), 7.71–7.68 (m, 2 H), 7.97 (d, J = 9.0 Hz,
2 H). 13C NMR (125 MHz, CDCl3): d 27.5 (CH), 33.2 (CH),
43.3 (Cquat), 45.8 (CH), 46.8 (CH), 123.0 (CH), 125.2 (CH), 126.1
(CH), 127.2 (CH), 127.4 (CH), 127.5 (CH), 128.2 (CH), 128.3
(CH), 128.5 (CH), 129.1 (CH), 129.7 (CH), 129.8 (CH), 132.3
(CH), 136.3 (Cquat), 137.0 (Cquat), 138.2 (Cquat), 141.6 (Cquat), 146.2
(Cquat), 146.5 (Cquat), 199.9 (Cquat). EI MS (70 eV, m/z (%)): 495 (M+,
100), 165 (C13H9


+, 51); HRMS (70 eV, EI) calcd. for C34H25NO3:
495.1834; found, 495.1822. IR (KBr) 1666, 1598, 1517 cm−1. Anal.
calcd. for C34H25NO3 (495.6): C, 82.40; H, 5.08; N, 2.83; found: C,
82.04; H, 5.52; N, 2.69%.


4-(8-Benzhydrylidene-7-benzoyl-tricyclo[3.2.1.02,7]oct-3-en-6-yl)-
benzoic acid methyl ester (2b)


Mp. 197–199 ◦C. 1H NMR (300 MHz, CDCl3): d 2.87 (dd, J =
7.9 Hz, J = 1.2 Hz, 1 H), 3.25–3.20 (m, 1 H), 3.63–3.59 (m, 1
H), 3.82 (s, 3 H), 4.10 (d, J = 4.5 Hz, 1 H), 5.59–5.53 (m, 1
H), 6.23–6.18 (m, 1 H), 7.07 (d, J = 8.1 Hz, 2 H), 7.44–7.22 (m,
13 H), 7.69–7.67 (m, 2 H), 7.77 (d, J = 8.7 Hz, 2 H). 13C NMR
(125 MHz, CDCl3): d 27.4 (CH), 33.5 (CH), 43.3 (Cquat), 45.8 (CH),
46.9 (CH), 51.9 (CH3), 125.0 (CH), 126.1 (CH), 126.3 (CH), 127.2
(CH), 127.5 (CH), 128.1 (CH), 128.2 (CH), 128.3 (CH), 128.4
(CH), 129.1 (CH), 129.8 (CH), 129.8 (CH), 132.1 (CH), 135.9
(Cquat), 137.7 (Cquat), 138.5 (Cquat), 141.7 (Cquat), 141.7 (Cquat), 143.7
(Cquat), 166.8 (Cquat), 200.4 (Cquat). EI MS (70 eV, m/z (%)): 508
(M+, 100), 165 (M+ − C6H5CO, 52); HRMS (70 eV, EI) calcd. for
C36H28O3: 508.2038; found, 508.2043. IR (KBr) 1724, 1669, 1611,
1598 cm−1. Anal. calcd. for C36H28O3 (508.6): C, 85.01; H, 5.55;
found: C, 84.89; H, 5.59%.


4-(8-Benzhydrylidene-7-benzoyl-tricyclo[3.2.1.02,7]oct-3-en-6-yl)-
benzonitrile (2c)


Mp. 174–176 ◦C. 1H NMR (300 MHz, CDCl3): d 2.90 (d, J =
7.4 Hz, 1 H), 3.20 (m, 1 H), 3.60 (m, 1 H), 4.10 (d, J = 4.2 Hz, 1
H), 5.57 (m, 1H), 6.24–6.21 (m, 1 H), 7.12 (d, J = 8.1 Hz, 2 H),
7.48–7.24 (m, 15 H), 7.69 (d, J = 7.2 Hz, 2 H). 13C NMR (75 MHz,
CDCl3): d 27.4 (CH), 33.1 (CH), 43.1 (Cquart), 45.7 (CH), 46.9
(CH), 110.1 (Cquart), 118.8 (Cquart), 125.1 (CH), 126.1 (CH), 127.2
(CH), 127.3 (CH), 127.5 (CH), 128.1 (CH), 128.2 (CH), 128.5
(CH), 129.0 (CH), 129.7 (CH), 131.5 (CH), 132.2 (CH), 136.2
(Cquart), 137.1 (Cquart), 138.2 (Cquart), 141.6 (Cquart), 141.6 (Cquart),
143.9 (Cquart), 199.9 (Cquart). EI MS (70 eV, m/z (%)): 475 (M+, 100),
307 (M+ − C6H5CO, 53). HRMS (70 eV, EI) calcd. for C35H25NO:
475.1936; found: 475.1954. IR (KBr): mmax 3045 (w), 2227 (s), 1668
(s), 1608 (s), 1598 (s) cm−1. Anal. calcd. for C35H25NO (575.2): C,
88.39; H, 5.30; N, 2.95; found: C, 88.26; H, 5.34; N 2.95%.


4-(3-Benzoyl-1,1-diphenyl-indan-2-yl)-benzoic acid methyl ester
(3a)


Mp. 204–205 ◦C. 1H NMR (500 MHz, CDCl3): d 3.81 (s, 3 H),
5.35 (d, J = 11.0 Hz, 1 H), 5.62 (d, J = 10.5 Hz, 1 H), 6.33 (d,


J = 7.0 Hz, 2 H), 6.79–6.77 (m, 1 H), 6.85 (d, J = 8.0 Hz, 2 H),
7.04–6.99 (m, 3 H), 7.24–7.13 (m, 3 H), 7.30–7.27 (m, 1 H), 7.39–
7.36 (m, 2 H), 7.50–7.47 (m, 2 H), 7.61–7.58 (m, 3 H), 7.65 (d,
J = 8.0 Hz, 2 H), 8.01 (d, J = 7.0 Hz, 2 H). 13C NMR (125 MHz,
CDCl3): d 51.9 (CH), 53.5 (CH3), 58.2 (CH), 65.7 (Cquat), 123.6
(CH), 126.6 (CH), 126.7 (CH), 126.7 (CH), 127.1 (CH), 127.5
(CH), 128.2 (CH), 128.2 (CH), 128.6 (Cquat), 128.8 (CH), 128.9
(CH), 128.9 (CH), 129.2 (CH), 129.4 (CH), 130.5 (CH), 133.6
(CH), 137.8 (Cquat), 140.9 (Cquat), 141.4 (Cquat), 143.8 (Cquat), 144.7
(Cquat), 149.3 (Cquat), 166.9 (Cquat), 198.6 (Cquat). EI MS (70 eV, m/z
(%)): 508 (M+, 52), 403 (M+ − C6H5CO, 100); HRMS (70 eV, EI)
calcd for C36H28O3: 508.2038; found, 508.2015. IR (KBr) mmax 1722,
1682, 1600 cm−1. Anal. calcd. for C36H28O3 (508.6): C, 85.01; H,
555; found: C, 85.05; H, 5.59%.


Phenyl-(2,3,3-triphenyl-indan-1-yl)-methanone (3b)


Mp. 178–179 ◦C. 1H NMR (300 MHz, CDCl3): d 5.35 (d, J =
10.5 Hz, 1 H), 5.59 (d, J = 9.9 Hz, 1 H), 6.35–6.32 (m, 2 H),
6.79–6.74 (m, 3 H), 7.04–6.94 (m, 6 H), 7.23–7.12 (m, 3 H), 7.29–
7.27 (m, 1 H), 7.39–7.34 (m, 2 H), 7.50–7.45 (m, 2 H), 7.63–7.58
(m, 3 H), 8.03–8.00 (m, 2 H). 13C NMR (75 MHz, CDCl3): d
53.5 (CH), 58.3 (CH), 65.5 (Cquat), 123.6 (CH), 126.4 (CH), 126.5
(CH), 126.6 (CH), 126.8 (CH), 127.4 (CH), 127.6 (CH), 128.0
(CH), 128.0 (CH), 128.8 (CH), 128.9 (CH), 129.3 (CH), 130.6
(CH), 133.4 (CH), 138.0 (Cquat), 138.1 (Cquat), 141.2 (Cquat), 141.8
(Cquat), 145.1 (Cquat), 149.6 (Cquat), 199.0 (Cquat). EI MS (70 eV, m/z
(%)): 450 (M+, 51), 345 (M+ − C6H5CO, 100); HRMS (70 eV, EI)
calcd for C34H26O: 450.1984; found, 450.2014. IR (KBr) mmax 1686,
1579 cm−1. Anal. calcd. for C34H26O (450.6): C, 90.63; H, 5.82;
found: C, 90.41; H, 5.91%.


4-(3-Benzoyl-1,1-diphenyl-indan-2-yl)-benzonitrile (3c)


Mp. 176–178 ◦C. 1H NMR (300 MHz, CDCl3): d 5.32 (d, J =
10.5 Hz, 1 H), 5.64 (d, J = 10.8 Hz, 1 H), 6.32 (d, J = 8.5 Hz, 2 H),
6.79–6.77 (m, 1 H), 6.88 (d, J = 8.0 Hz, 2 H), 7.08–6.99 (m, 3 H),
7.41–7.15 (m, 8 H), 7.63–7.49 (m, 5 H), 8.02 (d, J = 8.0 Hz, 2 H).
13C NMR (75 MHz, CDCl3): d 53.4 (CH), 57.8 (CH), 65.7 (Cquat),
110.6 (Cquat), 118.8 (Cquat), 123.6 (CH), 126.6 (CH), 126.9 (CH),
126.9 (CH), 127.2 (CH), 127.6 (CH), 128.3 (CH), 128.4 (CH),
128.9 (CH), 129.0 (CH), 129.1 (CH), 130.0 (Cquat), 130.4 (CH),
131.3 (CH), 133.8 (CH), 137.6 (Cquat), 140.4 (Cquat), 141.2 (Cquat),
144.1 (Cquat), 144.3 (Cquat), 149.0 (Cquat), 198.1 (Cquat). EI MS (70 eV,
m/z (%)): 475 (M+, 83), 370 (M+ − C6H5CO, 100); HRMS (70 eV,
EI) calcd for C35H25NO: 475.1936; found, 475.1938. IR (KBr) mmax


2233, 1682, 1618, 1608 cm−1. Anal. calcd. for C35H25NO (575.2):
C, 88.39; H, 5.30; N, 2.95; found: C, 88.36; H, 5.29; N, 2.93%.


(3,3-Diphenyl-2-p-tolyl-indan-1-yl)-phenyl-methanone (3d)


Mp. 184–186 ◦C. 1H NMR (300 MHz, CDCl3): d 2.17 (s, 3 H),
5.30 (d, J = 10.8 Hz, 1 H), 5.53 (d, J = 11.1 Hz, 1 H), 6.35 (d,
J = 6.9 Hz, 2 H), 6.65 (d, J = 8.7 Hz, 2 H), 6.79–6.76 (m, 3 H),
7.06–6.97 (m, 3 H), 7.19–7.13 (m, 3 H), 7.29–7.24 (m, 1 H), 7.37–
7.38 (m, 2 H), 7.50–7.45 (m, 2 H), 7.61–7.56 (m, 3 H), 8.00 (d, J =
7.5 Hz, 2 H). 13C NMR (75 MHz, CDCl3): d 21.0 (CH3), 53.6 (CH),
58.2 (CH), 65.4 (Cquat), 123.6 (CH), 126.3 (CH), 126.5 (CH), 126.6
(CH), 126.8 (CH), 127.3 (CH), 128.0 (CH), 128.0 (CH), 128.2
(CH), 128.8 (CH), 128.9 (CH), 129.3 (Cquat), 129.4 (CH), 130.7
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(CH), 133.4 (CH), 134.9 (Cquat), 136.3 (Cquat), 138.1 (Cquat), 141.4
(Cquat), 142.0 (Cquat), 145.2 (Cquat), 149.7 (Cquat), 199.1 (Cquat). EI
MS (70 eV, m/z (%)): 464 (M+, 37), 359 (M+ − C6H5CO, 100);
HRMS (70 eV, EI) calcd for C35H28O: 464.2140; found, 464.2128.
IR (KBr) mmax 1683, 1596 cm−1. Anal. calcd. for C35H28O (464.6):
C, 90.48; H, 6.07; found: C, 90.41; H, 6.09%.


[2-(4-Methoxy-phenyl)-3,3-diphenyl-indan-1-yl]-phenyl-methanone
(3e)


Mp. 205–206 ◦C. 1H NMR (300 MHz, CDCl3): d 3.65 (s, 3 H),
5.26 (d, J = 11.3 Hz, 1 H), 5.52 (d, J = 11.3 Hz, 1 H), 6.35 (d, J =
8.6 Hz, 2 H), 6.51 (d, J = 8.5 Hz, 2 H), 6.69 (d, J = 8.6 Hz, 2 H),
6.80–6.77 (m, 1 H), 7.07–7.00 (m, 3 H), 7.19–7.14 (m, 3 H), 7.29–
7.25 (m, 2 H), 7.38–7.34 (m, 2 H), 7.50–7.46 (m, 2 H), 7.61–7.56
(m, 3 H), 8.02–7.99 (m, 2 H). 13C NMR (75 MHz, CDCl3): d 53.8
(CH), 55.0 (CH3), 57.8 (CH), 65.4 (Cquat), 112.9 (CH), 123.6 (CH),
126.1 (CH), 126.4 (CH), 126.5 (CH), 126.8 (CH), 127.3 (CH),
128.0 (CH), 128.3 (CH), 128.8 (CH), 128.9 (CH), 129.3 (CH),
130.1 (Cquat), 130.3 (CH), 130.7 (CH), 133.4 (CH), 138.0 (Cquat),
141.3 (Cquat), 142.0 (Cquat), 145.2 (Cquat), 149.6 (Cquat), 158.4 (Cquat),
199.2 (Cquat). EI MS (70 eV, m/z (%)): 480 (M+, 22), 375 (M+ −
C6H5CO, 100); HRMS (70 eV, EI) calcd for C35H28O2: 480.2089;
found, 480.2114. IR (KBr) mmax 1681, 1613 cm−1. Anal. calcd. for
C35H28O2 (480.6): C, 87.47; H, 5.87; found: C, 87.41; H, 5.94%.


4-(3,3-Diphenyl-indane-1-carbonyl)-benzonitrile (11a)


Mp. 157–158 ◦C. 1H NMR (300 MHz, CDCl3): d 3.11 (dd, J =
6.3, 12.6 Hz, 1 H), 3.31 (dd, J = 10.2, 12.6 Hz, 1 H), 4.86 (dd,
J = 6.3, 9.9 Hz, 1 H), 7.01 (d, J = 7.5 Hz, 1 H), 7.06 (d, J =
6.9 Hz, 1 H), 7.34–7.10 (m, 12 H), 7.79 (d, J = 8.4 Hz, 2 H),
8.07 (d, J = 8.4 Hz, 2 H). 13C NMR (75 MHz, CDCl3): d 47.1
(CH2), 50.5 (CH), 60.9 (Cquat), 116.6 (Cquat), 117.8 (Cquat), 124.8
(CH), 126.4 (CH), 126.6 (CH), 126.8 (CH), 127.4 (CH), 127.7
(CH), 128.0 (CH), 128.2 (CH), 128.4 (CH), 128.5 (CH), 129.2
(CH), 132.7 (CH), 140.3 (Cquat), 140.7 (Cquat), 145.4 (Cquat), 147.0
(Cquat), 149.5 (Cquat), 198.6 (Cquat). EI MS (70 eV, m/z (%)): 399 (M+,
12), 269 (M+ − p-NCC6H4CO, 100); HRMS (70 eV, EI) calcd for
C29H21NO: 399.1628; found, 408.1631. IR (KBr) mmax 2232, 1689,
1600 cm−1. Anal. calcd. for C29H21NO (399.5): C, 87.19; H, 5.30;
N: 3.51; found: C, 87.32; H, 5.38; N, 3.47%.


(4-Chloro-phenyl)-(3,3-diphenyl-indan-1-yl)-methanone (11b)


Mp. 180–181 ◦C. Anal. 1H NMR (300 MHz, CDCl3): d 3.08 (dd,
J = 6.4, 12.7 Hz, 1 H), 3.35 (dd, J = 10.2, 12.7 Hz, 1 H), 4.85
(dd, J = 6.4, 10.8 Hz, 1 H), 7.09–7.01 (m, 2 H), 7.33–7.16 (m,
12 H), 7.47 (d, J = 8.6 Hz, 2 H), 7.95 (d, J = 8.6 Hz, 2 H). 13C
NMR (75 MHz, CDCl3): d 47.1 (CH2), 50.1 (CH), 60.8 (Cquat),
124.7 (CH), 126.3 (CH), 126.5 (CH), 126.6 (CH), 127.3 (CH),
127.5 (CH), 128.2 (CH), 128.5 (CH), 128.6 (CH), 128.9 (CH),
129.1 (CH), 130.3 (CH), 135.7 (Cquat), 139.8 (Cquat), 141.3 (Cquat),
145.5 (Cquat), 147.3 (Cquat), 149.5 (Cquat), 198.5 (Cquat). EI MS (70
eV, m/z (%)): 410 (37Cl-M+, 5), 408 (35Cl-M+, 15), 269 (35Cl-M+ −
p-35ClC6H4CO, 100); HRMS (70 eV, EI) calcd for C28H21


35ClO:
408.1281; found, 408.1275. IR (KBr) mmax 1682, 1588 cm−1. Anal.
calcd. for C28H21ClO (408.9): C, 82.24; H, 5.18; Cl: 8.67; found: C,
89.59; H, 5.23; Cl: 8.37%.


(3,3-Diphenyl-indan-1-yl)-phenyl-methanone (11c)


Mp. 168–169 ◦C. 1H NMR (300 MHz, CDCl3): d 3.09 (dd, J = 6.2,
12.3 Hz, 1 H), 3.36 (dd, J = 10.3, 12.3 Hz, 1 H), 4.92 (dd, J = 6.2,
10.3 Hz, 1 H), 7.08–7.04 (m, 2 H), 7.33–7.15 (m, 12 H), 7.48 (t, J =
7.0 Hz, 2 H), 7.61–7.57 (m, 1 H), 8.02–8.00 (m, 2 H). 13C NMR
(75 MHz, CDCl3): d 47.1 (CH2), 50.0 (CH), 60.8 (Cquat), 124.9
(CH), 126.2 (CH), 126.4 (CH), 126.5 (CH), 127.2 (CH), 127.4
(CH), 128.0 (CH), 128.1 (CH), 128.5 (CH), 128.6 (CH), 128.8
(CH), 128.8 (CH), 133.3 (CH), 137.5 (Cquat), 141.7 (Cquat), 145.7
(Cquat), 147.4 (Cquat), 149.5 (Cquat), 199.8 (Cquat). EI MS (70 eV, m/z
(%)): 374 (M+, 42), 269 (M+ − C6H5CO, 100); HRMS (70 eV, EI)
calcd for C28H22O: 374.1671; found, 374.1678. IR (KBr) mmax 1680,
1596 cm−1. Anal. calcd. for C28H22O (374.5): C, 89.81; H, 5.92;
found: C, 89.57; H, 5.94%.


(3,3-Diphenyl-indan-1-yl)-thiophen-2-yl-methanone (11d)


Mp. 200–201 ◦C. 1H NMR (300 MHz, CDCl3): d 3.12 (dd, J =
7.1, 12.8 Hz, 1 H), 3.38 (dd, J = 10.7, 12.8 Hz, 1 H), 4.75 (dd,
J = 7.1, 10.7 Hz, 1 H), 7.33–7.06 (m, 15 H), 7.68 (d, J = 5.1 Hz,
1 H), 7.73 (d, J = 5.1 Hz, 1 H). 13C NMR (75 MHz, CDCl3): d
47.4 (CH2), 51.6 (CH), 61.0 (Cquat), 124.8 (CH), 126.2 (CH), 126.4
(CH), 126.5 (CH), 127.3 (CH), 127.5 (CH), 128.0 (CH), 128.1
(CH), 128.3 (CH), 128.4 (CH), 128.6 (CH), 132.8 (CH), 134.4
(CH), 141.6 (Cquat), 144.8 (Cquat), 145.6 (Cquat), 147.4 (Cquat), 149.5
(Cquat), 192.7 (Cquat). EI MS (70 eV, m/z (%)): 382 (34S-M+, 3),
380 (32S-M+, 34), 269 (32S-M+ − C4H3SCO, 100); HRMS (70 eV,
EI) calcd for C26H20OS: 380.1235; found, 380.1261. IR (KBr) mmax


1659, 1653 cm−1. Anal. calcd. for C26H20OS (380.5): C, 82.07; H,
5.43; S, 8.43; found: C, 81.84; H, 5.30; S, 8.41%.


(3,3-Diphenyl-indan-1-yl)-p-tolyl-methanone (11e)


Mp. 176–178 ◦C. 1H NMR (300 MHz, CDCl3): d 2.43 (s, 3 H),
3.07 (dd, J = 6.4, 12.8 Hz, 1 H), 3.37 (dd, J = 10.9, 12.8 Hz,
1 H), 4.89 (dd, J = 6.4, 10.9 Hz, 1 H), 7.08–7.04 (m, 2 H), 7.31–
7.17 (m, 14 H), 7.92 (d, J = 7.8 Hz, 1 H). 13C NMR (75 MHz,
CDCl3): d 21.7 (CH3), 47.1 (CH2), 49.9 (CH), 60.8 (Cquat), 124.9
(CH), 126.2 (CH), 126.4 (CH), 126.5 (CH), 127.1 (CH), 127.3
(CH), 128.0 (CH), 128.1 (CH), 128.5 (CH), 128.6 (CH), 129.0
(Cquat), 129.4 (CH), 129.5 (CH), 135.0 (Cquat), 141.9 (Cquat), 145.8
(Cquat), 147.5 (Cquat), 149.5 (Cquat), 199.3 (Cquat). EI MS (70 eV, m/z
(%)): 388 (M+, 20), 119 (p-H3CC6H5CO+, 100); HRMS (70 eV, EI)
calcd for C29H24O: 388.1827; found, 388.1813. IR (KBr) mmax 1674,
1604 cm−1. Anal. calcd. for C29H24O (388.5): C, 89.66; H, 6.23;
found: C, 89.49; H, 6.26%.


(3,3-Diphenyl-indan-1-yl)-(4-methoxy-phenyl)-methanone (11f)


Mp. 153–154 ◦C. 1H NMR (300 MHz, CDCl3): d 3.06 (dd, J =
7.1, 12.6 Hz, 1 H), 3.39 (dd, J = 10.3, 12.6 Hz, 1 H), 3.88 (s, 3
H), 4.88 (dd, J = 7.1, 10.2 Hz, 1 H), 6.97 (d, J = 9.1 Hz, 2 H),
7.08–7.04 (m, 2 H), 7.34–7.16 (m, 12 H), 8.01 (d, J = 8.8 Hz, 2 H).
13C NMR (75 MHz, CDCl3): d 47.1 (CH2), 49.6 (CH), 55.5 (CH3),
60.8 (Cquat), 113.9 (CH), 124.8 (CH), 126.2 (CH), 126.3 (CH), 126.5
(CH), 127.1 (CH), 127.2 (CH), 127.9 (CH), 128.1 (CH), 128.5
(CH), 128.6 (CH), 130.5 (Cquat), 131.2 (CH), 142.0 (Cquat), 145.8
(Cquat), 147.6 (Cquat), 149.5 (Cquat), 163.7 (Cquat), 198.1 (Cquat). EI
MS (70 eV, m/z (%)): 404 (M+, 22), 135 (p-H3COC6H4CO+, 100);
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HRMS (70 eV, EI) calcd for C29H24O2: 404.1776; found, 404.1801.
IR (KBr) 1673, 1600 cm−1. Anal. calcd. for C29H24O2 (404.5): C,
86.11; H, 5.98; found: C, 86.00; H, 6.01%.


(3,3-Diphenyl-indan-1-yl)-(4-hexyloxy-phenyl)-methanone (11g)


Mp. 118–119 ◦C. 1H NMR (300 MHz, CDCl3): d 0.93–0.89 (m, 3
H), 1.38–1.31 (m, 4 H), 1.50–1.45 (m, 2 H), 1.83–1.76 (m, 2 H),
3.05 (dd, J = 6.4, 12.7 Hz, 1 H), 3.39 (dd, J = 10.6, 13.4 Hz, 1
H), 4.03 (d, J = 6.4 Hz, 1 H), 4.87 (dd, J = 6.4, 10.6 Hz, 1 H),
6.95 (d, J = 8.6 Hz, 2 H), 7.08–7.03 (m, 2 H), 7.32–7.16 (m, 12
H), 8.00 (d, J = 9.1 Hz, 2 H). 13C NMR (75 MHz, CDCl3): d 14.0
(CH3), 22.6 (CH2), 25.0 (CH2), 29.0 (CH2), 31.5 (CH2), 47.1 (CH2),
49.6 (CH), 60.8 (Cquat), 68.9 (CH2), 114.4 (CH), 124.8 (CH), 126.1
(CH), 126.4 (CH), 126.5 (CH), 127.1 (CH), 127.2 (CH), 127.9
(CH), 128.1 (CH), 128.5 (CH), 128.6 (CH), 130.2 (Cquat), 131.2
(CH), 142.1 (Cquat), 145.8 (Cquat), 147.6 (Cquat), 149.5 (Cquat), 163.4
(Cquat), 198.1 (Cquat). EI MS (70 eV, m/z (%)): 474 (M+, 3), 205
(p-nhexylOC6H4CO+, 100); HRMS (70 eV, EI) calcd for C34H34O2:
474.2559; found, 474.2553. IR (KBr) mmax 1797, 1673, 1600 cm−1.
Anal. calcd. for C34H34O2 (474.7): C, 86.04; H, 7.22; found: C,
86.12; H, 7.19%.
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The promise of proteomics to provide a vast library of protein structural data is exciting to scientists
desiring an unprecedented understanding of the relationship between protein structure and function.
This powerful knowledge will provide insight into the design rules for proteomimetics which are
oligomers and polymers that can be more stable and inexpensive to produce than natural proteins, but
still emulate the main biological function of the natural molecule. This Emerging Area article is
intended to stimulate discussion on innovative strategies to design the next generation of
proteomimetics. Specifically we will examine the design evolution of facially amphiphilic aryl oligomers,
compounds that act as synthetic mimics of antimicrobial peptides (SMAMPs) and are known to
interact with lipid bilayers. An increasingly important goal in the field of antimicrobial polymers is to
develop strategies to rationally design membrane-binding SMAMPs, that are highly cell-selective, from
any preferred backbone and molecular weight. It is expected that lessons learned from studying these
oligomers can be applied to other systems where mimics are desired to interact with extended surfaces
and where it would be most productive to consider mimicking the protein of interest with a large
molecule. Obvious examples include disrupting protein–protein interactions or binding long tracts of
DNA to control gene expression.


A. Macromolecular approach to protein-like activity


Ongoing efforts in the area of structural proteomics are producing
the three-dimensional structures of natural proteins at an un-
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precedented rate.1 As the number and quality of structures in this
database increases, it should be possible to define commonalities
underlying the shared biological properties of functionally related
proteins. The result of this vast database will allow one to relate
the function of proteins to their structures. In turn, this structural
understanding can then be used to design oligomers and polymers
that are much more stable and inexpensive to produce than
natural proteins, but nevertheless mimic their key biological and
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physical properties. For example, one important activity in the
pharmaceutical industry has been designing mimics of small (<5
amino acids) peptides. While this approach has been successful
and has resulted in small, orally active compounds for peptides
such as Arg-Gly-Asp,2 it has been much more difficult to achieve
comparable success for longer peptides or proteins that interact
with their targets over more extended surfaces.3


When the functional groups that define the binding epitope are
distributed over a larger surface area, as is generally the case in
proteins that engage in protein–protein, protein–DNA (or RNA)
and protein–membrane interactions, it might be most productive
to consider mimicking the protein of interest with a large molecule.
Thus, the finding that oligomers formed from a variety of
monomers other than a-amino acids are able to adopt well-defined
secondary structures has generated considerable interest.4,5 As
interest continues to swell, reports that use larger molecular weight
(MW) oligomers to interact with or capture the activity of peptides
and proteins are becoming more and more available.6–9


In the three major classes of protein interactions described
above, examples of designed oligomers that interact with
proteins,10 DNA,11 and lipid membranes7,9,12–17 have been reported
(Fig. 1).4 Antimicrobial peptides (AMPs),18,19 which exemplify
how specific protein–membrane interactions can be exploited to
target different cells with high selectivity, are an attractive class
of natural molecules to mimic. Thus, emulating this activity with
synthetic mimics of antimicrobial peptides (SMAMPs) has been
enthusiastically pursued in recent years to develop novel antibiotic
candidates, inexpensive antimicrobial materials, and to learn how
these molecules interact with cell membranes.20


This Emerging Area article will be confined to these SMAMPs
which are built from non-amino acid derivatives to highlight
the use of intramolecular interactions and their influence on
biological activity. In particular, the design evolution of an-
timicrobial aryl oligomers over the past several years will be
discussed to illustrate the refinements that have led to a novel
class of selective antimicrobial proteomimetics. Data shows that
designed oligomers are more potent than polymers; however,
the growing number of polymer structures with antimicrobial,
yet non-hemolytic, activity suggests that the macromolecular
approach has significant potential.7,8,20,26,27 Moreover, learning how
to program macromolecules with specific biological activity is an
extremely tantalizing idea.


B. Antimicrobial peptidomimetics: how essential is
the helix?


The natural AMPs span a rather large collection of primary
sequences and a prototypical subcategory of these AMPs are


the magainins which display helical conformations that position
their charged cationic groups and non-polar groups on opposite
sides lengthwise along the helix.19 This facially amphiphilic (FA)
arrangement of residues (Fig. 2) appears to be important in
the membrane-disruption activity of these peptides and several
mechanisms including pore-formation have been elucidated.18


In the early stages of foldamer research the design of abiotic
oligomers that adopt stable secondary structures was an important
quest and, not surprisingly, structurally diverse oligomers display-
ing helical conformations were targeted fervently.5 One class of
foldamers based on b-amino acids was shown to be helical and
appeared to provide mimics for an endless number of natural
helical peptides with the added benefit of providing resistance
to endogenous proteases.28 As expected, several antimicrobial
b-peptide systems with outstanding biological activities were
subsequently reported.29–31


Fig. 2 Primary sequence of magainin-2 with side and end-on repre-
sentations based on structures in the protein database. Blue and green
side groups represent polar and hydrophobic non-polar amino acids,
respectively, with the cationic amino acids underlined. The secondary
structure illustrates the facially amphiphilic (FA) arrangement of polar
and non-polar residues along the helical backbone, which is in yellow.


An interesting question arose in the field of antimicrobial
foldamers: could proteomimetics (structurally far from the a- and
b-peptides) possess antimicrobial properties if they were designed
to attain the FA conformation without the benefit of a secondary
structure such as a helix? The SMAMP introduced above (Fig. 1C)
utilized a thioether moiety providing weak bonds to both amide
hydrogens that rigidifies the conformation.9,25 This conformation
holds the amine groups on the same side of the backbone in
longer oligomers with non-polar tert-butyl groups relegated to the
opposite side.9 A crystal structure of a model arylamide containing
a thioether, plus molecular dynamics (MD) simulations in an
octane–water interfacial system supported the FA conformation.


Fig. 1 (A) Terphenyl based a-helical proteomimetics.10,21 (B) Portion of a programmable DNA-binding oligomer.6,11 These types of pyrrole polyamides
have also been previously studied as antimicrobial agents that operate via DNA-interactions.22–24 (C) Amphiphilic arylamide SMAMP shown to have
membrane-disruption activities.9,25
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Polymers with an average degree of polymerization (n) of eight
AB units possessed excellent antimicrobial activity with an MIC
(minimum inhibitory concentration) of 7.5–15 lg mL−1 against
Escherichia coli. (For simplicity, all MIC values stated in this article
will be based on the growth inhibition of E. coli although various
strains were used by different researchers). Discrete oligomers,
where n = 2 or 3, also showed antimicrobial activity (MIC ∼19 lg
mL−1) while polymers with an average n of ∼60 had an undesirably
high MIC of >200 lg mL−1. This seminal report demonstrated
that short polymers, if they display a FA conformation, could
indeed match the antimicrobial efficiencies of natural AMPs
and the helical b-peptides without the need to posses a helical
structure.9 In the b-peptide literature, this independence on
helicity for antimicrobial oligomers was later demonstrated with
‘scrambled’ antimicrobial b-peptides that showed no evidence
of helix formation.32 In the a-peptide literature, diastereomers
(D/L a-amino acid derivatives) of the bee venom, melittin, were
shown to have significantly decreased helicities, but still possessed
antimicrobial activity.33


C. Novel SMAMPs: The evolution of the aryl
oligomer design


Several oligomer derivatives based on the arylamide SMAMP
backbone (Fig. 1C) were synthesized and evaluated.25 The end
groups of these derivatives were varied while holding the central
core constant to develop a structure–activity relationship (SAR)
(Fig. 3). MD simulations with this series of compounds was
also a useful tool for pre-screening structures and a snapshot
from one MD simulation at the octane–water interface is shown
for a compound in which R = arginine (Fig. 3). By visual
inspection, the two terminal rings were nearly perpendicular to
the octane–water interface forcing the tert-butyl groups far into
the octane layer and the amine groups into the water layer. In
fact, when R was arginine, rather than a number of other charged
side groups, this separation of charged and non-polar groups at
the interface was more pronounced. This led to the assertion
that such a conformation would enable the molecule to bind
favorably at the lipid bilayer–water interface. When oligomer-
induced dye leakage from phospholipid vesicles was studied, the
data supported membrane-disruption activity for the arginine
arylamide SMAMP.


Fig. 3 Arylamide oligomers with thioether units and MD simulation
snapshot at the octane–water interface for the compound in which R =
arginine (water is top layer).25 (Simulation snapshot reproduced with
permission.)


The most notable feature of this oligomer was its exceptional
antimicrobial activity (MIC = 6.25 lg mL−1) coupled with
its remarkably high and desirable 50% hemolytic concentration
(HC50 = 715 lg mL−1), one measure of human cell toxicity. (Studies
reporting toxicity with regard to other human cell types will be
mentioned later as well.) Therefore, selectivity between bacterial
and human red blood cells (Selectivity = HC50 divided by MIC)
is ∼110, an order of magnitude greater than a magainin analogue
(9.6 measured by the authors) and most of the other SMAMPs
studied to that point. This promising biological data coupled with
MD simulations and a crystal structure of a model thioether
arylamide9 thus set the stage for rational refinements on the aryl
oligomer design.


Consideration of urea-linked aryl oligomers, rather than the
amide-linked oligomers, led to the synthesis of a new model
compound (Fig. 4A) and its crystal structure revealed that the
two urea linkages resided in the same plane as the central benzene
ring containing the thioether. This structure suggested that if a
molecule was synthesized in which all three rings contained a
thioether then each N–aromatic carbon bond would be confined


Fig. 4 (A) Aryl oligomer used as a urea-linked model compound and its crystal structure. (Hydrogens omitted for clarity.) (B) Highly active urea-linked
SMAMP studied.34
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due to an NH · · · S interaction and this would place all three rings
in the same plane. Also the crystal structure revealed that the
lowest energy conformation for the urea linkage was an all-trans
conformation which was important because the urea group is more
flexible than the amide (Fig. 4A).34


Therefore, a tri-aryl urea-linked oligomer was synthesized
(along with its two and four ring analogues) for comparison to
the arylamide SMAMPs previously studied (Fig. 4B).34 When their
antimicrobial activities were investigated, significant improvement
in the MIC was observed for all three of these oligomers over the
arylamides. For the three and four ring versions, the MIC was
measured to be extremely low at 0.7 lg mL−1. However, these
oligomers were also hemolytic at or near their MIC, possibly due
to the additional tert-butyl groups and the resulting increase in
hydrophobicity. Despite this increased hemolysis, it was suggested
that the ‘stiffening’ of the backbone from the intramolecular
interactions increased the potency and that if some of the tert-
butyl groups were removed, more selective SMAMPs would be
generated.


Another augmentation to the conformational rigidity of the
original arylamide oligomers involved replacement of the central
benzene ring with a pyrimidine (Fig. 5).12 In this design the
two additional nitrogen atoms provided new hydrogen bond
acceptors, resulting in a 3-centered hydrogen bond,35,36 that limited
rotation around the aromatic carbon–carbonyl bond which was
not confined in the first set of arylamide oligomers studied (Fig. 3).
Two model compounds, that are drawn below according to their
crystal structure conformations, were synthesized to demonstrate
this point (Fig. 5A and B).12 It is obvious that the structure without
the central pyrimidine ring (Fig. 5B) was not confined to the
linear conformation. These model compounds suggested that a
pyrimidine central core could provide an excellent scaffold for
SMAMPs, if decorated appropriately. Thus, an FA oligomer with


Fig. 5 (A) Model arylamide with central pyrimidine ring. (B) Model ary-
lamide without pyrimidine. (C) SMAMP with incorporated thioether and
pyrimidine design elements.12 These structures are drawn in accordance
with their crystal structure conformation.


Fig. 6 Crystal structure of the tri-aryl pyrimidine oligomer in Fig. 5C
(Boc-protected).12 (Hydrogens omitted for clarity.)


a pyrimidine core installed was prepared (Fig. 5C) and the crystal
structure (Fig. 6) showed that the charged, polar and the tert-butyl
groups were on opposite sides of the oligomer and that the aryl
backbone was nearly all planar.


In-depth comparisons between calculated gas-phase geometries
and the crystal structures of several pyrimidine derivatives was
also reported.12 One distinction between the two was that while
the extent of planarity differed between calculations and the
crystal structures, the computed results agreed well with the X-
ray conformations with regard to the presence of intramolecu-
lar hydrogen-bonded rings. In addition, solution conformations
were investigated using 1D-NMR chemical shift analysis and
2D-NOESY NMR spectroscopy. In another report studying
pyrimidine oligomers, sum frequency generation vibrational spec-
troscopy was used to examine their conformation with regard
to the phospholipid membrane–water interface.14 Here, it was
shown that these SMAMPs were indeed membrane-interacting
embedding perpendicular to the lipid bilayer surface.


The reported biological activity of the pyrimidine tri-aryl
oligomer shown above supported the overriding hypothesis that
stiffening the conformation of the backbone would afford more
antimicrobial and less hemolytic compounds than an analogous
arylamide without the pyrimidine ring.12 The pyrimidine ary-
lamide with three rings (Fig. 5C) had an MIC of 0.8 lg mL−1


compared to its non-pyrimidine analogue which had an MIC of
12 lg mL−1. The selectivity (with respect to HC50) improved as
well from 1.0 to 17.5 with the replacement of the center benzene
ring with a pyrimidine ring.


From the computational and X-ray structures shown above, a
slight curving of the oligomers within the backbone aromatic ring
plane was observed due to the five membered hydrogen bonded
rings in each of the structures (see Fig. 3, 4A and 6). This curving
resulted in a visually obvious splaying of the tert-butyl groups. One
could imagine that this spreading of the non-polar groups outward
(but still within the backbone aromatic ring plane) coupled with
the compression of the charged amine groups towards each other
would be more pronounced in longer oligomers. At some length
it is possible that a coplanar or near coplanar arrangement of the
rings would not be the most favorable conformation and would
destabilize the FA conformation. This may explain why longer
oligomers of these series are not significantly better than the
tri-aryl oligomers. A better understanding of these cooperative
interactions remains an important key in realizing more effective
designs and elucidating stronger SARs.
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D. Facially amphiphilic SMAMPs without
hydrogen-bonding


The SMAMP examples discussed thus far clearly showed that
rigidifying the FA conformation led to oligomers with superior
antimicrobial activities and in some cases outstanding selectivity
(HC50/MIC) values. The SMAMP examples also demonstrated
that a helical conformation, or a ‘formal secondary structure’
for that matter, was not necessary to emulate the membrane-
disruption and antimicrobial activity of natural AMPs. Could the
structural requirements be ‘relaxed’ even further expanding the
molecular space to completely abiogenic oligomers, in particular
oligomers without any hydrogen-bonding amide motifs along the
backbone?


Strictly hydrocarbon-based phenylene ethynylene (PE) back-
bones have been shown to adopt a FA conformation when properly
designed and have exhibited novel properties including the ability
to stabilize oil–water interfaces and to self-assemble from aqueous
solutions into ordered layers.37 Therefore SMAMPs based on PE
backbones (Fig. 7) were synthesized and their conformational
behaviors16,37,38 as well as their biological activities15,27,39 were
thoroughly investigated.


Fig. 7 (A) Highly active and selective phenylene ethynylene SMAMP.39


(B) Derivatives of different lengths.27,39


The tri-aryl PE oligomer (Fig. 7A) afforded impressive results
and showed potential as a new clinical treatment for antibiotic-
resistant bacterial infections.39 This particular tri-aryl SMAMP
was screened against a large set of bacteria and other microor-
ganisms giving an MIC value against E. coli of 0.1 lg mL−1,
clearly the most potent aryl oligomer reported thus far. The MIC
of the longer PEs were higher but still reasonable (MIC = 25–
50 lg mL−1). The measured selectivity, with respect to hemolysis,
of the tri-aryl PE was 880, an extremely encouraging result. This
SMAMP demonstrated good activity against antibiotic resistant
bacterial strains such as MRSA (methicillin-resistant Staphylo-
coccus aureus) and VRE (vancomycin-resistant Enterococci) and
showed no indication of inducing resistance. Results from in-depth


cytotoxicity experiments on other mammalian cells besides red
blood cells (3T3 fibroblasts and HEPG2 cells) and initial in vivo
studies were promising as well.39


Studies on the membrane-interacting behaviors of these PE
oligomers were performed recently.17 Synchrotron small-angle
X-ray scattering showed that the observed antibacterial activity
correlates with an induced transition of small unilamellar vesicles
into an inverted hexagonal phase, in which hexagonal arrays
of 3.4 nm water channels are formed. Also, polarized and
fluorescence microscopy was employed to demonstrate selective
permeability of phospholipid vesicles treated with the tri-aryl PE
SMAMP.


Overall, studies on the PEs proved that even oligomers without
the benefit of designed intramolecular interactions to impose
conformational rigidity, but with other design elements, can make
superior SMAMP candidates. It appears that favorable energetics
at the water–lipid interface orients the PE oligomer so that the
polar cationic amines are displayed on the same side of the
phenylene ethynylene backbone resulting in a FA conformation.16


Even with these successes (with short oligomers) there are still
important challenges ahead in the design of longer proteomimetics
able to interact predictably with large areas of proteins, long tracts
of DNA, and domains within lipid membranes.


E. Towards selective antimicrobial polymers: two
different approaches


Although the PEs are rigid, rotation around their single bonds
along the backbone enables the structure to adopt a FA con-
formation. Therefore, flexible polymers may still make good
SMAMPs if the correct balance and orientation of hydrophilic
and hydrophobic groups is attained.


There are numerous examples of biocidal polymers, but the
pursuit of selective polymers that kill bacteria and are non-toxic to
humans has only recently started to garner increased interest.20,26


No doubt, activity in the field of non-toxic antimicrobial polymers
and materials will continue to expand as an aging population
requires increasingly more biomedical devices such as orthopedic
implants, stents, and catheters which are highly susceptible to
bacterial biofilm formation.40–42


Antimicrobial amphiphilic polymethacrylates have been re-
cently reported (Fig. 8A).8 In this case, amphiphilicity of the
polymer was adjusted through copolymerization, at different
feed ratios, of butyl and amino derivatized monomers. In this
study the smallest polymer series (1.3–1.9 kDa) afforded the best
antimicrobial results, with the polymer having a 30 mol% butyl
moiety composition giving an MIC of 16 lg mL−1.


In contrast, amphiphilic polynorbornenes (Fig. 8B) were pro-
duced using a different synthetic strategy where the monomers
themselves are FA (the non-polar alkyl group, X, and the polar
amine charge are on opposite sides of the bicyclic frame).7 Inter-
estingly, the MIC of the most potent polymer (X = CHCH(CH3)2)
was not as sensitive to MW as the polymethacrylates or the aryl
oligomers, with both its 1.6 kDa and 10.3 kDa sized versions
possessing an MIC of 25 lg mL−1. The MIC increased to 80 lg
mL−1 when that particular polymer was made at 57.2 kDa.
Interestingly, when the activity is considered on a molar basis,
the 57.2 kDa polymer was more active at 1.4 lM compared
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Fig. 8 (A) Amphiphilic polymethacrylate SMAMPs.8 (B) Polynor-
bornenes that are FA at the monomer level.7


to the 1.6 kDa sample (15.0 lM). This clearly showed that
the mechanisms for cell death are cooperative and implies that
larger MW macromolecules can provide unique advantages when
properly designed. Quite satisfyingly, copolymerization of the
most potent (yet toxic) monomer with the most selective (but
only slightly potent) monomer resulted in a copolymer having
high selectivity (>100) and modest activity (MIC = 40 lg
mL−1). Although this MIC is modest compared to the smaller
MW oligomers, it represents one of the more potent polymer
values to date. Therefore, at least in this system, a ‘best of both
worlds’ situation was observed and underscored the advantage of
using controlled copolymerization and monomer design to tune
biological activity. This is also one of, if not, the clearest example
of how controlling the hydrophobic to hydrophilic balance enables
the ability to ‘dial-in’ selectivity.


F. Outlook


The aryl SMAMPs represent a robust platform to design shape-
persistent proteomimetics. At this point it does appear that the
more potent and selective SMAMPs are short oligomers although
there are strong indications that longer aryl systems approaching
the weight of natural AMPs (2–4 kDa) can be tuned to have
more attractive biological properties. Computer simulation, X-
ray structures, and physical studies examining conformation at
the water-lipid interface will all play key roles in determining the
course of action in designing larger macromolecules that interact
with membranes. Polymers as SMAMPs will continue to be
attractive as potential self-sterilizing materials with the challenge
being to significantly decrease activity towards mammalian cells
yet still have potent antimicrobial activities.41 Designing polymers
increases the landscape complexity enormously but the benefits of
learning how to program these synthetic macromolecules is well
worth the challenge.
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We performed an efficient practical and systematic optical resolution method for gem-dihalo- and
monohalocyclopropanecarboxylic acids 1 and 5 utilizing chiral 1,1′-binaphthol monomethyl ether (R)-2
as the key auxiliary. Direct esterification of 1 with (R)-2 gave two 1R- and 1S-diastereomeric esters 3
with marked different Rf values, both of which were easily separated using simple column chromato-
graphy. Monodehalogenation of separated chiral esters 3 using t-BuMgCl and cat. Co(dppe)2Cl2 gave
two 1,2-trans- and 1,2-cis-diastereomers 4 with markedly different Rf values, both of which were
similarly separated using simple column chromatography. The obtained diastereomers 3 and 4 were
easily hydrolyzed to the desired enantiopure acids 1 (>99%) and 5 (>99%), respectively, with recovery
of (R)-2, both in good to excellent yields. Utilizing the present method, important chiral agrochemicals,
carpropamid 6 and fencyclate 7, were readily synthesized. Pyrethroid 9 with three asymmetric centers
was efficiently synthesized in a much better yield compared with the reported method.


Introduction


gem-Dihalocyclopropanecarboxylic acids 1, representative cy-
clopropane derivatives, comprise a number of useful synthetic
intermediates in many fields of organic chemistry.1 There are,
however, only two methods for the preparation of optically active
gem-dihalocyclopropanecarboxylic acids. One is optical resolution
using chiral amines: dehydroabiethylamine,2 cinchonidine,3 and
(S)-1-(1-naphthyl)ethylamine,3 but the resolution efficiency is
not high. The other is a biotransformation method utilizing
Rhodococcus sp. AJ270,4 which is efficient in yield with high
enantiomeric excess, but is limited to the use of 3-phenyl-2,2-
dihalo(or dimethyl)cyclopropanes.


The crucial problem of these methods lies in the lack of
substrate generality. As a part of our ongoing program of synthetic
studies on the transformation of gem-dihalocyclopropanes,3,5 we
previously disclosed a chirality exchange benzannulation from sp3


chirality to axial chirality3 and a synthesis of unique pyrethroids
bearing three asymmetric centers (Scheme 1).6 The investigation
into this asymmetric version required a more practical protocol for
obtaining enantiopure gem-dihalocyclopropanes. We present here
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a highly general and efficient method for the optical resolution of
various, not only gem-dihaloyclopropanecarboxylic acids 1, but
also related monohalocyclopropanecarboxylic acids 5, utilizing
easily accessible column chromatographic separation.


Scheme 1 Examples of the utility of chiral gem-dihalo- and monohalo-
cyclopropanecarboxylic acids.


Results and discussion


Chiral 1,1′-binaphthol derivatives are well-recognized chiral cata-
lysts and auxiliaries for the production of various useful optically
active compounds. Yamamoto and Ishihara’s group developed
a monomethyl ether of chiral 1,1′-binaphthol (R)-2 that was
utilized for the SnCl4-mediated enantioselective protonation of
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enol silyl ethers.7 A convenient preparation of (R)-2 from (R)-
1,1′-binaphthol and MeOH was reported utilizing the Mitsunobu
reaction.8


(A) Optical resolution of gem-dihaloyclopropanecarboxylic acids 1


We utilized (R)-2 as the auxiliary for the present column chromato-
graphic optical resolution of gem-dihaloyclopropanecarboxylic
acids 1 as outlined in Scheme 2.


Scheme 2 Optical resolution procedure of gem-dihalocyclopropane-
carboxylic acids 1.


An initial examination of TsCl–N-methylimidazole-mediated
direct esterification9 between (±)-2,2-dichloro-1-methylcyclo-
propanecarboxylic acid [(±)-1a] and (R)-2 resulted in the forma-
tion of diastereomeric mixtures of (1R)-3a and (1S)-3a, which
displayed significantly different Rf values, 0.37 and 0.46, respec-
tively, on a SiO2-thin-layer chromatography (hexane–AcOEt =
5 : 1). Thus, esters (1R)-3a and (1S)-3a were easily separated by
SiO2-column chromatography in 39% and 41% yield, respectively.


This protocol showed high generality for various acids 1a–
g in good yield (Table 1). The salient features are as follows.
(i) All 7 examples examined had distinctively different Rf values
between (1R)-3 and (1S)-3 diastereomers. (ii) Diastereomers (1S)-
3a–g showed consistently higher Rf values compared with those
of the corresponding diastereomers (1R)-3a–g. (iii) Important
chiral acid precursors for the fungicide carpropamid10 (1S,3R)-1e
(entry 5) and the synthetic pyrethroid fencyclate11 (1S)-1f (entry 6),
were readily prepared (vide infra, Schemes 4 and 5). (iv) A gem-
dibrominated analog 1g also produced good results (entry 7).


Separated diastereomers 3a–g and 3a′–g′were readily hydrolyzed
under conventional conditions (KOH/THF–H2O, 60–65 ◦C) to
give the desired chiral gem-dihaloyclopropanecarboxylic acids 1a–
g and 1a′–g′, respectively, which were isolated by a facile extraction


Scheme 3 Optical resolution procedure of monohalocyclopropanecar-
boxylic acids 5.


procedure in good to excellent yields. The obtained aqueous
reaction phase was washed with ether, and then acidified with
HCl aq., followed by re-extraction with AcOEt. The organic phase
contained sufficiently pure products 1a–g and 1a′–g′. Note that
chiral auxiliary (R)-2 was recovered in ca. 95% yield by the initial
ether extraction. Table 2 lists these results.


The absolute configurations of 1 were unambiguously deduced
by comparing with the corresponding known compounds for
1a, d–g. That of new compound (1S,3S)-1b was determined by
X-ray crystallographic analysis of the corresponding amide de-
rived from (S)-1-phenylethylamine. (Fig. 1). The absolute con-
figuration of diastereomeric acids (1R,3S)- and (1S,3R)-1c was
deduced by analogy with the result of (1S,3S)-1b.


Fig. 1 X-ray structure of (S)-1-phenylethylamide of (1S,3S)-1b (50%
probability thermal ellipsoids).


(B) Optical resolution of monohalocyclopropanecarboxylic acids 5


Next, we focused our attention on the optical resolution of three
sets of analogous monohalocyclopropanecarboxylic acids 5 using
a similar simple column chromatographic separation (Scheme 3).
The ester precursors 4a–c were prepared by reductive monodechlo-
rination utilizing t-BuMgCl–cat. Co(dppe)2Cl2 reduction12 of the
corresponding chiral 1,1′-binaphthol esters 3. Table 3 lists these
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Table 1 Optical resolution of gem-dihalocyclopropanecarboxylic acids (±)-1 utilizing chiral auxiliary (R)-2


Entry RCO2H (±)-1 Product 3 Rf
a Yield (%)b Entry RCO2H (±)-1 Product 3 Rf Yield (%)b


1 (1R)-3a
(1S)-3a


0.37
0.46


39
41


5 (1R,3S)-3e
(1S,3R)-3e


0.54
0.59


37
38


2 (1R,3R)-3b
(1S,3S)-3b


0.33
0.40


39
38


6 (1R)-3f
(1S)-3f


0.27
0.33


39
40


3 (1R,3S)-3c
(1S,3R)-3c


0.40
0.49


39
39


7 (1R)-3g
(1S)-3g


0.18c


0.27c
38
39


4 (1R,3S)-3d
(1S,3R)-3d


0.40
0.49


37
36


a Hexane–AcOEt = 5 : 1. b Isolated. c Hexane–AcOEt = 10 : 1


Table 2 Hydrolysis of chiral gem-dihalocyclopropanecarboxylic esters 3


Entry RCO2R* 3 Product 1 Time/h Yield (%)a Entry RCO2R* 3 Product 1 Time/h Yield (%)a


1 (1R)-3a (1R)-1a 4.5 93 8 (1S,3R)-3d (1S,3R)-1d 3.0 82
2 (1S)-3a (1S)-1a 4.5 96 9 (1R,3S)-3e (1R,3S)-1e 2.5 94
3 (1R,3R)-3b (1R,3R)-1b 15.0 92 10 (1S,3R)-3e (1S,3R)-1e 2.5 95
4 (1S,3S)-3b (1S,3S)-1b 15.0 92 11 (1R)-3f (1R)-1f 7.0 98
5 (1R,3S)-3c (1R,3S)-1c 5.0 89 12 (1S)-3f (1S)-1f 7.0 94
6 (1S,3R)-3c (1S,3R)-1c 5.0 88 13 (1R)-3g (1R)-1g 6.5 89
7 (1R,3S)-3d (1R,3S)-1d 4.5 87 14 (1S)-3g (1S)-1g 7.0 93


a Isolated.


successful results. Notice that all six diastereomer pairs had
distinctively different Rf values. 1,2-trans Diastereomers showed
consistently higher Rf values, which was quite different from the
result of the separation of esters 3. Eventually, all 12 diastereomers


were produced in pure form (>99% de). KOH hydrolysis of 4a–
c gave three sets of each of the four chiral acids 5a–c in good
yield (Table 4). The purification procedure of all 4a–c (×4) was as
convenient as the aforementioned case of acids 1.
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Table 3 Optical resolution of monohalocyclopropanecarboxylic esters 4a–c utilizing chiral auxiliary 2


Entry Substrate t-BuMgCl/eq. Product 1,2-Configuration Rf
a Yield (%)b


1 3.3 (1R,2R)-4a
(1R,2S)-4a


1,2-cis
1,2-trans


0.52
0.65


19
51


2 3.3 (1S,2R)-4a
(1S,2S)-4a


1,2-trans
1,2-cis


0.60
0.46


46
24


3 4.0 (1R,2R,3S)-4b
(1R,2S,3S)-4b


1,2-cis
1,2-trans


0.62
0.66


40
38


4 4.0 (1S,2R,3R)-4b
(1S,2S,3R)-4b


1,2-trans
1,2-cis


0.62
0.56


40
37


5 1.9 (1R,2R)-4c
(1R,2S)-4c


1,2-cis
1,2-trans


0.56
0.69


35
42


6 1.9 (1S,2R)-4c
(1S,2S)-4c


1,2-trans
1,2-cis


0.45
0.33


40
33


a Hexane–AcOEt = 5 : 1. b Isolated.


Table 4 Hydrolysis of chiral monohalocyclopropanecarboxylic esters 5


Entry RCO2R* 4 Product 5 Yield (%)a Entry RCO2R* 4 Product 5 Yield (%)a


1 (1R,2R)-4a (1R,2R)-5a 92 7 (1S,2R,3R)-4b (1S,2R,3R)-5b 93
2 (1R,2S)-4a (1R,2S)-5a 95 8 (1S,2S,3R)-4b (1S,2S,3R)-5b 92
3 (1S,2R)-4a (1S,2R)-5a 92 9 (1R,2R)-4c (1R,2R)-5c 97
4 (1S,2S)-4a (1S,2S)-5a 92 10 (1R,2S)-4c (1R,2S)-5c 94
5 (1R,2R,3S)-4b (1R,2R,3S)-5b 93 11 (1S,2R)-4c (1S,2R)-5c 92
6 (1R,2S,3S)-4b (1R,2S,3R)-5b 92 12 (1S,2S)-4c (1S,2S)-5c 96


a Isolated.
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(C) Application to the synthesis of three pesticides


With these results in hand, we applied the present protocol to
the synthesis of three chiral pesticides (Schemes 4 and 5). First,
amide formation of acid (1S,3R)-1e with (S)-1-(4-chlorophenyl)-
ethylamine gave (1S,3R,1′S)-carpropamid 6, the most active ingre-
dient among the stereoisomers, in good yield. The present method
was more convenient, compared to the reported method6b using
thin layer column chromatographic separation of diastereomers
derived from (±)-4a and (S)-1-(4-chlorophenyl)ethylamine. Sec-
ond, (1S)-fencyclate 7, a synthetic pyrethroid with a unique gem-
dichlorocyclopropane structure, was readily synthesized by the
condensing acid (1S)-1f with 3-phenoxybenzyl(bromo)acetonitrile
in good yield.


Scheme 4 Synthesis of chiral carpropamid 6 and fencyclate 7.


Scheme 5 Synthesis of pyrethroid with three asymmetric centers
(1R,2S,3S)-9.


A monochlorocyclopropane pyrethroid with three asymmetric
centers, (1R,2S,3S)-9, was efficiently synthesized (Scheme 5).
LAH reduction of (1R,2S,3S)-5b gave alcohol (1R,2S,3S)-8
(95%), which was coupled with 3-phenoxybenzyl bromide to give
the desired product (1R,2S,3S)-9 (84%). Our first synthesis of
(1R,2S,3S)-9 required a tedious optical resolution step for the
corresponding racemic acid (1R*,2S*,3S*)-5b; four recrystalliza-
tions using (S)-naphthylethylamine resulted in a poor yield (3.5%)
of 5b.6b Thus, total yield and efficiency were greatly increased up
to ca. 40 times by the present method.


In conclusion, we developed an efficient general practical
optical resolution method for gem-dihalo and monohalocyclo-
propanecarboxylic acids using simple column chromatographic
separation. The present systematic protocol was successfully
applied to the short synthesis of three pesticides The use of equally
available (S)-2 will also provide complementary antipodal gem-


dihalocyclopropanecarboxylic acids. Because of its high efficiency
and generality, the present method provides a new avenue for the
practical preparation of various cyclopropane derivatives. Further
investigation, especially of new chirality exchange benzannulations
utilizing the present method, is in progress.


Experimental


Melting points were determined on a hot stage microscope
apparatus (Yanagimoto) and are uncorrected. NMR spectra
were recorded on a JEOL DELTA300 spectrometer, operating at
300 MHz for 1H NMR and 75 MHz for 13C NMR. Chemical shifts
(d ppm) in CDCl3 were reported downfield from TMS (= 0 ppm)
for 1H NMR. For 13C NMR, chemical shifts on a scale relative to
(77.00 ppm) as an internal reference. IR spectra were recorded on
JASCO FT/IR-5300 spectrophotometer. Optical rotations were
measured on a JASCO DIP-370 (k 589 nm). Mass spectra were
measured on a JEOL JMS-T100LC spectrometer.


Data of known and new compounds: (1R,3R)-3b, (1S,3S)-
3b, (1R,3S)-3c, (1S,3R)-3c, (1R,3S)-3d, (1S,3R)-3d, (1R,3S)-3e,
(1S,3R)-3e, (1R)-3f, (1S)-3f, (1R)-3g, (1S)-3g, (1S)-1a,3 (1R,3R)-
1b,5b,c (1S,3S)-1b,5b,c (1R,3S)-1c,5b,c (1S,3R)-1c,5b,c (1R,3S)-1d,6b


(1S,3R)-1d,6b (1R,3S)-1e, (1S,3R)-1e, (1R)-1f,11 (1S)-1f,11 (1R)-
1g,2 (1S)-1g,2 (1S,2R)-4a, (1S,2S)-4a, (1R,2R,3S)-4b, (1R,2S,3S)-
4b, (1S,2R,3R)-4b, (1S,2S,3R)-4b, (1R,2R)-4c, (1R,2S)-4c,
(1S,2R)-4c, (1S,2S)-4c, (1R,2S)-5a (1S,2R)-5a, (1S,2S)-5a,
(1R,2R,3S)-5b, (1R,2S,3S)-5b,6b (1S,2R,3R)-5b,6b (1S,2S,3R)-5b,
(1R,2R)-5c, (1R,2S)-5c, (1S,2R)-5c, and (1S,2S)-5c, are described
in the electronic supporting information.†


A typical esterification procedure to give (1R)- and (1S)-[(R)-2′-
methoxy-1,1′-binaphth-2-yl] 2,2-dichloro-1-methylcyclo-
propanecarboxylate [(1R)-3a and (1S)-3a] (Table 1, entry 1)


TsCl (127 mg, 0.66 mmol) in CH3CN (0.60 ml) was added
to a stirred solution of (±)-2,2-dichloro-1-methylcyclopropane-
carboxylic acid [(±)-1a; 112 mg, 0.66 mmol] and N-methyl-
imidazole (136 mg, 1.66 mmol) in CH3CN (0.60 ml) at 0–5 ◦C
under an Ar atmosphere, followed by being stirred at the same
temp. for 0.5 h. (R)-Monomethyl ether of 1,1′-binaphthol (2;
166 mg, 0.55 mmol) in CH3CN (0.60 ml) was added to the reaction
mixture at 0–5 ◦C, followed by being stirred at 20–25 ◦C for
2 h. Water was added to the mixture, which was extracted with
AcOEt (5 ml × 3). The combined organic phase was washed
with water, brine, dried (Na2SO4), and concentrated. The obtained
crude product was purified by silica gel column chromatography
(hexane–AcOEt = 15 : 1) to give the desired products (1R)-3a
[99 mg, 39%; Rf = 0.37 (hexane–AcOEt = 5 : 1)] and (1S)-3a
[105 mg, 41%; Rf = 0.46 (hexane–AcOEt = 5 : 1)].


(1R)-3a. Colorless crystals; Rf = 0.37 (hexane–AcOEt = 5 : 1);
mp 141–143 ◦C; [a]D


24 +99.0 (c 0.59, CHCl3). 1H NMR (300 MHz,
CDCl3): d 0.84 (3H, s), 1.17 (1H, d, Jgem = 7.6 Hz), 1.98 (1H, d,
Jgem = 7.6 Hz), 3.73 (3H, s), 7.16 (1H, d, J = 8.3 Hz), 7.20–7.49
(7H, m), 7.83 (1H, d, J = 7.9 Hz), 7.88–8.02 (3H, m). 13C NMR
(75 MHz, CDCl3): d 17.3, 30.5, 35.3, 56.7, 62.1, 113.6, 117.4, 121.4,
123.7, 125.2, 125.6, 126.2, 126.5, 126.7, 127.8, 128.1, 128.9, 129.2,
130.1, 131.9, 133.6, 133.8, 146.5, 155.0, 167.2. IR (KBr) 1752,
1507, 1275, 1250, 1215, 1140, 1090, 818, 754 cm−1. HRMS (ESI)
calcd for C26H20Cl2O3 (M + Na+) 473.0687, found 473.0692.
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(1S)-3a. Colorless crystals; Rf = 0.46 (hexane–AcOEt = 5 : 1);
mp 74–76 ◦C; [a]D


24 −53.1 (c 0.66, CHCl3). 1H NMR (300 MHz,
CDCl3): d 0.82 (3H, s), 1.11 (1H, d, Jgem = 7.6 Hz), 1.93 (1H, d,
Jgem = 7.6 Hz), 3.77 (3H, s), 7.12 (1H, d, J = 8.3 Hz), 7.17–7.34
(4H, m), 7.39–7.49 (3H, m), 7.83 (1H, d, J = 7.9 Hz), 7.93 (1H,
d, J = 8.3 Hz), 7.96 (2H, d, J = 8.9 Hz). 13C NMR (75 MHz,
CDCl3): d 17.2, 30.5, 35.3, 56.6, 62.2, 113.4, 121.6, 123.7, 125.0,
125.2, 125.6, 126.1, 126.5, 126.7, 127.7, 128.2, 128.9, 129.1, 130.0,
131.9, 133.6, 133.7, 146.5, 154.9, 167.3. IR (KBr) 1755, 1508,
1273, 1252, 1215, 1146, 1084, 806 cm−1. HRMS (ESI) calcd for
C26H20Cl2O3 (M + Na+) 473.0687, found 473.0681.


A typical hydrolysis procedure to give (1R)-2,2-dichloro-1-methyl-
cyclopropanecarboxylic acid [(1R)-1a]3 (Table 2, entry 1)


(1R)-3a (3.53 g, 7.82 mmol) and KOH (1.32 g, 23.5 mmol) in THF
(36 ml), and H2O (22 ml) were heated with stirring at 60–65 ◦C for
4.5 h. After cooling down, water was added to the mixture, which
was extracted twice with ether. The combined organic phase was
washed with water, brine, dried (Na2SO4) and concentrated to give
(R)-2 (recovery, 2.25 g, 96%). Next, the separated aqueous phase
was adjusted to pH 1 ∼ pH 2 using aqueous 1 M HCl, and then
re-extracted with ether twice. The separated organic phase was
washed with water, brine, and dried (Na2SO4) and concentrated
to give the desired product (1R)-1a (1.33 g, 93%).


Yellow oil : [a]D
25 +51.4 (c 1.77, CHCl3). 1H NMR (400 MHz,


CDCl3): d 1.48 (1H, d, Jgem = 7.6 Hz), 1.16 (3H, s), 2.30 (1H,
d, Jgem = 7.6 Hz). 13C NMR (100 MHz, CDCl3): d 18.02, 31.18,
35.12, 62.61, 175.52. IR (neat) 3001, 1709, 1416, 1316, 945 cm−1.


Preparation13 of (1S,3S)-2,2-dichloro-1,3-dimethyl-N-[(S)-1-
phenylethyl]cyclopropancarboxamide for X-ray analysis


(1S,3S)-2,2-Dichloro-1,3-dimethylcyclopropanecarbonyl chlo-
ride (129 mg, 0.64 mmol) prepared from acid (1S,3S)-3b was
added to a stirred suspension of (S)-1-phenylethylamine (78 mg,
0.64 mmol), N-methylimidazole (5 mg, 0.06 mmol), TMEDA
(7 mg, 0.06 mmol), and K2CO3 (134 mg, 0.97 mmol) in CH3CN
(0.5 mL) at 0–5 ◦C under an Ar atmosphere. The mixture was
stirred at the same temperature for 1 h. Water was added to
the mixture, which was extracted with AcOEt. The organic phase
was washed with water, brine, dried (Na2SO4), and concentrated.
The obtained crude product was purified by silica gel column
chromatography (hexane–AcOEt = 6 : 1) to give the desired
product (122 mg, 80%).


Colorless crystals; mp 104.0–105.0 ◦C; [a]D
23 −35.4 (c 0.42,


CHCl3). 1H NMR (300 MHz, CDCl3): d 1.34 (3H, d, J = 6.5 Hz),
1.49 (1H, t, J = 6.2), 1.51 (3H, d, J = 6.5), 1.58 (3H, s), 5.13 (1H,
quint, J = 7.2), 5.89–5.73 (1H, br), 7.40–7.23 (5H, m). 13C NMR
(75 MHz, CDCl3) d 11.6, 21.5, 22.6, 35.3, 38.2, 49.0, 68.0, 126.1,
127.5, 128.8, 142.7, 166.9, IR (KBr) 3289, 3068, 2975, 2932, 1672,
1642, 1539, 1453 cm−1.


Data from the X-ray crystallographic analysis was deposited
at Cambridge crystallographic data base centre (CCDC).‡ OR-
TEP drawing (50% probability thermal ellipsoids) is of (S)-1-
phenylethylamide of (1S,3S)-1b. There are two unsymmetrical
molecules in this lattice and only of them is shown.


A colorless prismatic single crystal (0.68 × 0.38 × 0.06 mm)
grown from solvent was used for the unit-cell determinations and


data was collected by a Rigaku AFC5S four-circle diffractometer
with graphite-monochromated MoKa radiation (k = 0.71069 Å).
Representative data is as follows: C14H17Cl2NO; M = 286.20;
monoclinic, space group P21 (#4), Z = 4 with a = 9.82 (3) Å, b =
9.82 (3) Å, c = 16.09 (3) Å, b = 101.08 (16)◦, V = 1522.0 (66) Å3


and Dcalc. = 1.249g cm−3. All calculations were performed using the
teXsan package.14 The structure was solved by a direct method
. The non-hydrogen atoms were refined anisotropically, and the
hydrogen atoms were attached at the idealized position and not
refined. The final R1 (I > 2.00r(I)), R all reflections, and wR2 all
reflections factors after full-matrix least-squares refinements were
0.060, 0.228, and 0.214, respectively, for 3608 observed reflections,
and the Flack parameter was −0.09 (16).


Typical monodehalogenation procedure of gem-dihalocyclo-
propanecarboxylate (1R)-3a to give (1R,2R)- and (1R,2S)-[(R)-2′-
methoxy-1,1′-binaphth-2-yl]2-chloro-1-methylcyclopropane-
carboxylate [(1R,2R)-4a and (1R,2S)-4a] (Table 3, entry 1)


t-BuMgCl (1.0 M in THF, 2.94 ml, 2.94 mmol) was added to a
stirred mixture of (1R)-3a (400 mg, 0.89 mmol) and CoCl2(dppe)2


(23 mg, 0.04 mmol) in THF (2.0 ml) at 50–55 ◦C under an Ar
atmosphere, followed by stirring at the same temp. for 0.5 h.
Water was added to the mixture, which was extracted with AcOEt
(5 ml × 3). The combined organic phase was washed with
water, brine, dried (Na2SO4), and concentrated. The obtained
crude product was purified by silica gel column chromatography
(hexane–AcOEt = 15 :1) to give the desired product (1R,2R)-4a
(70 mg, 19%) and (1R,2S)-4a (189 mg, 51%).


(1R,2R)-4a. Pale yellow crystals; Rf = 0.52 (hexane–AcOEt =
5 : 1); mp 58–60 ◦C; [a]D


23 +36.9 (c 0.35, CHCl3). 1H NMR
(300 MHz, CDCl3): d 0.70 (3H, s), 0.91 (1H, t, J = 7.2 Hz), 1.47
(1H, dd, J = 5.2, 7.2 Hz), 2.84 (1H, dd, J = 5.2, 7.2 Hz), 3.75 (3H,
s), 7.15 (1H, d, J = 8.3 Hz), 7.20–7.37 (4H, m), 7.39–7.52 (3H, m),
7.84 (1H, d, J = 8.3 Hz), 7.90–8.04 (3H, m). 13C NMR (75 MHz,
CDCl3): d 18.7, 22.0, 27.2, 38.5, 56.7, 113.6, 117.7, 121.9, 123.6,
125.0, 125.4, 125.4, 126.1, 126.4, 126.5, 127.7, 128.1, 129.0, 129.9,
131.7, 133.6, 133.8, 146.8, 155.0, 168.4. IR (KBr) 3484, 3059, 3005,
2965, 2936, 2839, 1752, 1622, 1593, 1508, 1318, 1138, 1084, 808,
747 cm−1. HRMS (ESI) calcd for C26H21ClO3 (M + Na+) 439.1077,
found 439.1073.


(1R,2S)-4a. Pale yellow crystals; Rf = 0.65 (hexane–AcOEt =
5 : 1); mp 55–56 ◦C; [a]D


23 +46.3 (c 3.15, CHCl3). 1H NMR
(300 MHz, CDCl3): d 0.60 (1H, t, J = 5.2 Hz), 1.10 (3H, s), 1.20
(1H, dd, J = 5.2, 7.9 Hz), 2.70 (1H, dd, J = 5.2, 7.9 Hz), 3.76 (3H,
s), 7.05 (1H, d, J = 8.3 Hz), 7.19–7.39 (4H, m), 7.40–7.50 (3H, m),
7.85–8.06 (4H, m). 13C NMR (75 MHz, CDCl3): d 14.3, 24.0, 24.4,
39.4, 56.4, 113.2, 117.1, 121.6, 123.7, 124.9, 125.1, 125.5, 126.1,
126.4, 126.6, 127.9, 128.1, 128.8, 129.0, 130.2, 131.7, 133.4, 133.5,
146.8, 155.0, 168.4. IR (KBr) 3449, 3059, 2938, 2839, 1746, 1622,
1593, 1508, 1319, 1138, 1086, 810, 748 cm−1. HRMS (ESI) calcd
for C26H21ClO3 (M + Na+) 439.1077, found 439.1078.


Typical hydrolysis procedure to give (1R,2R)-2-chloro-1-methyl-
cyclopropanecarboxylic acid [(1R,2R)-5a] (Table 4, entry 1)


A mixture of (1R,2R)-4a (60 mg, 0.14 mmol), KOH (24 mg,
0.43 mmol) in water (0.20 ml), THF (1.0 ml), and MeOH (0.10 ml)
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was heated with stirring at 60–65 ◦C for 2 h. After cooling
down, water was added to the mixture, which was extracted twice
with ether (5 ml × 3). The combined organic phase was washed
with water, brine, dried (Na2SO4) and concentrated to give (R)-2
(recovery, 40 mg, 95%). Next, the separated aqueous layer was
adjusted to pH 1 ∼ 2 using 6 M aqueous HCl solution, and was
re-extracted with AcOEt (5 ml × 3). The combined organic phase
was washed with water, brine, dried (Na2SO4), and concentrated
to give the desired product (1R,2R)-5a (17 mg, 92%).


Pale yellow oil; [a]D
23 −29.7 (c 0.55, CHCl3). 1H NMR


(300 MHz, CDCl3) d 1.24 (1H, t, J = 6.9 Hz), 1.38 (3H, s), 1.81
(1H, dd, J = 5.5, 6.9 Hz), 3.13 (1H, dd, J = 5.5, 6.9 Hz). 13C NMR
(75 MHz, CDCl3) d 19.3, 23.1, 26.9, 39.5, 177.1. IR (KBr) 2928,
2731, 2617, 1699, 1466, 1422, 1329, 1238, 1209, 941, 909 cm−1.
Anal. Calcd for C5H7ClO2; C, 44.63; H, 5.24, found: C, 44.3; H,
4.9%.


Synthesis of (1S,3R,1′S)-carpropamid 6, the most fungicidally
active stereoisomer


TsCl (243 mg, 1.27 mmol) in CH3CN (1.0 mL) was added to
a stirred solution of (1S,3R)-1e (209 mg, 1.06 mmol) and N-
methylimidazole (241 mg, 3.18 mmol) in CH3CN (1.0 mL) at
0–5 ◦C under an Ar atmosphere, and the mixture was stirred for
30 min. (S)-1-(4-Chlorophenyl)ethylamine (165 mg, 1.06 mmol)
in CH3CN (1.0 mL) was added to the stirred mixture at 0–5 ◦C,
followed by being stirred at the same temp. for 2 h. Water was
added to the stirred mixture, which was extracted with ether. The
organic phase was washed with water, brine, dried (Na2SO4), and
concentrated. The obtained crude product was purified by silica
gel column chromatography (hexane–AcOEt = 10 : 1) to give the
desired product (1S,3R,1′S)-6 (205 mg, 57%).


Colorless crystals; mp 169.0–169.5 ◦C; [a]D
23 +90.7 (c 1.00,


MeOH). [lit.10c [a]D +87.9 (MeOH)] 1H NMR (300 MHz, CDCl3):
d 0.99 (3H, t, J = 7.2 Hz), 1.20 (3H, d, J = 6.5 Hz), 1.53 (3H,
d, J = 6.9 Hz), 1.48–1.61 (1H, m), 1.95 (1H, dt, J = 7.2 Hz),
2.21 (1H, q, J = 6.5 Hz), 5.17 (1H, quint, J = 7.2 Hz), 5.87–
5.93 (1H, br), 7.30 (4H, m). 13C NMR (75 MHz, CDCl3) d 8.6,
10.9, 21.2, 22.1, 29.7,43.2, 48.8, 66.6, 127.9, 128.7, 141.0, 167.2, IR
(KBr) 3270, 3057, 2878, 1644, 1530, 1493, 1456, 1414 cm−1 These
spectroscopic data completely matched with the reported data.10c


Synthesis of (1S)-fencyclate 7


Et3N (41 mg, 0.406 mmol) was added to a stirred mixture of (1S)-
1f (88 mg, 0.340 mmol) and bromo(3-phenoxyphenyl)acetonitrile
(117 mg, 0.406 mmol) in acetone (0.7 mL) at 0–5 ◦C, and the
mixture was stirred at room temperature for 2 h. Aqueous 1 M HCl
solution was added to the mixture, which was extracted with ether.
The organic phase was washed with water, brine, dried (Na2SO4),
and concentrated. The crude oil was subjected to silica gel column
chromatography (hexane–AcOEt = 10 : 1) to give the desired
product (134 mg, 82%).


Light yellow oil; 1H NMR (300 MHz, CDCl3) d 1.40 (3H, q,
J = 6.88), 2.079 (1H × 1/2, d, J = 7.91), 2.084 (1H × 1/2, d J =
7.91), 2.61 (1H × 1/2, d, J = 7.91), 2.62 (1H × 1/2, d J = 7.91),
3.92–4.08 (2H, m), 6.29 (1H × 1/2, s), 6.32 (1H × 1/2, s), 6.78–
6.91 (2H, m), 6.91–7.44 (11H, m). 13C NMR (75 MHz, CDCl3)
d 30.7, 30.8, 43.79, 43.84, 61.5, 61.6, 63.5, 63.78, 63.83, 114.3,


114.4, 115.1, 115.2, 117.4, 117.5, 119.2, 119.4, 120.30, 120.35,
121.8, 122.3, 124.0, 124.1, 124.5, 124.6, 129.9, 130.0, 130.5, 130.6,
131.9, 132.7, 132.9, 156.2, 156.3, 158.0, 158.2, 159.4, 166.1


(1R,2S,3S)-2-Chloro-1-methyl-3-phenylcyclopropylmethanol
[(1R,2S,3S)-8]6b


Compound (1R,2S,3S)-5 (50 mg, 0.10 mmol) in THF was added to
a stirred suspension of LiAlH4 (2 mg, 0.05 mmol) in THF at 0–5 ◦C
and the mixture was stirred at room temperature for 2 h. Water was
added to the mixture, which was extracted twice with Et2O. The
combined organic phase was washed with water, brine, dried
(Na2SO4), and concentrated. The obtained crude product was
purified by silica gel column chromatography (hexane–AcOEt =
6 :1) to give the desired product (1R,2S,3S)-8 (19 mg, 95%).


Colorless oil; [a]D
23 −74.6 (c 0.70, CHCl3). [lit.6b [a]D


23 −82.3 (c
1.31, CHCl3)]. 1H NMR (300 MHz, CDCl3) d 1.13 (3H, s), 1.53
(1H, s), 2.28 (1H, d, J = 7.9 Hz), 3.45 (1H, d, J = 7.9 Hz), 3.57–
3.71 (2H, m), 7.20–7.37 (5H, m). 13C NMR (75 MHz, CDCl3) d
13.2, 27.8, 27.9, 41.0, 69.7, 126.6, 128.1, 131.0, 134.2. IR (neat)
3432, 3399, 3318, 3272, 2926, 2872, 1447, 1032, 725, 700 cm−1.


(1R,2S,3S)-2-Chloro-1-methyl-3-phenylcyclopropylmethyl
3-phenoxybenzyl ether [(1R,2S,3S)-9],6b a pyrethroid with three
asymmetric centers


A mixture of (1R,2S,3S)-8 (15 mg, 0.08 mmol) and 3-
phenoxybenzyl bromide (20 mg, 0.08 mmol) in DMF was added to
a stirred suspension of NaH (2 mg, 0.08 mmol) in DMF at 0–5 ◦C,
followed by stirring at room temperature for 4 h. Water was added
to the mixture, which was extracted twice with Et2O. The combined
organic phase was washed with water, brine, dried (Na2SO4), and
concentrated. The obtained crude product was purified by silica
gel column chromatography (hexane–AcOEt = 50 :1) to give the
desired product (1R,2S,3S)-9 (24 mg, 84%).


Colorless oil; [a]D
23 −47.2 (c 0.50, CHCl3). [lit.6b [a]D


23 −48.3 (c
1.55, CHCl3)]. 1H NMR (300 MHz, CDCl3) d 1.10 (3H, s), 2.27
(1H, d, J = 7.9 Hz), 3.43 (1H, d, J = 7.9 Hz), 3.48 (2H, s), 4.47–
4.59 (2H, m), 6.90–7.17 (6H, m), 7.20–7.40 (8H, m). 13C NMR
(75 MHz, CDCl3) d 13.6, 25.9, 27.8, 29.7, 41.3, 72.3, 76.3, 117.5,
117.8, 119.1, 122.0, 123.4, 126.5, 128.0, 129.7, 131.0, 134.4, 140.3,
156.9, 157.6.


Acknowledgements


This research was partially supported by Grant-in-Aids for
Scientific Research on Basic Areas (B) “18350056”, Priority
Areas (A) “17035087” and “18037068”, and Exploratory Research
“17655045” from the Ministry of Education, Culture, Sports,
Science and Technology (MEXT). We thank Professor Shinzo
Kagabu (Gifu University) for helpful discussions on carpropamid.
We also thank Dr Motoo Shiro (RIGAKU) for his support of the
X-ray crystallographic analysis.


References


1 (a) S. Patai, Z. Rappoport, The Chemistry of the Cyclopropyl Group,
Wiley, London, 1987; (b) H.-U. Reissig, Top. Curr. Chem., 1988, 144,
73; (c) H. N. C. Wong, M.-Y. Hon, C.-Y. Tse, Y.-C. Yip, J. Tanko and


546 | Org. Biomol. Chem., 2008, 6, 540–547 This journal is © The Royal Society of Chemistry 2008







T. Hudlicky, Chem. Rev., 1989, 89, 165; (d) M. Fedorynski, Chem. Rev.,
2003, 103, 1099.


2 M. S. Baird, P. Licence, V. V. Tverezovsky, I. G. Bolesov and W.
Clegg, Tetrahedron, 1999, 55, 2773. Enantiopure (1R)-2,2-dibromo-
1-methylcyclopropanecarboxylic acid was obtained in 29% yield with
>99% ee by two recrystallizations.


3 Y. Nishii, K. Wakasugi, K. Koga and Y. Tanabe, J. Am. Chem. Soc.,
2004, 126, 5358. Enantiopure (1R)-1a was obtained by three recrys-
tallizations using cinchonine in 5% yield. Enantiopure (1S)-1a was
obtained by three recrystallizations using (S)-1-(1-naphthyl)ethylamine
in 29% yield.


4 M.-X. Wang, G.-Q. Feng and Q.-Y. Zheng, Adv. Synth. Catal., 2003,
345, 695.


5 (a) Y. Tanabe, S. Seko, Y. Nishii, T. Yoshida, N. Utsumi and G.
Suzukamo, J. Chem. Soc., Perkin Trans. 1, 1996, 2157; (b) Y. Nishii
and Y. Tanabe, J. Chem. Soc., Perkin Trans. 1, 1997, 477; (c) Y. Nishii,
T. Yoshida, H. Asano, K. Wakasugi, J. Morita, Y. Aso, E. Yoshida,
J. Motoyoshiya, H. Aoyama and Y. Tanabe, J. Org. Chem., 2005, 70,
2667; (d) T. Nagano, H. Kimoto, H. Nakatsuji, J. Motoyoshiya, H.
Aoyama, Y. Tanabe and Y. Nishii, Chem. Lett., 2007, 62; (e) Y. Nishii,
T. Nagano, H. Gotoh, R. Nagase, J. Motoyoshiya, H. Aoyama and Y.
Tanabe, Org. Lett., 2007, 9, 563, and references cited therein.


6 (a) Y. Nishii, H. Matsumura, Y. Muroya, T. Tsuchiya and Y. Tanabe,
Biosci., Biotechnol., Biochem., 1995, 59, 1355; (b) Y. Nishii, K.
Wakimura, T. Tsuchiya, S. Nakamura and Y. Tanabe, J. Chem. Soc.,


Perkin Trans. 1, 1996, 1243; (c) Y. Nishii, N. Maruyama, K. Wakasugi
and Y. Tanabe, Bioorg. Med. Chem., 2001, 9, 33.


7 (a) K. Ishihara, M. Kaneeda and H. Yamamoto, J. Am. Chem. Soc.,
1994, 116, 11179; (b) K. Ishihara, S. Nakamura, M. Kaneeda and H.
Yamamoto, J. Am. Chem. Soc., 1996, 118, 12854; (c) A. Yanagisawa,
K. Ishihara and H. Yamamoto, Synlett, 1997, 38, 6429.


8 (a) M. Takahashi and K. Ogasawara, Tetrahedron: Asymmetry, 1997,
8, 3125; (b) T. Taniguchi and K. Ogasawara, Tetrahedron Lett., 1997,
38, 6429.


9 K. Wakasugi, A. Iida, T. Misaki, Y. Nishii and Y. Tanabe, Adv. Synth.
Catal., 2003, 345, 1209.


10 (a) Y. Kurahashi, S. Kagabu, S. Sakawa, N. Matsumoto, T. Yamada,
Japan Patent 62, 201,855, 1987 (Chem. Abstr., 1988, 108, p. 167121a);
(b) Y. Kurahashi, S. Kagabu, N. Matsumoto, T. Yamada, K. Wada
and T. Kondo, Japan Patent 54 349, 1998, (Chem. Abstr., 1998,
109, 190038h); (c) M. Koketsu, S. Kagabu and M. Matsuoka, Acta
Crystallogr. C, 1999, 55, 1025.


11 (a) D. P. Cartwrite, R. Langcake, J. Pryce, D. P. Leworthy and J. P. Ride,
Nature, 1997, 267, 511; (b) G. Holan, D. F. O’Keefe, C. Vergona and
R. Walser, Nature, 1978, 272, 734.


12 Y. Nishii, K. Wakasugi and Y. Tanabe, Synlett, 1998, 67.
13 H. Nakatsuji, M. Morimoto, T. Misaki and Y. Tanabe, Tetrahedron,


2007, 50, 12071.
14 teXsan for Windows version 1.06: Crystal Structure Analysis Package,


Molecular Structure Corporation, Texas, (1997–9).


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 540–547 | 547








PAPER www.rsc.org/obc | Organic & Biomolecular Chemistry


Substrate specificity of the acyl transferase domains of EpoC from the
epothilone polyketide synthase
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The production of epothilone mixtures is a direct consequence of the substrate tolerance of the module
3 acyltransferase (AT) domain of the epothilone polyketide synthase (PKS) which utilises both
malonyl- and methylmalonyl-CoA extender units. Particular amino acid motifs in the active site of AT
domains influence substrate selection for methylmalonyl-CoA (YASH) or malonyl-CoA (HAFH). This
motif appears in hybrid form (HASH) in epoAT3 and may represent the molecular basis for the relaxed
specificity of the domain. To investigate this possibility the AT domains from modules 2 and 3 of the
epothilone PKS were examined in the heterologous DEBS1-TE model PKS. Substitution of AT1 of
DEBS1-TE by epoAT2 and epoAT3 both resulted in functional PKSs, although lower yields of total
products were observed when compared to DEBS1-TE (2% and 11.5% respectively). As expected,
epoAT3 was significantly more promiscuous in keeping with its nature during epothilone biosynthesis.
When the mixed motif (HASH) of epoAT3 within the hybrid PKS was mutated to HAFH (indicative of
malonyl-CoA selection) it resulted in a non-productive PKS. When this mixed motif was converted to
YASH (indicative of methylmalonyl-CoA selection) the selectivity of the hybrid PKS for
methylmalonyl-CoA showed no statistically significant increase, and was associated with a loss of
productivity.


Introduction


There has been considerable interest in the epothilones as potential
anticancer therapeutics since they were identified as microtubule
stabilising agents which bind to b-tubulin at sites comparable
to Taxol and its derivatives.1,2 Moreover, the demonstration that
these compounds act against cells resistant to paclitaxel and other
anticancer agents stimulated further excitement and a number
of epothilones entered clinical trials.3 Thus, a thorough under-
standing of epothilone biosynthesis and its enzymatic machinery
provides an opportunity to generate new analogues, or to enhance
the yield or purity of epothilone congeners, through biosynthetic
engineering.


Hardt and colleagues have purified approximately forty minor
epothilone congeners produced during large-scale fermentation of
an improved isolate of the producing organism Sorangium cellu-
losum So ce90.4 This provides an illustration of the range of com-
pounds which are produced through the incorporation of alterna-
tive substrates by acyltransferase (AT) domains, through other
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aberrations in the polyketide synthase (PKS) machinery/post-
PKS processing enzymes, or as a result of product degradation.
However, it is well established that in their natural environment
the majority of AT domains display tight substrate selectivity
and, as noted by Hardt and co-workers, the production of minor
metabolites represents less than 1% of the total epothilones
produced by Sorangium cellulosum. A notable exception is the
production of epothilones A and C vs. epothilones B and D
(Fig. 1), in ratios reported to range from 8 : 2 to 1 : 1 depending
upon fermentation conditions.4 These pairs of mixtures arise due
to the incorporation of either malonyl-CoA or methylmalonyl-
CoA by the AT domain of the PKS module 3 during the polyketide
chain elongation5 (with another difference between the two pairs
of compounds being the presence or not of a post-PKS introduced
epoxide moiety as shown in Fig. 1). The production of mixtures
of compounds as a consequence of poor substrate specificity of
the biosynthetic machinery is often a significant problem for the
industrial production of natural products. Notable examples are
the production of avermectin and monensin which are synthesised
as mixtures of at least two chemical species.6,7 Techniques that
push production ratios towards the desired chemical species have
considerable commercial potential as these increase production
yields and reduce the cost of both purification and the disposal of
unwanted analogues and associated waste streams.


Cloning and sequencing of the biosynthetic gene cluster for the
epothilones has been reported.8,9 This was followed by its genetic
manipulation and expression in heterologous hosts,9,10 and has
enabled the production of a range of epothilone analogues which
possess structural modifications around the macrolide ring.10
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Fig. 1 Biosynthesis and structure of epothilones A–D. The position of the methyl or hydrogen moiety derived from the promiscuous EpoAT3 is
highlighted in bold.


The availability of PKS sequence information may enable us to
influence the relative yields or ratios of analogues by rational
biosynthetic engineering.


The production of epothilone A/B (or C/D) (Fig. 1) is a
direct consequence of the incorporation of both malonyl- and
methylmalonyl-CoA by the epoAT3 housed in EpoC (utilising the
Molnar6 nomenclature rather than that of Tang7). Replacement
of this promiscuous AT in its entirety with one specific for
methylmalonyl-CoA might prevent formation of the epothilones
A and C.7 Several examples of such AT domain swap experiments
have been described in other systems.11–13 An alternative approach
involving site directed mutagenesis of AT domains to alter
their selectivity has also been reported.14–16 This latter strategy,
which involves the manipulation of particular amino acid motifs
that define the specificity towards the substrate CoA esters, is
particularly attractive in the epothilone case as we have observed
that in the offending epoAT3, one of the motifs conferring a
major determinant for selective incorporation of a particular CoA
substrate appears to be a hybrid of the motifs defining malonyl-
and methylmalonyl-CoA selectivity (Fig. 2). In addition, we found
that the amino acid sequence of EpoAT2 (selecting malonyl-
CoA) is almost identical to that of EpoAT3 (selecting malonyl-
CoA plus methylmalonyl-CoA).17 Therefore, we anticipated that
modification of the hybrid motif to that observed for ATs capable
of selecting specific substrates might result in the predominant
production of a single (target) epothilone.


Here we report the results of a preliminary study in which the
performance of the epothilone ATs was tested by transferring
them into the well-characterised DEBS1-TE model system18 in
place of the native AT1 domain. We then sought to investigate


the possibility of influencing the product ratios of these hybrid
systems by single amino acid substitutions in the aforementioned
hybrid selectivity motif of the inserted epoAT3 domain.


Results


We designed a number of plasmid constructs containing the
truncated erythromycin PKS DEBS1-TE in which the AT domain
of module 1 was replaced with the epothilone ATs from module
2 (epoAT2) and module 3 (epoAT3) as specified in Table 1. The
epothilone AT2 utilises malonyl-CoA as predicted from its HAFH
motif signature. The epothilone AT3 domain, which contains
a mixed motif, utilises both malonyl- and methylmalonyl-CoA
extender units. Furthermore, we have constructed two additional
plasmids in which the hybrid motif sequence HASH of the promis-
cuous epothilone AT3 was modified to YASH (methylmalonyl-
CoA selective) and HAFH (malonyl-CoA selective) motifs. The
plasmid constructs pCJR26, in which the native methylmalonyl-
CoA specific AT1 was replaced with rapamycin AT2 which utilises
malonyl-CoA, and the native DEBS1-TE (pCJR65)19 were used
as controls. All plasmid constructs were transformed into the S.
erythraea JC2 strain which lacks the entire erythromycin PKS. All
the strains and plasmid constructs are listed in Table 1.


Analysis of TKL production by S. erythraea JC2 transformants
expressing hybrid PKSs


When expressed in S. erythraea JC216 the hybrid PKSs produced
the four triketide lactone (TKL) products 1–4 which are shown
in Fig. 3. This was expected as the loading module of DEBS1-TE
accepts both acetyl- and propionyl-CoA, to give the two products


Table 1 Strains and plasmid constructs used in this work


Polyketide synthase (PKS) Plasmid Description Reference


DEBS1-TE pCJR65 Native DEBS1-TE 19
DEBS1-TE/rapAT2 pCJR26 Module 1 AT from DEBS1-TE replaced with rapamycin AT from module 2 19
DEBS1-TE/epoAT2 pABS61 Module 1 AT from DEBS1-TE replaced with the AT from epothilone module 2 This paper
DEBS1-TE/epoAT3 pABS62 Module 1 AT from DEBS1-TE replaced with the AT from epothilone module 3 This paper
DEBS1-TE/epoAT3(HAFH) pCJRHY.6 Module 1 AT from DEBS1-TE replaced with the AT from epothilone module 3 in which


the mixed HASH motif was modified to HAFH
This paper


DEBS1-TE/epoAT3(YASH) pCJRSF.4 Module 1 AT from DEBS1-TE replaced with the AT from epothilone module 3 in which
the mixed HASH motif was modified to YASH


This paper
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Fig. 2 Amino acid sequence comparison of AT domains from module 1 of the erythromycin PKS, module 2 of the rapamycin PKS, and from module
2 (epoAT2) and 3 (epoAT3) of the epothilone PKS. The motifs HAFH, YASH and HASH in the primary AT sequences are labelled by asterisk. The
ascribed N-terminus (GQG), C-terminus (LPTY), and the active site residues GHS and R are shaded. The nine amino acid differences between epoAT2
and epoAT3 are marked as bold. Two key amino acid residues which may be readily identified from sequence protein alignments and previously reported
to have important role in the substrate selectivity are marked as white on black background.


1 & 2 respectively. The extender units utilised are all methyl-
malonyl-CoA. Thus, two pairs of TKLs are produced by the hybrid
PKSs, with each pair arising from recruitment of the two different
PKS starter units (1 & 3 vs. 2 & 4), and the second difference
being due to the selectivity of the inserted AT1 domain, and thus
the first extension unit selected (1 & 2 vs. 3 & 4). The AT domain
of DEBS1-TE module 2 always selects methylmalonyl-CoA in
these experiments. Our analytical approach used LCMS/MS
measurement and authentic standards. In Table 2 the total TKL
production level is displayed for each experiment, both as an
actual yield (mg L−1) and as a percentage relative to the total


TKL production for DEBS1-TE expressing strains. This provides
a direct indication of the relative productivity of the various hybrid
PKSs. The data for each of 1–4 is then shown for each strain. This
data is also presented as a combined figure to allow direct analysis
of the selectivity of the particular AT1 domain in question (i.e. the
data for 1 & 2 vs. 3 & 4). These ratios are normalised to aid clarity.


Strains expressing DEBS1-TE produced 1 and 2 demonstrating
the high fidelity of both AT domains in their natural environment.
The control strain S. erythraea containing the plasmid pCJR26
expresses a hybrid PKS in which the malonyl-CoA specific rapAT2
from the rapamycin PKS replaces the native AT1 of DEBS1-TE.


502 | Org. Biomol. Chem., 2008, 6, 500–506 This journal is © The Royal Society of Chemistry 2008







Fig. 3 AT domain active site motif sequences and their corresponding triketide lactone products: A. DEBS1-TE AT1; B. RapsAT2; C. EpoAT3 (mixed
motif).


Table 2 PKS productivity and product (1–4) distributions; errors are given as a sample standard deviation (rn − 1)


Total TKL yield Relative titre of TKLs (%)


PKS mg L−1 % of X 3 1 4 2
AT1 selectivity
[3 + 4] : [1 + 2]


DEBS1-TE 844.1 ± 104.0 100 1.81 ± 0.85 52.47 ± 4.24 0.00 ± 0.00 45.72 ± 5.61 1 : 54.2
DEBS1-TE/rapAT2 173.9 ± 54.9 20.4 49.09 ± 6.32 0.19 ± 0.61 49.73 ± 6.76 0.99 ± 0.76 83.7 : 1
DEBS1-TE/epoAT2 17.1 ± 12.9 2.0 37.51 ± 8.52 3.72 ± 1.01 52.63 ± 6.25 6.14 ± 1.84 9.1 : 1
DEBS1-TE/epoAT3 97.0 ± 28.8 11.5 39.31 ± 8.95 12.27 ± 4.92 32.34 ± 4.46 16.08 ± 3.56 2.5 : 1
DEBS1-TE/epoAT3(YASH) 8.1 ± 2.4 1.0 27.10 ± 4.82 15.51 ± 2.52 34.16 ± 2.41 23.23 ± 4.60 1.6 : 1
DEBS1-TE/epoAT3(HAFH) 0.0 ± 0.0 0.0 — — — — —


This produced the TKLs 3 and 4 due to selection of malonyl-
CoA by the inserted rapAT2. The total yield of TKLs from this
construct was approximately 20% of that of DEBS1-TE. This
result confirms earlier studies20 showing that the introduction of
rapAT2 converts the extender unit specificity of this module almost
entirely.


Replacing the AT1 domain of DEBS1-TE with each of the
ATs derived from the epothilone PKS was successful, resulting
in the expression of functional hybrid PKSs which produced all
four products 1–4. These hybrid PKS-expressing strains were less
productive than either DEBS1-TE or the control utilising the
rapAT2 (see Table 2). In addition, in this system the epoATs were
considerably less selective than either of the native AT1 of DEBS1-
TE or the rapAT2 domains. Surprisingly, both epoATs were able
to incorporate malonyl- and methylmalonyl-CoA. As expected
from the performance of these systems in their natural context,
the strains expressing a hybrid PKS containing epoAT2 were
most selective and incorporated a greater proportion of malonyl-
CoA; this selectivity is similar to that reported during epothilone
production.4 The strains expressing a hybrid PKS containing
epoAT3 also behaved as anticipated, showing low selectivity
and utilising malonyl-CoA preferentially, but only approximately
2.5 times more so than methylmalonyl-CoA. Once again, these
data are similar to those for epothilone production in S. cellulosum
(where the selectivity ratio is approx. 2 : 1).4


Analysis of hybrid PKSs containing mutated active site motifs


Site directed mutagenesis was used to convert the HASH mixed
motif of epoAT3 to YASH (methylmalonyl-CoA selection) and
HAFH (malonyl-CoA selection). The new YASH-containing
epoAT3 construct produced less total TKL than the epoAT3
containing hybrid (∼10%), and only 1% of the titre for DEBS1-
TE-expressing strains.


However, it appears to produce a greater proportion of TKLs
1 and 2 than did the epoAT3 hybrid (1.6 : 1 vs. 2.5 : 1) when the
mean values of the analysis are examined, indicating an increase in
its ability to select methylmalonyl-CoA from the metabolite pool.
However, when the individual data for rows 4 and 5 in Table 2 are
directly compared, it is clear that the standard deviation for each of
1–4 overlaps, indicating that the differences in the ratios of mean
data are not statistically significant. When the specificity motif
of the hybrid epoAT3 containing PKS was altered to HAFH no
production of 1–4 was observed (i.e., it resulted in a non-functional
PKS). None of 75 independent clones derived from this plasmid
produced any TKL.


Discussion


Genetic manipulation of modular type I PKS multi-enzymes
by the swapping of functional domains in order to produce
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polyketides with an altered structure is now well established.21,22


In particular, AT domains have been successfully swapped be-
tween modules in order to generate novel compounds includ-
ing rationally designed erythromycin, FK520 and geldanamycin
analogues.12,13,23 However, the efficiency of these hybrid PKSs is
highly variable, and some desired compounds are produced at
very low levels. It has been demonstrated that by utilising a range
of donor domains, as well as a range of splice sites at which the
hybrid proteins are fused, it is possible to overcome at least some of
the issues associated with the low productivity of hybrid PKSs.11


Another factor leading to the observation of low productivity
may involve the examination of an insufficiently large pool
of clones after transformation. Extreme variation in colony-to-
colony production of natural products after genetic engineering is
a common problem with the actinomycetes.24 In our present report
the productivity of the engineered PKS containing clones was
evaluated. We found that the productivity of clones varies signi-
ficantly and it is therefore important to introduce a pre-selection
procedure into experiments of the type described here. We screened
in the region of 60 primary clones for each experiment, and each
of the data-points presented in Table 2 represents an average of 21
fermentations (the 7 best clones, each grown in triplicate).


We then showed that DEBS1-TE (a truncated form of the
erythromycin PKS) can be engineered by substitution of the
native AT1 domain by ATs derived from myxobacterial as well
as from streptomycete PKSs. The total yield of TKL products
from each hybrid PKS ranged from approximately 20% of that
for DEBS1-TE, to as little as 1%. This confirms that utilising a
range of AT domains from alternative sources is important in
order to generate functional and productive PKS. While epoAT2
and epoAT3 are extremely similar in protein sequence (only
nine of around 340 amino acid residues are different (Fig. 2)),17


these differences appear to have a significant effect both on the
productivity of the resulting hybrid PKS, as well as on their
selectivity for malonyl- or methylmalonyl-CoA substrates. This
latter point is also true in their natural context. Interestingly,
our results demonstrate that AT domains from different sources
can have a range of fidelity with regard to their ability to
incorporate alternative substrates. In the case of epoAT3 this
was not surprising as this domain is known to incorporate
both malonyl- and methylmalonyl-CoA substrates in its natural
context. It was surprising however that epoAT2 incorporated
∼10% of the incorrect substrate (methylmalonyl-CoA), especially
since an epothilone structure containing a methylmalonyl-CoA
derived unit at the corresponding position of the macrocycle was
not identified among the forty minor congeners produced by
S. cellulosum.4 However, we cannot discount the possibility that
the corresponding epothilone intermediate of such a compound
cannot be further extended or cyclised by the epothilone PKS
(although, clearly such a diketide intermediate can be extended by
DEBS1-TE). Perhaps incorporation of an alternative extender unit
may be the result of the AT being in a heterologous context.
Another possibility is that the incorporation of an alternative
substrate is due to differences in the supply levels of each substrate
in different organism metabolic backgrounds. While S. erythraea
has an abundant methylmalonyl-CoA supply (at least during
erythromycin production), relative levels in S. cellulosum may
be different, and therefore the selection pressure to evolve an
ability to discriminate against alternative substrates (selectivity)


is lower. Indeed, the differences in relative levels of malonyl-CoA
and methylmalonyl-CoA are proposed to cause the increase in
the proportion of epothilone B to epothilone A (1 : 10) when the
compound is heterologously produced in Myxococcus xanthus,
whereas generally the ratio is 2 : 1 in Sorangium cellulosum.25 In
addition, medium composition and fermentation conditions can
have a significant influence on the final yield as well as on ratios of
the epothilones in the broth at the end of the process.4 We did not
attempt to investigate the effect of medium composition during
our experiments. It is likely that utilising alternative media and
cultivation conditions might additionally influence product ratios.


Site directed mutagenesis has been used to influence the nature
of the extender unit utilised by AT domains in their native
context.14–16 Herein we investigated the possibility of increasing
the proportion of methylmalonyl-CoA incorporated by using such
an approach for the epoAT3 when in the hybrid DEBS1-TE
PKS. This would indicate whether subsequent engineering of the
AT in the natural epothilone producer strain might increase the
proportion of epothilone B vs. A (or D vs. C). This investigation
was incited by the considerable similarity observed between the
epoAT2 and epoAT3 domains and the key observation that, of the
few observed sequence differences between the domains, one was
in the active site sequence motif proposed to influence substrate
specificity. Furthermore, this motif signature in the epoAT3
sequence is a hybrid (HASH) of the motifs (HAFH/YASH) found
in malonyl-/methylmalonyl-CoA ATs respectively. It was thus
reasonable to believe that by converting the hybrid motif to either
of HAFH/YASH we could alter AT selectivity.


As described above our results demonstrate that mutating the
HASH mixed motif to YASH does not appear to provide a
statistically significant increase in the proportion of products
derived from incorporation of methylmalonyl-CoA. The pro-
ductivity of the PKS bearing this mutation was also severely
compromised (although such a loss in product yields has been
observed in previously reported experiments of this type). The
parallel experiment in which the epoAT3 active site was mutated
to HAFH in an attempt to alter the selectivity towards malonyl-
CoA, and thus potentially directing the production towards
exclusively epothilone A production, resulted in a non-productive
PKS. Although a large number of clones were analysed none of 1–4
could be detected. To a certain degree, the failure of this mutation
was surprising as this mutation makes this domain more similar
to epoAT2, which is functional in the heterologous context.


Our data indicate that while a clear correlation between the
active site HAFH/YASH motifs and malonyl-/methylmalonyl-
CoA selectivity exists,14–16 the assumption that a mixed form
of this motif could directly explain the promiscuity observed
for the EpoC AT domain was incorrect, and other factors are
involved. Indeed, when the YASH motif of AT domains in the
erythromycin PKS were mutated to HAFH in an attempt to
switch their selection of substrate from methylmalonyl-CoA to
malonyl-CoA, the resulting PKSs were shown to utilise both
substrates.14–16 Thus, as, in retrospect may be expected for some
examples, mutations in the active site that change AT selectivity
appear to need to be complemented with other mutations in or
around the active site in order to alter substrate selectivity towards
the desired extender unit, and to preserve the catalytic activity.14


The high similarity between the two AT domains in EpoAT2 and
AT3 means that further candidate amino acids may be readily
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identified from protein sequence alignments (bold residues; Fig. 2).
These differences were not investigated within this current study
but provide direction for further investigations. When examined
further two of these differences are located in regions which others
have suggested may also play a role in substrate selectivity. The
residues serine and lysine (EpoA2 and 3 respectively; shown as
white on black background in Fig. 2) are located within what
has been termed the ‘hyper-variable’ region of the AT domain.26


The residues isoleucine and alanine are present in EpoAT2 and 3
respectively of the active site GHSX active site motif (shown as
white on black background in Fig. 2); this X residue was suggested
to potentially play a role in substrate selectivity.15


In summary, we have shown that functional hybrid PKSs
can be generated by swapping myxobacterial AT domains from
the second and third extension modules of the epothilone PKS
with the AT1 domain of DEBS1-TE. Furthermore, site directed
mutation of the specificity conferring motif at the active site of
the promiscuous AT3 of the epothilone PKS had no statistical
effect upon substrate selection and product distribution. These
data indicate that in order to use active site motif alterations
within epoAT3 of the epothilone PKS directly to improve the
product ratio of S. cellulosum fermentations, additional mutation
of alternative residues within this domain will be required.


Experimental


DNA manipulation


The nucleotide sequences of epoAT2 and epoAT3 from epoC show
high (98%) identity to each other.17 To ensure the amplification of
both AT domains, cosmid22 from a Sorangium cellulosum So ce90
cosmid library27 (RM, unpublished results) was used as a template
for amplification via PCR. After BamHI digestion of cosmid22,
the epoAT2 domain was located on a 2 kb DNA fragment, whereas
the epoAT3 domain could be isolated on a 4 kb fragment. PCR was
carried out using Pfu DNA-polymerase (Stratagene) according to
the manufacturer’s protocol. Conditions for amplification with the
Eppendorf Mastercycler gradient (Eppendorf) were as follows:
denaturation for 30 s at 95 ◦C, annealing for 30 s at 55 ◦C and
extension for 60 s at 68 ◦C. Primers used for the amplification
were AS1 (5′-TCA CTG CGC AGG GCG CGC AGA CGC C-
3′) and AS2 (5′-GTG CCT AGG ACG CCC GGC CAG CTG
AC-3′). The PCR amplification products were cloned into the
pCR R©2.1 TOPO vector (Invitrogen). Resulting plasmids pAS1.5
(containing epoAT2 and pAS2.2 (containing epoAT3)), were re-
sequenced employing primers AS3 (5′-GTG TTC TCG CTG GAA
GAT GG-3′), AS4 (5′-GGT CGA GCA ACA ACG ACT CG-3′)
and AS5 (5′-ACG GCG TTC ACC CAG CCC GCG-3′). After
verification, fragments were cloned into pCJR2619 replacing the
rapAT2 domain in this vector. Plasmid pCJR26 was digested
using AvrII–MscI, phenol–chloroform purified and ligated with
the AvrII–FspI digested fragments from pAS1.5 and pAS2.2,
respectively. Resulting plasmids pABS61 (epoAT2) and pABS62
(epoAT3), were verified by restriction analysis.


Site directed mutagenesis


The alteration of the HASH motif of epoAT3 to HAFH and
YASH was accomplished by oligonucleotide-mediated mutagene-
sis and the DNA fragments were amplified via overlap extension


PCR,28 using plasmid pAS2.2 as the template for the PCR
reaction. PCR was carried out using the Pfu DNA polymerase
under the following amplification conditions: denaturation for
30 s at 95 ◦C, annealing for 30 s at 55 ◦C and extension for
40 s at 68 ◦C. The resulting fragments were used as the template
DNA in the second round of PCR reaction with the following
differences: annealing for 30 s at 60 ◦C and extension for 1 min
at 68 ◦C. Primer combinations used for the amplifications were
as follows: For the first parallel PCR reactions the primer pairs
(A) AS1/BIOT6HY (5′-TGG GAC GCG TAC GAG ACA TGC
AGC CGC TTG G-3′) and (B) AS2/BIOT5HY (5′-CAT GTC
TCG TAC GCG TCC CAC TCG CCG CTG-3′) or rather (C)
AS1/BIOT8SF (5′-TGG AAC GCG TGC GAG ACA TGC AGC
CGC TTG G-3′) and (D)AS2/BIOT7SF (5′-CAT GTC TCG CAC
GCG TTC CAC TCG CCG CTG-3′) were used. The bold letters
represent point mutations leading to the amino acid exchanges
in the target protein. In the subsequent overlap extension PCR
reactions the fragments of A + B and C + D were used with the
primers AS1/AS2. The products were cloned into the pCR R©2.1
TOPO vector. After sequencing the resulting plasmids pASHY.6
and pASSF4 with primers AS3, AS4 and AS5 (see above), the
fragments were subcloned into pCJR26 to generate the final
constructs pCJRHY.6 and pCJRSF.4, respectively. Verification of
the sequences from pCJRHY.6 and pCJRSF.6 were performed
again by sequencing using the primers AS3, AS4 and AS5.


Strain construction and growth


Saccharopolyspora erythraea JC219 was transformed by PEG me-
diated protoplast transformation following standard techniques
adapted from Weber and Losick,29 as described by Gaisser
et al.30 This strain lacks the erythromycin PKS (eryA) genes
and individual colonies were patched further onto R2T20 plates
containing thiostrepton. To remove colony-to-colony variation
of yields as a problem (this is a characteristic problem of S.
erythraea mutants produced by protoplast transformation), we
conducted a pre-screen to identify and select the most productive
and reproducible transformants from each experiment in order
to achieve a more robust data set for analysis. Approximately
60 transformant colonies of each construct were examined in
this pre-screen. On this basis, seven individual mutants derived
from the introduction of each construct were selected for further
quantitative study (Table 1). These were cultivated on TWM
agar medium from which they were inoculated into TSB medium
(7 mL) containing thiostrepton (5 lg mL−1) and grown for 3 days
at 28 ◦C. This culture (0.5 mL) was used to inoculate SM3
medium31 (7 mL) and grown for a further 6 days at 28 ◦C. The
resulting samples were extracted by the addition of acetonitrile
(1 : 1, v/v) containing formic acid (0.1%) to ensure lactonisation.
These were shaken on a Vibrax for 30 min and then clarified
by centrifugation. Samples were examined for TKL content and
diluted appropriately to ensure response with the dynamic linear
range of the LC-MS instrument as determined by the production
of calibration curves obtained by the analysis of authentic samples
of TKLs 1–4. Generally, samples were measured at several
concentrations to ensure the reliability of data.


LC-MS was performed on an integrated Agilent HP1100 HPLC
system in combination with a Bruker Daltonics Esquire 3000+
electrospray mass spectrometer operating in positive ion mode.
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Chromatography was achieved over reversed-phase BDS-C18 silica
in a Phenomonex (Macclesfield, UK) Luna column (250 × 4.6 mm,
5 micron particle size) eluting with the following gradient: t =
0 min, 25% B; t = 15 min, 100% B. Mobile phase A: 10%
acetonitrile : 90% water, containing 10 mM ammonium acetate
and 0.1% formic acid; Mobile phase B: 90% acetonitrile : 10%
water, containing 10 mM ammonium acetate and 0.1% formic
acid.
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A rearrangement in basic medium of the natural endoperox-
ide G3-factor extracted from Eucalyptus grandis is described.
Evidence to support a 1,2-dioxetane intermediate that de-
composes with weak luminescence emission (quantum yield)
is presented.


G-Factors are natural endoperoxides first extracted from mature
leaves of Eucalyptus grandis in much larger quantities after a
cold period. They act as phytohormones and growth regulators
(Fig. 1).1


Fig. 1 Structures of G-factors and G3Me.


It seems that G-factors cannot be present in the plant in
their physiologically active form. Their function in the plant is
not well elucidated but they reduce water loss, contribute to
root inhibition and are involved in frost resistance in Eucalyptus
grandis. Their structures are interesting because of the presence of
a peroxide function providing potential antimalarial properties.
We have previously reported an optimized synthesis of G-factors
and analogs.2 The parent compounds are obtained in a two step
procedure, i.e. Mannich reaction between syncarpic acid and
the corresponding aldehyde, then acidic fragmentation of the
Mannich base followed by spontaneous oxygen uptake leading
to the expected endoperoxides. Indeed some G-factor analogs are
active against Plasmodium, in particular compounds alkylated on
the peroxy-hemiketal function.3 The crucial role of the peroxy-
ketal function for anti-plasmodial activity has been reported. The
methyl ether of G3 (G3Me) was found to be one hundred times
more active than G3 (IC50 (G3) = 36 lM and IC50 (G3Me) =
0.28 lM on Nigerian strains).3


Alkylation of this position proved to be very difficult. The
methyl moiety group was introduced in good yield (with BuLi–
THF followed by methyl triflate or with K2CO3–MeI) but the
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yield decreased when using other alkyl iodides or benzyl bromide
(30–40%).4


To explain these difficulties, we decided to study the stability
of G3-factor in basic media. Depending on the base used, it
decomposed with different kinetics giving a polar compound. We
tried to monitor the reaction in d6-DMSO in the presence of t-
BuOK (1 eq.), but the transformation was very rapid and 1H NMR
immediately showed an 80% conversion of G3 into an aldehyde
and acetone (Scheme 1). In the presence of K2CO3–DMF, the
reaction was carried out overnight, and led to the same products.
This aldehyde was isolated and fully characterized by 2D NMR‡
and its structure was found to be that of aldehyde A. The aldehyde
was then crystallized and X-ray diffraction analysis was performed
to get additional information. Surprisingly, this analysis allowed
us to unveil a dimeric hydrated magnesium salt, the magnesium
originating from MgSO4 used as desiccant (Fig. 2). X-Ray crystal
analysis showed that the magnesium atom lies on an inversion
center and the structure is nearly planar due to the extended
conjugated system: the negative charge on the carbonyl of the
aldehyde, the C=C double bond and the keto C=O bond. The
distances C11–C5 and C5–C6 are equivalent (1.42 and 1.44 Å), and
the same occurs for C11–O5 and C6–O4 (both 1.24 Å) and Mg–O5


and Mg–O4 (2.03 and 2.04 Å).§ The planarity of the structure was
confirmed by the 1H NMR spectrum of the magnesium dimeric
salt, which is particularly simple: both gem-dimethyl protons are
equivalent at 1.34 ppm (12H) in CD3OD while aldehydic proton
resonates at 9.66 ppm.


Scheme 1 Rearrangement of G-factor in basic medium.


Aldehyde formation involves the decomposition of an inter-
mediate 1,2-dioxetane which is formed by Michael addition of
ROO− to the conjugated double bond after cleavage of the
peroxyl-carbon bond. Such a rearrangement has already been
described by us5 on an analog of the G-factor but in acid
media. 1,2-Dioxetanes are known to be highly reactive molecules
which decompose into electronically excited carbonyl compounds
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Fig. 2 ORTEP drawing of magnesium dimeric salt of A. (50% probability
chosen for the ellipsoids.) A central symmetry is implied: magnesium lies
on an inversion center.


responsible for chemiluminescence. Few examples in the literature
describe endoperoxide–dioxetane rearrangements, and the associ-
ated chemiluminescence. For instance, such a rearrangement has
been documented in the photooxygenation of heteroarenes.6,7 Here
we report on the chemiluminescence emitted during treatment in
basic media of natural G3-factor endoperoxide.


First the luminescence properties of G3-factor were examined
in the presence of t-BuOK in DMSO and the light emission
profile was recorded. The maximum intensity was obtained at
a wavelength of 410 nm (Fig. 3). The peak intensity decreased
quickly.


Fig. 3 Direct emission spectrum for base-catalyzed decomposition of
G3-factor (corrected spectrum).


A kinetic study (Fig. 4) based on chemiluminescence decay was
recorded for the reaction of G3 with t-BuOK (1 eq.) in DMSO at
room temperature. The reaction was followed by monitoring the
intensity ICL(t) of the emitted light at 410 nm, which reached a
maximum immediately after t-BuOK addition, and then decayed
following pseudo-second order kinetics.


The chemiluminescence intensity is expressed by equation (1)
in which m is the reaction rate and UCL represents the chemi-
luminescence yield. UCL corresponds to the total amount of
light (Nphotons) divided by the number of moles of dioxetane
(nD).8 The expression for Nphotons, which is the area under the
chemiluminescence intensity curves, is given by integration of


Fig. 4 Emission profile for the chemiluminescence of the reaction of
t-BuOK (1 eq.) with G3 (1 eq.) in DMSO, and blank curve.


ICL(t) over the reaction time (eqn (2)) in which


∞∫


0


m dt


is the number of moles of decomposed dioxetane. It follows that
UCL is indeed experimentally defined by equation (3).


ICL = UCLm (1)


Nphotons =
∞∫


0


ICL dt = UCL


∞∫


0


m dt = UCLnD (2)


UCL = Nphotons


nD


(3)


The UG3
CL value was determined as the quantum yield with respect


to the UL
CL value (0.0124) of luminol9 in DMSO containing t-


BuOK–t-BuOH under air.¶
UG3


CL was found to be (1.9 ± 1) × 10−8 E mol−1. This value is to
be compared to the thermal decomposition of organic peroxides
which are also weakly chemiluminescent with quantum yield as
low as 10−8 in general.10


A mechanistic alternative is proposed:10 this could be the ther-
molysis of dioxetanes or the intramolecular CIEEL “chemically
initiated electron exchange luminescence” decay process.


The thermal decomposition of rather simple dioxetanes affords
predominantly a triplet-excited carbonyl along with a small
amount of a singlet excited carbonyl so that direct emission of
bright light is scarcely expected. Many reports11–13 dealt with the
experimental and theoretical studies of chemiluminescence of 1,2-
dioxetanes. When 1,2-dioxetanes bear an electron rich substituent,
they become labile and display CIEEL. This happens for 1,2-
dioxetanes containing substituents with low oxidation potentials,
such as aryl–O− or aryl–RN− functionalities.8


As the basic treatment of G3 only generated a faint light
emission, we decided to add the fluorescent additive DBA (9,10-
dibromoanthracene, a triplet energy acceptor) or DPA (9,10-
diphenylanthracene, a singlet energy acceptor) and we observed
the evolution of chemiluminescence. Generally, obtaining a linear
correlation in the Stern–Volmer plot of the double reciprocal of
the fluorescer concentration and the chemiluminescence quantum
yields gives evidence for a bimolecular process between the excited
species and the fluorescer. 9,10-Dibromoanthracene (DBA) is
capable of accepting the excitation energy from a triplet excited
carbonyl group via triplet to singlet energy transfer. This energy
transfer results in the formation of the fluorescent singlet state
of DBA. 9,10-Diphenylanthracene (DPA) is ca. 1000 times less
efficient as an acceptor of triplet energy via triplet to singlet
energy transfer than DBA.14 An estimate of the ratio of the triplet


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 454–457 | 455







to singlet excited species resulting from the decomposition of
the dioxetane can be obtained from the intensity of DBA and
DPA chemo-excited emission intensity. The observed intensities
of DBA and DPA emission were extrapolated at infinite dye
concentration.14 Corrections were applied for differences in energy
transfer efficiency, fluorescence efficiency of the dyes and cross
activation (triplet–singlet energy transfer to DBA).


The double reciprocal plot of quantum yield and the DBA and
DPA concentration during treatment of G3 is shown in Fig. 5. It
is linear which allows UFlu.(∞)


CL to be estimated. The UDBA(∞)
CL value


at infinite concentration of DBA could be estimated from the
intercept14 and is expressed by equation (4).


UDBA(∞)
CL = U r × U∗


T × UTS × UDBA
F (4)


Fig. 5 Reciprocal plot of chemiluminescence quantum yield against
concentration of fluorophore. In basic medium G-factor endoperoxide
rearranges with weak chemiluminescence emission at 410 nm.


This total chemiluminescence quantum yield is estimated to be
(1.60 ± 0.40) × 10−7 E mol−1. The yield of triplet aldehyde U*r


can then be calculated from eqn (4), where U r is the chemical yield
(equal to 0.8), UTS the triplet singlet energy transfer (estimated to
0.2),13 and UDBA


F the fluorescent quantum yield of DBA (0.1).15,16


Thus, the triplet state quantum yield is (1 ± 0.25) × 10−5 E mol−1.
With DPA, the UDPA(∞)


CL value at infinite concentration of DPA is
estimated as UDPA(∞)


CL = (1 ± 0.3) × 10−6 E mol−1. In the singlet case,
UDPA(∞)


CL = U r × U*s × UDPA
F where UDPA


F is the fluorescent yield of
DPA is equal to 0.89.16 Thus U*S = (1.4 ± 0.4) × 10−6 E mol−1


A yield ratio of triplet to singlet excited aldehyde from dioxetane
of ca. 7 was observed. It is smaller than the reported values for
thermolysis of dioxetanes which give mainly an excited triplet
species.17 In our case, it seems likely that intramolecular CIEEL
could be invoked, though the oxidation potential of C=C–O−


is not as low as that of Ar–O−. Moreover, the 1,2-dioxetane
intermediate could not be isolated under these conditions (pH,
temperature), and so appear as particularly unstable (reactive).
Theoretical investigations are ongoing to try to explain this CL
property.


In conclusion, we have reported here a novel example of chemi-
luminescence which is specifically induced from G-factor by using
t-BuOK–DMSO as a triggering agent. We describe here a natural
endoperoxide as a novel particularly stable chemiluminescent
precursor. This endoperoxide, obtained by autoxidation, is able
to emit low chemiluminescence when pH increases. It is strong


evidence of the presence of a 1,2-dioxetane intermediate in this
rearrangement.
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f L = ULnL


SL
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UCL = SfL fphoto


n
where S is the area under the curve of the CL reaction to be calibrated, f L


is the luminol factor, n is the number of moles of the limiting reagent, and
f photo is the photomutiplier tube wavelength sensitivity factor.
Hamamatsu photomultipler tube R955: f 438


420 ≈ f 430
420 = 72/70 = 1.03; f 410


420 =
72/73 = 0.99.
In this study f photo will be taken as equal to 1.03 as the spectral response will
be quite the same between 430 (DPA emission) and 438 (DBA emission)
and 0.99 for direct emission during G3 treatment. The emission intensity
(I , a.u. s−1) can also be calibrated: IC[E s−1] = I [a.u. s−1] × f L × f photo[E
a.u.−1]; f L = 1.45 × 10−16[E a.u.−1]
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The stereoselective syntheses of 6-azauracil- and 8-aza-7-deazaadenine
2′-deoxy-2′-fluoro-b-D-arabinofuranosides 1c and 2c employing nucleobase anion glycosylation with
3,5-di-O-benzoyl-2-deoxy-2-fluoro-a-D-arabinofuranosyl bromide 6 as the sugar component are
described; the 6-azauracil 2′-deoxy-2′-fluoro-b-D-ribofuranoside 1d was prepared from 6-azauridine 8
via the 2,2′-anhydro intermediate 9 and transformation of the sugar with DAST. Compounds show a
preferred N-conformer population (100% N for 1c, 1d and 78% N for 2c) being rather different from
nucleosides not containing the combination of a fluorine atom at the 2′-position and a nitrogen next to
the glycosylation site. Oligonucleotides incorporating 1c and 2c were synthesized using the
phosphoramidites 3b and 4. Although the N-conformation is favoured in the series of 6-azauracil- and
8-aza-7-deazaadenine 2′-deoxy-2′-fluoroarabinonucleosides only the pyrimidine compound 1c shows an
unfavourable effect on duplex stability, while oligonucleotide duplexes containing the
8-aza-7-deazaadenine-2′-deoxy-2′-fluoroarabinonucleoside 2c were as stable as those incorporating dA
or 8-aza-7-deaza-2′-deoxyadenosine 2a.


Introduction


The introduction of a fluorine atom to an organic compound
does not result in a considerable change in the size or the shape
of the molecule. However, the fluorine substituent can alter the
physico-chemical properties and biological activity. As the C–
F bond is stronger than the C–H bond, fluorinated compounds
are chemically more stable and more resistant against metabolic
degradation.1–3 Thus fluorinated analogues of biological molecules
provide useful tools for probing or modifying the functions of
biologically active compounds.


The ability of a fluorine atom to mimic the hydroxyl group
makes it suitable for introduction into the sugar moiety of
nucleosides. The potent effect of introducing fluorine has already
led to useful therapeutic agents. Among these fluorinated nucleo-
sides are compounds like 1-(2-deoxy-2-fluoro-b-D-arabinofura-
nosyl)thymine (FMAU),4 1-(2-deoxy-2-fluoro-b-D-arabinofura-
nosyl)-5-iodouracil (FIAU) and 1-(2-deoxy-2-fluoro-b-D-
arabinofuranosyl)-5-iodocytosine,5,6 which are potent antiviral
agents, while 2′,2′-difluorocytidine (gemcitabine) shows anticancer
activity.7 Corresponding “purine” nucleosides such as 4-amino-1-
(2-deoxy-2-fluoro-b-D-arabinofuranosyl)-1-H -pyrazolo[3,4-d ]-
pyrimidine 2c display significant activity against HBV (Hepatitis B
virus).8 The polymerase catalyzed synthesis of the 5′-triphosphates
of 2′-deoxy-2′-fluoroarabinonucleosides (2′F-araNTPs) has been
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reported and these compounds are accepted as substrates by
various DNA polymerases or have found application in in vitro
selection studies of DNA aptamers.9 The 2′F-araNA modification
is well suited to tune the physico-chemical and biological
properties of G-quartets.10


The higher electronegativity of the fluorine atom can alter
the conformational properties of the sugar residue by shifting
the conformational equilibrium of the pentofuranose moiety
to either the north or the south conformation as a function
of its position on the (sugar) ring, the stereochemistry, and
interactions with the neighboring atoms (substituents).11a,b Nev-
ertheless, the contribution of the electronic structure of the
heterocyclic base in conjunction with the electronegative sub-
stituent of the sugar moiety attracts attention. It was recog-
nized that 3-bromo-1-(2-deoxy-2-fluoro-b-D-arabinofuranosyl)-
1-H-pyrazolo[3,4-d]pyrimidine-4,6-diamine12a having a nitrogen
atom placed next to the glycosylation site, shows rather unique
conformational properties when compared to the corresponding
purine 2′-deoxyribonucleoside12b with a 100% population of the
N-conformer.


Recently, we reported on the pH-dependent duplex stability of
oligonucleotides containing 6-aza-2′-deoxyuridine 1a.13 Because
of the pKa value of the 6-azauracil moiety (6.5), the strength of the
base pair and the resulting oligonucleotide duplex stability are pH-
dependent. At neutral pH value the duplexes are already partially
deprotonated at the modified base leading to destabilization of
the “dA–dT” base pair. The related 8-aza-7-deaza-2′-deoxy-2′-
fluoroarabinoadenosine 2c does not show such properties al-
though it favours the N-conformation. This manuscript reports on
the stereoselective synthesis of the 6-azapyrimidine 2′-deoxy-2′-
fluoronucleosides 1c, 1d as well as the related pyrazolo[3,4-d]pyri-
midine 2′-deoxy-2′-fluoroarabinonucleoside 2c (2′F-ara-c7z8Ad),
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all with a fluorine atom at the 2′-position and a nitrogen placed
next to the glycosylation site. Oligonucleotides containing 1c
and 2c were synthesized. For this the phosphoramidite building
blocks 3b and 4 were prepared and employed in solid-phase
oligonucleotide synthesis (Scheme 1). The effect of the 2′-fluoro
substituent on the conformational properties and on the duplex
stability was determined and correlated with the structurally
related purine and pyrimidine 2′-deoxyribonucleosides 2a and 1a.


Results and discussion


1. Synthesis and properties of monomers


The convergent syntheses of a number of 2′-deoxy-2′-fluoro-b-
D-arabinofuranosyl nucleosides have already been reported.14,15


The preparation of the 6-aza-2′-deoxy-2′-fluoro-arabinofuranosyl
uracil 1c (6-aza-2′ F-ara-U; pyrimidine numbering is used
throughout the text; the systematic numbering is used in the
experimental section) started with the known 3,5-di-O-benzoyl-
2-deoxy-2-fluoro-a-D-arabinofuranosyl bromide 6 which was ob-
tained from the commercially available 1-O-acetyl-2,3,5-tri-O-
benzoyl-b-D-ribofuranose by a three-step procedure.16–18 This
was directly coupled to the persilylated 6-azauracil 5 in the
presence of CuI following the protocol of Freskos.19 This reaction
protocol led exclusively to the formation of the protected b-D-
nucleoside 7. Apparently, the stereochemical outcome of 2′-deoxy-


2′-fluoroarabinonucleoside formation follows a similar mechanism
to that of the 2′-deoxyribonucleoside.19,20 The protected compound
7 was deprotected with 0.2 M NaOMe in MeOH to afford
nucleoside 1c (Scheme 2).


Next, the corresponding 2′-deoxy-2′-fluororibonucleoside 1d
was prepared. Generally, 2′-deoxy-2′-fluoro-b-D-ribonucleosides
can be obtained by various routes: (i) by the fluorination of
an appropriate arabinonucleoside or anhydronucleoside;21 (ii) by
condensation of a 2-fluororibosugar halide with the hetero-
cyclic base;22 and (iii) by transglycosylation of 2′-deoxy-2′-
fluororibonucleosides with another nucleobase.23 We selected
route (i) by fluorinating the 6-azauracil arabinonucleoside 10.
The fluorination of arabinonucleosides undergoes SN2 displace-
ment with inversion of configuration when treated with diethy-
laminosulfur trifluoride (DAST) or with tetra-n-butylammonium
fluoride (TBAF).24,25


The arabinonucleoside 10 was obtained from the ribonucleoside
8 via the intermediate 2,2′-anhydro-6-azauridine 9. The 3′,5′-
hydroxyl groups of 8 were protected by using the Markiewicz
clamp (1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane; TIPDS) and
further treatment with methane sulfonyl chloride followed by
TBAF yielded compound 9. Next, the 3′,5′-hydroxyl groups
were selectively protected with 3,4-dihydropyran (DHP) in DMF,
followed by the opening of the anhydro ring with the help
of mild basic hydrolysis to form the protected 6-azauridine
arabinonucleoside 10. Compound 10 was then treated with DAST


Scheme 1 Structures of nucleosides and the corresponding phosphoramidites.


Scheme 2 Reagents and conditions: (i) CuI, CHCl3, overnight, r.t.; (ii) 0.2 M NaOMe–MeOH, 2 h, r.t.
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Scheme 3 Reagents and conditions: (i) 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPDS), pyridine, 5 h, r.t.; (ii) CH3SO2Cl, pyridine, 16 h, r.t.;
(iii) 1 M TBAF in THF, 2 h, r.t.; (iv) 3,4-dihydropyran, DMF, p-toluenesulfonic acid, 4 h, 0 ◦C; (v) 1 N NaOH, MeOH, 2 h, r.t.; (vi) DAST, pyridine,
CH2Cl2, −60 ◦C; (vii) pyridinium p-toluenesulfonate, EtOH, 3 h, 60 ◦C.


to give the intermediate 11 in 48% yield. Finally, the removal of
the THP groups from 11 with pyridinium p-toluenesulfonate gave
the desired nucleoside 1d (Scheme 3).


More recently, we have reported on the synthesis of 4-amino-
1-(2-deoxy-2-fluoro-b-D-arabinofuranosyl)-1-H-pyrazolo[3,4-d]-
pyrimidine 2c8 (systematic numbering is used). In this method the
glycosylation of 4-methoxypyrazolo[3,4-d]pyrimidine 12 with 3,5-
di-O-benzoyl-2-deoxy-2-fluoro-a-D-arabinofuranosyl bromide (6)
in the presence of DBU resulted in the formation of a mixture
of the a-D and b-D-anomers of N1- and N2-glycosides (94%,
overall yield) with 45% of the desired N1-b-D-anomer. Because
of the unsatisfactory stereochemical outcome of the above
method, here, we used an improved protocol. The condensation
of 4-methoxypyrazolo[3,4-d]pyrimidine 12, which was performed
with the halogenose 6 in MeCN in the presence of powdered
KOH and TDA-1 (tris[2-(2-methoxyethoxy)ethyl]amine) at r.t.,
afforded the desired N1-b-D-nucleoside 13 (50%) along with
the 3′-debenzoylated derivative 14 (9%) and a trace amount of
the N2-b-D-regioisomer 15 (7%). Deprotection of compounds
13 and 14 with 25% aqueous ammonia resulted in the removal
of the benzoyl groups and a simultaneous conversion of the
4-methoxy substituent to an amino group yielding 2c. When
the deprotection was performed in NaOMe–MeOH, it gave the
methoxy nucleoside 16 (Scheme 4).


2. Spectroscopic data


The structures of all synthesized compounds were characterized by
1H, 13C and 19F NMR spectra (Table 1 and 2) as well as by elemental
analysis. In the case of 1c the configuration of the fluorine atom
was assigned as b-D, as it was proven by single crystal X-ray
analysis26 and was in accordance with the fixed stereogenic centers


of the sugar halide not involved in the glycosylation reaction. To
confirm the configuration of the fluorine atom at the 2′-position
in 1d, a 1H-NMR NOE spectrum was measured. Irradiation of
H-1′ resulted in NOE effects at H-4′ (1%) and OH-3′ (4.7%);
irradiation of H-3′ gave NOE at H-(2′-b) (3.2%). Based on the
spatial relationships of the H-atoms the position of fluorine is
assigned as a-D (2′-F down). The assignment of the 13C NMR
chemical shifts of the base moieties in nucleosides 1c, 1d and 2c was
made according to the previous reports of related compounds.13,27


The 19F NMR spectra of 2′-deoxy-2′-fluoroarabino ortho-aza
nucleosides differ substantially from those of other 2′-deoxy-2′-
fluoroarabinonucleosides. The fluorine signal in the 19F NMR
spectra of 1c, 2c and its derivatives forms a doublet of doublets
(geminal H2′–F and vicinal H3′–F couplings) and not a doublet of
two doublets as a result of an additional vicinal H1′–F coupling.
It implies that there is only one vicinal H–F coupling observed.
Similar behaviour was also found in other ortho-aza nucleosides
such as 3-bromopyrazolo[3,4-d]pyrimidine 2′-deoxy-2′-fluoro-b-
D-arabinonucleosides.12a


3. Nucleoside conformation


It has been noticed previously, that the N–S pseudorotational equi-
librium of the sugar moieties of nucleosides is driven by various
gauche and anomeric effects. The anomeric effect depends on the
electronic nature of the heterocyclic base and can drive the sugar
moiety of b-D-nucleosides toward the N-type conformers.28–30


We have already studied the conformational properties of the
azapyrimidine nucleosides 1c, 1d31a,b and the azapurine nucleoside
2c in solution by applying the PSEUROT program (version 6.3).32


The use of both 3JH,H, 3JH,F coupling constants and semi-empirical
calculations using the HyperChem 7.0 program (Hypercube Inc.,
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Scheme 4 Reagents and conditions: (i) MeCN, TDA-1 (= tris[2-(2-methoxyethoxy)ethyl]amine), KOH, 30 min, r.t.; (ii) 0.2 M NaOMe–MeOH, 2 h, r.t.;
(iii) NH3 in H2O–dioxane (4 : 1), 24 h, 90 ◦C.


Table 1 1H NMR data of 2′-deoxy-2′-fluoro nucleosides measured in DMSO-d6 at 298 K


Chemical shifts, dTMS/ppm Coupling constants/Hz


Sugar 3J(H,H) 3J(H,F)


H-1′ H-2′ H-3′ H-4′ H-5′ 1′,2′ 2′,3′ 3′,4′ 1′,F 3′,F Others


7 6.58 d 5.82 dt 6.06 m 4.65–4.68 m 4.48–4.52 m 6.7 7.5 7.8 <1.0 18.8 7.43–8.04 (s, 1 H, 5-H; m, 10 H, arom.); 12.43
(s, 1 H, NH).


1c 6.40 d 5.28 dt 4.33 m 3.62–3.69 m 3.52–3.54 m 7.0 7.0 7.3 <1.0 18.3 4.76 (t, 1 H, 5′-OH); 5.79 (br d, 1 H, 3′-OH);
7.6 (s, 1 H, 5-H); 12.33 (s, 1 H, NH).


11 6.16 d 5.20 dd 4.27 m 4.07–4.15 m 3.69 m <1.0 — — 20.65 24.1 4.55, 4.1, 1.5 (m, 18 H, THP); 7.58 (s, 1 H,
5-H); 12.33 (s, 1 H, NH).


1d 6.07 d 5.08 dd 4.23 m 3.80–3.65 m 3.60 m <1.0 3.9 7.8 20.73 23.5 7.55 (s, 1 H, 5-H); 12.13 (s, 1 H, NH).
2c 6.60 d 5.40 dt 4.74 m 3.80 m 3.78 m 6.3 6.97 6.8 <1.0 18.0 4.84 (br t, 5′-OH); 5.86 (br d, 3′-OH); 7.80 (br


dd, NH2); 8.20 (s, H-3, H-6).
17 6.50 d 5.28 dt 4.38 m 4.01 m 3.20 m 6.5 7.0 7.2 <1.0 18.9 3.72 (s, 6 H, OMe); 5.77 (br d, 3′-OH);


6.81–7.39 (s, 1 H, 5-H; m, 13 H, arom.).
18 6.42 d 5.34 dt 4.40 m 3.74 m 3.53–3.69 m 6.6 7.1 7.0 <1.0 19.2 3.71 (s, 3 H, OMe); 4.78 (t, J = 5.75, 5′-OH);


5.83 (br d, J = 5.45, 3′-OH); 7.13–8.00 (s, 1H,
5-H; m, 4 H, arom.).


19 6.47 d 5.27 dt 4.40 m 3.92 m 3.16–3.26 m 6.6 7.0 6.9 <1.0 19.3 3.73 (s, 9 H, OMe); 5.89 (br d, J = 5.55,
3′-OH); 6.86–8.00 (s, 1 H, 5-H; m, 17 H,
arom.).


20 6.76 d 5.42 dt 4.68 m 3.79 m 3.60–3.67 m 6.3 6.6 6.4 <1.0 19.7 1.05–1.17 (d, 6 H, 2Me); 2.86–2.94 (m, 1 H,
CH); 4.79 (t, 1 H, J = 5.30, 5′-OH); 5.85 (d,
1 H, J = 5.72, 3′-OH); 8.57 (s, 1 H, 3-H); 8.69
(s, 1 H, 6-H); 1.29 (s, 1 H, NH).


21 6.71 d 5.46 dt 4.85 m 3.99 m 3.15 m — 6.9 6.5 <1.0 18.0 1.06–1.17 (d, 6 H, 2Me); 2.88–2.98 (m, 1 H,
CH); 5.88 (d, 1 H, J = 5.50, 3′-OH);
6.75–7.31 (m, 13 H, arom.); 8.46 (s, 1 H, 3-H);
8.71 (s, 1 H, 6-H); 11.32 (s, 1 H, NH).


Gainesville, FL, USA, 2001) permits31a a detailed conformational
analysis of the pentofuranose ring. The input contained the fol-
lowing coupling constants: 3J(H1′,H2′), J(H2′,H3′), J(H3′,H4′),
J(H1′,F), J(H3′,F). They were taken from the well resolved 1H
NMR spectra measured in D2O. The results of semi empirical
calculations (PM3)31a are in good agreement with the X-ray
data. Recently, Chattopadhyaya and co-workers have developed
a new Karplus-type relationship between vicinal proton–fluorine


coupling constants and the corresponding H–C–C–F torsion
angles. Correction terms for substituent electronegativity and for
the H–C–C (aHCC) and F–C–C (aFCC) bond angle deviations from
tetrahedral values33 are also implemented. This protocol is not
used in the present study.


In order to understand the effect of the 2′-fluoro substituent as
well as the heterocyclic base on the conformational properties, a
series of related purine and pyrimidine nucleosides were compared


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 596–607 | 599







Table 2 13C NMR data of nucleosides in DMSO-d6


Chemical shifts, dTMS/ppm


Base Sugar


C(2)a C(4)a C(5)a C(6)a C(7)a


(C-6)b (C-7a)b (C-3a)b (C-4)b (C-3)b C-1′ (2JF, C) C-2′ (1JF, C) C-3′ (2JF, C) C-4′ (3JF, C) C-5′ Others


7 148.1 156.0 136.8 — — 81.4 (17.2) 92.1 (198.7) 74.9 (22.2) 76.4 (9.7) 64.2
1c 148.3 156.2 136.2 — — 81.1 (17.0) 95.1 (196.2) 72.3 (20.1) 82.1 (10.1) 62.3
9 160.0 164.5 142.2 — — 90.3c 89.9c 75.2 89.3c 60.9
10 148.4 156.3 135.5 — — 84.3 80.7 74.7 80.3 61.3 98.1, 68.5, 61.2, 30.3,


24.9, 18.9 -THP
11 148.6 157.4 137.6 — — 88.8 (34.6) 94.1 (184.0) 76.8 (16.2) 80.3 (10.1) 62.3 98.7, 66.7, 62.0, 30.8,


25.7, 19.7 -THP
1d 148.0 156.6 136.6 — — 87.5 (34.6) 93.8 (182.2) 68.9 (16.3) 83.1 61.1
18 146.7 154.1 136.1 — — 81.7 (17.04) 95.1 (196.5) 72.3 (19.81) 82.34 (11.0) 62.3 56.42 -OCH3


19 146.6 154.0 135.9 — — 81.77 (17.4) 95.0 (195.9) 72.4 (20.18) 80.1 (11.3) 64.1 56.42, 55.01 -OCH3


2c 156.3 154.5 99.9 158.1 133.7 80.4 (18.0) 95.1 (196.3) 72.26 (20.06) 82.25 (10.7) 62.5
20 155.1 152.3 103.3 155.5 137.5 80.33 (17.7) 95.05 (196.34) 72.28 (19.87) 82.35 (10.7) 62.5 34.4 -CH; 19.1, 19.07


-(CH3)2


21 155.1 152.3 103.3 155.6 137.4 80.2 (18.0) 94.84 (197.2) 72.35 (19.9) 85.23 64.3 54.9 -OCH3, 34.4 -CH;
19.1, 19.07 -(CH3)2


a Pyrimidine numbering or purine numbering. b Systematic numbering of the purine base. c Tentative.


which are compiled in Scheme 5. The top row formulas show a se-
ries of 2′-deoxyribonucleosides (dU,34 dA,351a13 and 2a35) and their
conformer populations; the lower row shows the corresponding 2′-
fluoroarabinonucleosides (2′F-ara-U5Et,362b,37,38 1c and 2c31a,b).


The introduction of a fluorine atom in the 2′-arabino config-
uration of the nucleoside moiety enhances the population of the
N-conformers (dU = 30% → 2′F-ara-U5Et = 44%), (dA = 28% →
2′F-ara-A, (2b) = 58%). From Scheme 5, it can be concluded that
this effect is more predominant in the case of nucleosides with
an extra ring nitrogen atom placed next to the glycosylation site.
The N–S equilibrium in the case of the 2′-deoxyribonucleoside of
6-azapyrimidine 1a shows an N-conformer population of 58%,


while the 2′-fluoro derivative 1c (2′F-ara “up”) shows a 100%
N-conformer population (6-aza-dU (1a) = 58% → 6-aza-2′F-
ara-U (1c) = 100%). A similar situation is observed for the
azapurine nucleoside 2c (c7z8Ad, (2a) = 37% N → 2′F-ara-c7z8Ad,
(2c) = 78% N; purine numbering is used). It was suggested
that these differences are connected with the stronger anomeric
effect caused by the 6-azauracil base compared to that of the
uracil moiety. The same effect is observed in the pyrazolo[3,4-
d]pyrimidine base compared to that of the purine base. The 6-
aza-2′-fluororibonucleoside 1d with the fluoro substituent in the
ribo configuration shows a 98% N-conformer population31b being
similar to that of 2′F-ribo-U with 89% N-conformer (Scheme 5).


Scheme 5 Conformer population of 2′-deoxy and 2′-fluoro nucleosides.
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The gauche effect of the 2′-F “up” and the 3′-OH is considered to
be a contributing factor in driving the conformation towards N;
it is not the case for the ribo analogue (2′-F “down”).


The conformational properties of 1c were also studied by X-
ray analysis. In the single-crystal of the nucleoside 1c26 the sugar
moiety adopts the N conformation with a torsion angle of the
glycosylic bond in the anti range (v = −125.37 (13)◦; (3T 2) with
P = 359.2◦ and sm = 31.4) similar to that found in solution.
The gauche effect between the O4′ and the extra nitrogen in the
heterocyclic ring is variable and controlled by the gycosylic bond
torsional angle.


This places the O4′ and N6 in a perfect gauche position in
both the N and the S conformations. However, only in the N
conformation is a clash between the 2′-F “up” and N6 avoided,
while in the S conformation the 2-oxo group of the base clashes
with the 2′-F “up” substituent.


4. Nucleobase protection and phosphoramidite synthesis


In order to study the influence of the 2′-fluoro substituent as
well as an additional ring nitrogen atom in the nucleobase,
oligonucleotides containing 1c and 2c were prepared. For that
the phosphoramidite building blocks 3b and 4 were synthesized
and employed in solid-phase oligonucleotide synthesis. Initial
experiments using the unprotected nucleoside 1c for phospho-
ramidite synthesis failed (Scheme 6). The phosphitylation of 17
with chloro-(2-cyanoethoxy)-N,N-diisopropylaminophosphine in
CH2Cl2 at r.t. afforded the phosphoramidite 3a (TLC-monitoring).
However, its chromatographical purification was cumbersome due
to its degradation into unresolved products (Scheme 6). We also
observed this phenomenon for the related 6-aza-2′-deoxyuridine
phosphoramidite building block.13 As we reasoned that this
behaviour results from the lactam moiety, the pKa value of 1c was
determined by spectrophotometric titration39 and was found to be


the same as that of 1a (pKa = 6.8). These values are significantly
lower when compared to that of 2′-deoxyuridine (pKa = 9.3).
Consequently, the protection of the lactam moiety was performed
employing the o-anisoyl group by using the protocol of transient
protection.40 For that Et3SiCl was employed in the presence of
pyridine to protect the sugar hydroxyls. Then, the acylating reagent
was added in pyridine solution. The silyl groups were removed
by treatment with 5% trifluoroacetic acid in dichloromethane–
methanol (7 : 3) to yield 18. The N-3 anisoyl protected nucleoside
18 was further converted into the DMT derivative 19, later it
was transformed into the phosphoramidite building block 3b
(Scheme 6) which was used for the oligonucleotide synthesis.


Next, the phosphoramidite of the pyrazolo[3,4-d]pyrimidine
nucleoside 2c was synthesized. The amino group of 2c was
protected with an isobutyryl residue using the protocol of transient
protection.41 The protected 20 was then converted into the DMT
derivative 21 and further transformed into the phosphoramidite
4 under standard conditions (Scheme 7). The structures of all
protected compounds were characterized by 1H, 13C and 19F NMR
spectroscopy as well as by elemental analysis. The 31P NMR
spectra of 3b and 4 show a four-bond coupling between the P-
3′ and F-2′.


5. Synthesis, base pairing and duplex stability of oligonucleotides


Oligonucleotide synthesis was carried out on solid phase with an
ABI 392-08 synthesizer at a 1 lmol scale employing the synthesized
phosphoramidites 3b, 4 as well as standard building blocks. The
coupling yields were always higher than 95%. The synthesis
of oligonucleotides was performed by employing the DMT-on
mode. After cleavage from the solid support, the oligomers were
deprotected in 25% aqueous ammonia solution for 14–16 h at
60 ◦C. The purification of the 5′-dimethoxytritylated oligomers
was carried out by reversed-phase HPLC (see experimental part).


Scheme 6 Reagents and conditions: (i) DMTr-Cl, pyridine, r.t.; (ii) iPr2NP(Cl)OCH2CH2CN, iPr2EtN, CH2Cl2, 30 min, r.t.; (iii) Et3SiCl, pyridine,
o-anisoyl chloride, 5% CF3COOH (CH2Cl2–MeOH 70 : 30) r.t.
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Scheme 7 Reagents and conditions: (i) Me3SiCl, isobutyric anhydride, pyridine, 4 h, r.t.; (ii) DMTr-Cl, pyridine, r.t.; (iii) iPr2NP(Cl)OCH2CH2CN,
iPr2EtN, CH2Cl2, 30 min, r.t.


The molecular masses of the oligonucleotides were determined
by MALDI-TOF Biflex-III mass spectrometry (Bruker Saxonia,
Leipzig, Germany) with 3-hydroxypicolinic acid (3-HPA) as a
matrix. The detected masses were identical with the calculated
values (see experimental part, Table 5).


To evaluate the combined effect of 2′-fluoro substitution and the
presence of a ring nitrogen placed next to the glycosylation site of
the nucleosides 1c and 2c on the duplex stability, hybridization
experiments were performed using the oligonucleotide duplex 5′-
d(TAGGTCAATACT)-3′ 22 and 3′-d(ATCCAGTTATGA) 23 as
a reference. The replacement of dT in one strand of the duplex
by the 6-aza-2′-deoxy-2′-fluoroarabinouracil 1c results in a DTm


of −13 ◦C (22·25) when paired with dA (Scheme 8), while its 2′-
deoxyribonucleoside analogue 1a shows less of a decrease with a
DTm of only −5 ◦C (22·26). This effect is substantial when all the
dT residues in one strand are replaced by 1c (22·24) (Table 3).


Scheme 8 Face to face base pair motif of dA–1c.


Earlier, we anticipated that the low pKa value of 1a (pKa =
6.8) has an unfavourable effect on the base pair stability. This
is now also suggested for the nucleoside 1c. At neutral pH the
6-azapyrimidine nucleoside molecule predominantly exists as a
negatively charged species. As this withstands base pair formation
the anion is generating a mismatch. At pH values below 7.0 a
proton is delivered from the solution leading partially or totally
to the expected base pair thereby enhancing the Tm value of
duplex melting. In order to confirm this, the duplex stability of the
modified oligonucleotides containing 1c and 1a was determined
at two different pH values (Table 3). At pH 6.0 an increase in
the Tm of 5 ◦C for one incorporation of 1c (22·25) and 10 ◦C for
four incorporations of 1c (from 20 ◦C to 30 ◦C) was observed,
when compared with Tm values measured at pH 7.0. Duplexes
containing 6-aza-2′-deoxyuridine 1a instead of the fluoro analogue


Table 3 Tm Values of oligonucleotide duplexes containing regular and
base-modified nucleosides at different pH valuesa


pH 7.0 pH 6.0


Duplex Tm/◦C DTm/◦C Tm/◦C DTm/◦C


5′-d(TAG GTC AAT
ACT)-3′ (22)


50 — 51 —


3′-d(ATC CAG TTA
TGA)-5′ (23)


5′-d(TAG GTC AAT
ACT)-3′ (22)


20 −30 30 −21


3′-d(A1cC CAG 1c1cA
1cGA)-5′ (24)


5′-d(TAG GTC AAT
ACT)-3′ (22)


37 −13 42 −9


3′-d(ATC CAG 1cTA
TGA)-5′ (25)


5′-d(TAG GTC AAT
ACT)-3′ (22)


45 −5 48 −3


3′-d(ATC CAG 1aTA
TGA)-5′ (26)


5′-d(TAG G1aC AA1a
ACT)-3′ (27)


28 −22 38 −13


3′-d(A1aC CAG TTA
1aGA)-5′ (28)


5′-d(TAG GTC 2cAT
ACT)-3′ (29)


49 −1 49 −2


3′-d(ATC CAG TTA
TGA)-5′ (23)


a Measured at 260 nm in 1M NaCl, 100 mM MgCl2 and 60 mM Na-
cacodylate (pH 7.0 and 6.0) with a 5 lM single-strand concentration.


1c show higher Tm values and smaller pH-dependent changes.
Although the pKa values of lactam deprotonation are the same for
1a (6.8) and 1c (6.8) the pH-dependent duplex stability is different.
Other factors such as stacking interactions and changes in the
populations of protonated and non-protonated bases within the
duplex might be of importance.


The results obtained from the fluorinated 6-azapyrimidine
nucleoside prompted us to study the above effects on “purine”
arabinonucleoside 2c with a 2′-fluoro substituent in the “up”
position. From previous reports, it was known from oligonu-
cleotides containing 2′F-ara-A; 2b and 9-(2-deoxy-2-fluoro-b-D-
arabinofuranosyl) guanine (2′F-ara-G) that they do not have
much influence on the stability of DNA and RNA.37 Here,
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we studied the effect of 2′-deoxy-2′-fluoro-b-D-arabinofuranosyl
pyrazolo[3,4-d]pyrimidine (2c). For that purpose oligonucleotides
containing 2c were prepared by replacing dA in the standard
sequences (Table 4). One incorporation of 2c leads to a stable
duplex (29·23) with a Tm of 49 ◦C, and the replacement of four dA
residues by 2c (30·23) does not change this value (Table 4). These
results clearly demonstrate that 2c has no significant influence on
the duplex stability as almost similar results were found for the 2′-
deoxyribonucleoside 2a indicating that the presence of a 2′-fluorine
atom within the 8-azapurine nucleoside 2c does not change the
base pair and duplex stability (Scheme 9). Next, the effect of
such a modification on the stability of DNA–RNA hybrids was
studied. The standard DNA–RNA hybrid (22·34) shows a Tm =
48 ◦C, whereas four modifications with 2c result in a DTm value of
−3 ◦C (30·34) which is lower than that for the DNA–DNA duplex.
Even though nucleoside 2c has a high N-conformer population
similar to that of 1c, surprisingly we observed stable DNA–DNA
duplexes and less stable DNA–RNA hybrids for oligonucleotides
incorporating 2c. Also a dependence of the duplex stability on pH
value is not observed for 2c (29·23; Table 3) as was found for the
corresponding pyrimidine nucleosides.


Scheme 9 Face to face base pair motif of 2c–dT.


Conclusions


Oligonucleotides containing 6-azapyrimidine- or 8-aza-7-deaza-
purine 2′-deoxy-2′-fluoroarabinonucleosides 1c, 2c were synthe-
sized using the phosphoramidite building blocks 3b and 4 by
employing solid-phase synthesis. The nucleosides 1c, 2c as well
as the 2′-deoxy-2′-fluoro ribofuranosyl nucleoside 1d were either
prepared by convergent stereoselective synthesis or by nucleoside
transformation. A fluoro substituent in the 2′-’up” position drives
the sugar conformation towards a higher N-population (dU =
30% → 2′F-ara-U5Et = 44%; dA = 28% → 2′F-ara-A, 2b = 58%).
A combination of a 2′-fluoroarabino substituent and a nitrogen
placed next to the glycosylation site drives the N-conformation
near to 100% (1c = 100% and 2c = 78%). The destabilization
found for duplexes incorporating 1c is caused by the deprotonation
of the nucleobase as well as the fluoro substitution, which is
clearly evidenced from the higher Tm values of the 2′-deoxyribo
counterpart 1a. In the case of purine nucleoside 2c we observed
no negative influence of the 2′-F substituent and the 8-aza-
modification on the duplex stability of oligonucleotides. Even
though nucleoside 2c has a high N-conformer population similar
to that of 1c, surprisingly more stable DNA–DNA duplexes were
formed than DNA–RNA hybrids.


Table 4 Tm Values of DNA–DNA and DNA–RNA duplexes containing
regular and base-modified nucleosides 2c, 2a and 1ca


Duplex Tm/◦C
DG◦


310/
kcal mol−1 DTm/◦C


5′-d(TAG GTC AAT ACT)-3′ (22) 50 −11.8 —
3′-d(ATC CAG TTA TGA)-5′ (23)


5′-d(TAG GTC 2cAT ACT)-3′ (29) 49 −11.0 −1
3′-d(ATC CAG TTA TGA)-5′ (23)


5′-d(T2cG GTC 2c2cT 2cCT)-3′ (30) 49 −11.0 −1
3′-d(ATC CAG TTA TGA)-5′ (23)


5′-d(TAG GTC A2aT ACT)-3′ (31) 51 −12.1 +1
3′-d(ATC CAG TTA TGA)-5′ (23)


3′-d(ATC C2aG TT2a TGA)-5′ (32) 50 −11.6 0
5′-d(T2aG GTC AAT 2aCT)-3′ (33)


5′-d(TAG GTC 2cAT ACT)-3′ (29) 37 −8.1 −13
3′-d(ATC CAG 1cTA TGA)-5′ (23)


5′-d(TAG GTC AAT ACT)-3′ (22) 48 −10.8 —
3′-r(AUC CAG UUA UGA)-5′ (34)


5′-d(T2cG GTC 2c2cT 2cCT)-3′ (30) 45 −10.4 −3
3′-r(AUC CAG UUA UGA)-5′ (34)


a Measured at 260 nm in 1M NaCl, 100 mM MgCl2 and 60 mM Na-
cacodylate at pH 7.0 with a 5 lM single-strand concentration.


Experimental


General


All chemicals were purchased from Acros, Aldrich, Sigma, or
Fluka (Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany).
Solvents were of laboratory grade. Thin layer chromatography
(TLC): aluminium sheets, silica gel 60 F254, 0.2 mm layer (VWR
International, Darmstadt, Germany). Column flash chromatogra-
phy (FC): silica gel 60 (VWR International, Darmstadt, Germany)
at 0.4 bar; sample collection with an UltroRac II fraction collector
(LKB Instruments, Sweden). UV spectra: U-3200 spectrometer
(Hitachi, Tokyo, Japan); kmax (e) in nm. NMR spectra: Avance-
250 or AMX-500 spectrometers (Bruker, Karlsruhe, Germany), at
250.13 MHz for 1H and 13C; d in ppm relative to Me4Si as internal
standard, or external standard CFCl3 for 19F, or external standard
85% H3PO4 for 31P. The J values are in Hz. Elemental analyses were
performed by Mikroanalytisches Laboratorium Beller (Göttingen,
Germany). The melting curves were measured with a Cary-1/3
UV–vis spectrophotometer (Varian, Australia) equipped with a
Cary thermoelectrical controller. The temperature was measured
continuously in the reference cell with a Pt-100 resistor, and the
thermodynamic data of duplex formation were calculated by the
Meltwin 3.0 program.42a,b


Synthesis, purification and characterization of oligonucleotides


The oligonucleotide synthesis was performed on a DNA syn-
thesizer, model ABI 392–08 (Applied Biosystems, Weiterstadt,
Germany) at a 1lmol scale using the phosphoramidites and fol-
lowing the synthesis protocol for 3′-cyanoethyl phosphoramidites
(users’ manual for the 392 DNA sythesizer, Applied Biosystems,
Weiterstadt, Germany). The coupling efficiency was always higher
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Table 5 Molecular masses [M + H]+ of oligonucleotides measured by
MALDI-TOF mass spectrometry


Oligonucleotide [M + H]+ (calc.) [M + H]+ (found)


5′-d(TAG GTC AAT ACT)-3′ (22) 3645.4 3645
5′-d(AGT ATT GAC CTA)-3′ (23) 3645.4 3645
5′-d(AG1c A1c1c GAC C1cA)-3′ (24) 3665.3 3665
5′-d(AGT AT1a GAC CTA)-3′ (26) 3631.7 3631
5′-d(TAG G1aC AA1a ACT)-3′ (27) 3619.3 3619
5′-d(AG1a ATT GAC C1aA)-3′ (28) 3619.3 3619
5′-d(TAG GTC 2cAT ACT)-3′ (29) 3661.4 3662
5′-d(T2cG GTC 2c2cT 2cCT)-3′ (30) 3716.4 3716


than 95%. After cleavage from the solid support the oligonu-
cleotides were deprotected with 25% aqueous NH3 for 14–16 h
at 60 ◦C. The purification of the 5′-O-(dimethoxytrityl)oligomers
was carried out on reversed-phase HPLC (Merck–Hitachi-HPLC:
250 × 4 mm RP-18 column) with the following gradient system
[A: 0.1M (Et3NH)OAc (pH 7.0)–MeCN 95 : 5 and B: MeCN];
gradient: 3 min 20% B in A, 12 min 20–50% B in A and 25 min
20% B in A with a flow rate of 1 ml min−1. The purified ‘trityl-
on’ oligonucleotides were treated with 2.5% dichloroacetic acid
in CH2Cl2 for 5 min at 0 ◦C to remove the 4,4′-dimethoxytrityl
residues. The detritylated oligomers were purified again by
reversed-phase HPLC (gradient: 0–20 min 0–20% B in A, flow
rate 1 ml min−1). The oligomers were desalted on a short column
(RP-18, silica gel) and lyophilized on a Speed-Vac evaporator to
yield colorless solids which were frozen at −24 ◦C.


The molecular masses of the oligonucleotides were determined
by MALDI-TOF Biflex-III mass spectrometry (Bruker Saxonia,
Leipzig, Germany) with 3-hydroxypicolinic acid (3-HPA) as a
matrix. The detected masses were identical with the calculated
values (Table 5).


1-Bromo-2-deoxy-2-fluoro-3,5-di-O-benzoyl-a-D-arabinofuranose
(6)16–18


To a solution of 1,3,5-tri-O-benzoyl-2-deoxy-2-fluoro-a-D-arabino-
furanose (1.0 g, 2.15 mmol) in CH2Cl2 (6.0 ml), 30% solution of
HBr in acetic acid (1.2 ml) was added, and the reaction mixture
was stirred at r.t. for 16 h, and evaporated to dryness. The oily
residue was redissolved in CH2Cl2 (20 ml), then washed with
water (10 ml) and then with aqueous saturated NaHCO3 solution
(10 ml), dried over Na2SO4, and concentrated to a viscous syrup
which was further dried under high vacuum for 18 h at r.t. The
colourless syrup 6 (0.86 g, 95%) was used in the next step without
purification.


2-(2-Deoxy-2-fluoro-3,5-di-O-benzoyl-b-D-arabinofuranosyl)-
1,2,4-triazin-3,5(2H ,4H)-dione (7)


A suspension of 6-azauracil (0.35 g, 3.09 mmol), hexamethyld-
isilazane (HMDS) (1.2 ml) and chlorotrimethylsilane (TMSCl)
(0.11 ml) was heated to reflux (170 ◦C) under anhydrous conditions
for 3 h. The excess amount of HMDS–TMSCl was removed
by distillation in vacuo. The residual oil solidified upon storage
in vacuo to furnish 5 (0.77 g, 2.98 mmol). A mixture of 6 (0.93 g,
2.01 mmol) and 5 (0.61 g, 2.4 mmol) in dry chloroform (9 ml) was
stirred at r.t. under argon, CuI (0.5 g, 2.6 mmol) was added to
the solution and stirred for 24 h at r.t. The reaction was quenched


by addition of saturated aqueous NaHCO3 (15 ml), stirring was
continued for 15 min and the reaction mixture was filtered through
a pad of celite. The CHCl3 layer was separated, washed with
saturated aqueous NaCl (50 ml), dried (Na2SO4), concentrated,
and then applied to FC (silica gel, column 10 × 3 cm, eluted with
petroleum ether–EtOAc, 2 : 1) to yield the title compound 7 as a
colorless foam (0.72 g, 67%) (found: C, 58.22; H, 3.84; N, 9.21%.
C22H18FN3O7 requires C, 58.02; H, 3.98; N, 9.23%); TLC (silica
gel, petroleum ether–EtOAc, 2 : 1): Rf 0.33; kmax(MeOH)/nm 263
(e/dm3 mol−1 cm−1 7 000).


2-(2-Deoxy-2-fluoro-b-D-arabinofuranosyl)-1,2,4-triazin-
3,5(2H ,4H)-dione (1c)


Compound 7 (0.21 g, 0.46 mmol) was suspended in NaOMe–
MeOH (0.2 N, 20 ml), and the solution was stirred at r.t. for 2 h.
The solution was neutralized (Dowex-50 H+-form) and filtered.
The resin was washed with MeOH, and the combined filtrate was
concentrated and applied to FC (silica gel, column 10 × 3 cm,
eluted with CH2Cl2–MeOH, 9 : 1) furnishing 1c as a colorless solid
(0.10 g, 88%) (found: C, 38.68; H, 4.06; N, 16.76%. C8H10FN3O5


requires C, 38.87; H, 4.08; N, 17.00%); TLC (silica gel, CH2Cl2–
MeOH, 9 : 1): Rf 0.42; kmax(MeOH)/nm 263 (e/dm3 mol−1 cm−1


5 900); dF (250 MHz; [d6]DMSO; Me4Si) −205.18 (dd, 2JF, H2′ =
53, 3JF, H3′ = 20 Hz).


2,2′-O-Anhydro(b-D-arabinofuranosyl)-1,2,4-triazin-3,5(2H ,4H)-
dione (9)


To a solution of compound 8 (2.02 g, 8.24 mmol) in pyridine
(36.8 ml) was added 1,3-dichloro-1,1,3,3-tetraisopropyl-disiloxane
(2.5 ml) and the mixture stirred at r.t. for 5 h. The solution
was then evaporated and the residue dissolved in EtOAc. This
was successively washed with cold aqueous NaHCO3, saturated
aqueous NaCl, then dried over Na2SO4, and evaporated to dryness.
The resulting foam was dissolved in pyridine (34 ml), and to this
solution methane sulfonyl chloride was added (0.8 ml) and the
mixture stirred for 16 h at r.t. After that H2O (2.6 ml) was added
to the reaction mixture, the solvents were removed by evaporation,
and the residue was dissolved in toluene. The organic phase was
extracted twice with 5% aqueous NaHCO3, dried over Na2SO4


and evaporated to dryness. Residual pyridine was co-evaporated
with toluene. The above residue was dissolved in THF (35 ml),
and to this solution 1M tetra-n-butylammonium fluoride in THF
(2.2 ml) was added and stirred at r.t. for about 2 h. The solvent
was removed by evaporation and the residue dissolved in H2O and
extracted with EtOAc. The aqueous phase was evaporated and
residual water was removed by co-evaporation with ethanol. The
residue was applied to FC (silica gel, column 15 × 3 cm, eluted
with CH2Cl2–MeOH, 4 : 1) furnishing 9 as a colorless solid (1.3 g,
70%) (found: C, 42.48; H, 3.90; N, 18.39%. C8H9N3O5 requires C,
42.30; H, 3.99; N, 18.50%); TLC (silica gel, CH2Cl2–MeOH, 8 : 2):
Rf 0.7; kmax (MeOH)/nm 256 (e/dm3 mol−1 cm−1 6 300) and 221
(7 100). dH (250.13 MHz; [d6]DMSO; Me4Si) 3.22–3.42 (2 H, m,
5′-H), 4.14 (1 H, m, 4′-H), 4.44 (1 H, m, 3′-H), 4.98 (1 H, ‘t’, J 4.9,
5′-OH), 5.28 (1 H, d, J 5.9, 2′-H), 5.92 (1 H, ‘t’, J 4.1, 3′-OH), 6.33
(1 H, d, J 5.9, 1′-H), 7.63 (1 H, s, 5-H).
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1-(3,5-Di-O-tetrahydropyran-2-yl-b-D-arabinofuranosyl)-1,2,4-
triazin-3,5(2H ,4H)-dione (10)


To a suspension of 9 (0.25 g, 1.10 mmol) in DMF (4.4 ml) and 3,4-
dihydropyran (2.64 ml) was added p-toluenesulfonic acid (0.2 g)
at 0 ◦C for 4 h, after which time a clear solution was obtained.
This was neutralized with Et3N and then evaporated to dryness.
The residue was redissolved in EtOAc, washed with saturated
NaHCO3 and the organic phase was dried over Na2SO4. Removal
of the solvent gave a residue which was triturated with hexanes and
filtered. The filter cake was washed with hexanes and dried to give
the protected compound as a white solid, which was suspended
in MeOH (4.5 ml) and 1 N NaOH (1.5 ml) and stirred at r.t.
for 2 h, then neutralized with dilute acetic acid. The mixture
was evaporated to dryness and the residue was applied to FC
(silica gel, 15 × 3 cm, eluted with CH2Cl2–MeOH, 98 : 2) to give
the title compound 10 as a colorless foam (0.32 g, 70%) (found:
C, 52.72; H, 6.59; N, 10.30%. C18H27N3O8 requires C, 52.29; H,
6.58; N, 10.16%); TLC (silica gel, CH2Cl2–MeOH, 95 : 5): Rf 0.6;
kmax(MeOH)/nm 266 (e/dm3 mol−1 cm−1 5 600); dH (250.13 MHz;
[d6]DMSO; Me4Si) 1.45–1.61 (12 H, m, H of THP), 3.36–3.92
(7 H, m, 5′-H, H of THP and 4′-H), 4.19 (1 H, m, 3′-H), 4.44 (m,
1 H, 2-′H), 4.57–4.74 (2 H, m, H of THP), 5.49 (1 H, d, J 5.9,
2′-OH), 6.18 (1 H, d, J 7.0, 1′-H), 7.59 (1 H, s, 5-H), 12.21 (1 H, s,
NH).


1-(2-Deoxy-2-fluoro-3,5-di-O-tetrahydropyran-2-yl-b-D-
ribofuranosyl)-1,2,4-triazin-3,5(2H ,4H)-dione (11)


To a stirred mixture of 10 (0.25 g, 0.60 mmol) in CH2Cl2 (3.6 ml)
and pyridine (0.6 ml) was added diethylaminosulfur trifluoride
(DAST) (0.30 g, 1.86 mmol) at −60 ◦C under N2. The resulting
mixture was slowly warmed to room temperature and then refluxed
for 4 h. The reaction was quenched with saturated NaHCO3 and
ice-water, then extracted with CH2Cl2, washed with saturated
NaHCO3 and dried over Na2SO4. Removal of the solvent gave
a dark-brown syrup. The residue was applied to FC (silica gel
column, 15 × 3 cm, eluted with CH2Cl2–MeOH, 99 : 1) to give
11 as a colorless foam (0.12 g, 48%) (found: C, 52.20; H, 6.24;
N, 10.06%. C18H26FN3O7 requires C, 52.04; H, 6.31; N, 10.12%);
TLC (silica gel, CH2Cl2–MeOH, 9 : 1): Rf 0.77; kmax (MeOH)/nm
261 (e/dm3 mol−1 cm−1 5 700); dF (250 MHz; [d6]DMSO; Me4Si)
−199.16 (dt, 2JF, H2′ = 52, 3JF, H3′ = 24, 3JF, H1′ = 21).


1-(2-Deoxy-2-fluoro-b-D-ribofuranosyl)-1,2,4-triazin-3,5(2H ,4H)-
dione (1d)


A solution of compound 11 (0.14 g, 0.34 mmol) in EtOH
(8.5 ml) was stirred with pyridinium p-toluene sulfonate (0.17 g,
0.67 mmol) at 60 ◦C for 3 h. The mixture was then evaporated and
the residue was applied to FC (silica gel column, 15 × 3 cm, eluted
with CH2Cl2–MeOH, 9 : 1) to give 1d as a colorless foam (72 mg,
87%) (found: C, 38.62; H, 4.24; N, 16.64%. C8H10FN3O5 requires
C, 38.87; H, 4.08; N, 17.00%); TLC (silica gel, CH2Cl2–MeOH,
9 : 1): Rf 0.37; kmax(MeOH)/nm 263 (e/dm3 mol−1 cm−1 5 300); dF


(250 MHz; [d6]DMSO; Me4Si) −202.50 (dt, 2JF, H2′ = 52, 3JF, H3′ =
24, 3JF, H1′ = 21).


Glycosylation of 4-methoxy-1H-pyrazolo-[3,4-d]pyrimidine (12)
with the sugar bromide 6


4-Methoxy-1H-pyrazolo-[3,4-d]pyrimidine (12)43 (0.2 g,
1.3 mmol) and KOH (0.36 g, 6.4 mmol) were suspended in
MeCN (20 ml) and stirred for 10 min at r.t. Then, the phase-
transfer catalyst TDA-1 (0.1 ml) was added, and stirring was
continued for another 10 min. A solution of bromide 6 (0.6 g,
1.42 mmol) in MeCN was added in 3 portions to the reaction
mixture during 10 min, and it was stirred for another 10 min and
filtered. The filtrate was evaporated to dryness, and the residue
was applied to FC (silica gel, column 15 × 3 cm, eluted with
petroleum ether–EtOAc). The fractions containing individual
compounds were combined to give the three compounds below in
the order of their elution.


1-(2-Deoxy-2-fluoro-3,5-di-O-benzoyl-b-D-arabinofuranosyl)-4-
methoxy-1H-pyrazolo[3,4-d]pyrimidine (13)


Colorless solid (0.33 g, 50.3%); TLC (silica gel, petroleum
ether–ethyl acetate, 2 : 1): Rf 0.63; kmax(MeOH)/nm 231
(e/dm3 mol−1 cm−1 31 000), which is identical to the compound
previously synthesized.8


2-(2-Deoxy-2-fluoro-3,5-di-O-benzoyl-b-D-arabinofuranosyl)-4-
methoxy-1H-pyrazolo[3,4-d]pyrimidine (15)


Colorless solid (45 mg, 6.8%); TLC (silica gel, petroleum
ether–ethyl acetate, 2 : 1): Rf 0.52; kmax(MeOH)/nm 222
(e/dm3 mol−1 cm−1 32 800), which is identical to that of a previous
report.8


1-(5-O-Benzoyl-2-deoxy-2-fluoro-b-D-arabinofuranosyl)-4-
methoxy-1H-pyrazolo[3,4-d]pyrimidine (14)


Colorless solid (45 mg, 8.7%) (found: C, 56.01; H, 4.69; N, 14.64%.
C18H17FN4O5 requires C, 55.67; H, 4.41; N, 14.43%); TLC (silica
gel, petroleum ether–ethyl acetate, 2 : 1): Rf 0.36; kmax(MeOH)/nm
230 (e/dm3 mol−1 cm−1 30 800); dF (250 MHz; [d6]DMSO; Me4Si)
−205.69 (dd, 2JF, H2′ = 53, 3JF, H3′ = 18).


2-[2-Deoxy-5-O-(4,4′-dimethoxytrityl)-2-fluoro-b-D-
arabinofuranosyl]-1,2,4-triazin-3,5(2H ,4H)-dione (17)


Compound 1c (0.37 g, 1.50 mmol) was suspended in anhydrous
pyridine (5 ml), 4,4′-dimethoxytrityl chloride (0.59 g, 1.78 mmol)
was added in portions and the mixture was stirred at r.t. for 3 h.
The reaction was quenched by the addition of MeOH and the
mixture was evaporated to dryness. The residue was dissolved in
CH2Cl2, washed with H2O and dried over Na2SO4. The organic
layer was co-evaporated with toluene and the residue was applied
to FC (silica gel, column 12 × 3 cm, eluted with CH2Cl2–MeOH,
9 : 1) furnishing 17 as a colorless foam (0.63 g, 76.5%). TLC
(silica gel, CH2Cl2–MeOH, 9 : 1): Rf 0.74; kmax (MeOH)/nm 233
(e/dm3 mol−1 cm−1 28 700), 267 (8 900).


2-(2-Deoxy-2-fluoro-b-D-arabinofuranosyl)-N 4-(2-
methoxybenzoyl)-1,2,4-triazin-3,5(2H ,4H)-dione (18)


Compound 1c (0.25 g, 1.01 mmol) was treated with triethylsilyl
chloride (0.44 ml, 2.62 mmol) in pyridine (1.6 ml) and stirred at
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r.t. for 30 min and then o-anisoyl chloride (0.3 ml, 2.01 mmol) was
added. After being stirred for 5 h, the mixture was evaporated then
co-evaporated with toluene to remove pyridine completely. The
oily residue was further treated with 5% CF3COOH in CH2Cl2–
CH3OH (7 : 3, 10 ml), stirred at r.t. for 1 h and evaporated. To this
residue 5% aqueous NaHCO3 was added and the mixture extracted
with CH2Cl2, the extract was dried over Na2SO4, evaporated and
the residue was applied to FC (silica gel, column 15 × 3 cm,
eluted with CH2Cl2–MeOH, 98 : 2). Evaporation of the main zone
afforded a colorless foam, which was recrystallized from MeOH
to give 18 as colorless crystals (0.29 g, 75%) (found: C, 50.10;
H, 4.20; N, 10.85; F, 4.60%. C16H16FN3O7 requires C, 50.40; H,
4.23; N, 11.02; F, 4.98%); TLC (silica gel, CH2Cl2–MeOH, 95 : 5):
Rf 0.29; kmax(MeOH)/nm 259 (e/dm3 mol−1 cm−115 200) and 324
(4 200); dF (250 MHz; [d6]DMSO; Me4Si) −205.18 (dd, 2JF, H2′ =
53, 3JF, H3′ = 20).


2-[2-Deoxy-5-O-(4,4′-dimethoxytrityl)-2-fluoro-b-D-
arabinofuranosyl]-N 4-(2-methoxybenzoyl)-1,2,4-triazin-
3,5(2H ,4H)-dione (19)


Compound 18 (0.25 g, 0.65 mmol) was suspended in anhydrous
pyridine (3.1 ml), 4,4′-dimethoxytrityl chloride (0.26 g, 0.78 mmol)
was added in portions and the mixture was stirred at room
temperature for 3 h. The reaction was quenched by the addition
of MeOH and the mixture was evaporated to dryness. The residue
was dissolved in CH2Cl2, washed with H2O and dried over
Na2SO4. The organic layer was co-evaporated with toluene and
the residue was applied to FC (silica gel, column 12 × 3 cm,
eluted with CH2Cl2–acetone, 9 : 1) furnishing 19 as a colorless
foam (0.27 g, 60%) (found: C, 65.32; H, 5.21; N, 5.97; F, 2.60%.
C37H34FN3O9 requires C, 65.00; H, 5.01; N, 6.15; F, 2.78%); TLC
(silica gel, CH2Cl2–acetone, 95 : 5): Rf 0.78; kmax(MeOH)/nm
260 (e/dm3 mol−1 cm−1 17 800) and 323 (3 400); dF (250 MHz;
[d6]DMSO; Me4Si) −205.53 (dd, 2JF, H2′ = 54, 3JF, H3′ = 19).


2-(2-Deoxy-2-fluoro-b-D-arabinofuranosyl)-N 4-(2-
methoxybenzoyl)-1,2,4-triazin-3,5(2H ,4H)-dione)
3′-(2-cyanoethyl diisopropylphosphoramidite) (3b)


A stirred solution of 19 (0.24 g, 0.35 mmol) in anhydrous CH2Cl2


(6 ml) was pre-flushed with argon and treated with (i-Pr)2EtN
(0.11 ml, 0.63 mmol) followed by 2-cyanoethyl diisopropyl phos-
phoramidochloridite (0.09 ml, 0.40 mmol) at r.t.. After 30 min, the
mixture was diluted with CH2Cl2 (20 ml), washed with 5% aqueous
NaHCO3 (10 ml), dried over Na2SO4, and evaporated to an oil.
The residue was applied to FC (silica gel, column 10 × 3 cm, eluted
with CH2Cl2–acetone–Et3N, 95 : 5: 0.2) to give compound 3b as
a colorless foam (0.19 g, 61%). TLC (silica gel, CH2Cl2–acetone,
95 : 5): Rf 0.85. dP (CDCl3) 152.59, 152.27.


2-(2-Deoxy-2-fluoro-b-D-arabinofuranosyl)-4-(isobutyrylamino)-
2H-pyrazolo[3,4-d]pyrimidine (20)


Compound 2c (0.15 g, 0.56 mmol) was repeatedly evaporated with
pyridine and suspended in pyridine (2.5 ml). Me3SiCl (0.34 ml)
was added and stirred for 15 min, followed by the addition of
isobutyric anhydride (1.45 ml) and stirring was continued for 4 h at
r.t. The reaction mixture was cooled in an ice-bath, and 0.5 ml H2O
was added. After 15 min, 0.5 ml 25% aqueous NH3 solution was


added, and the solution stirred for another 15 min. The solution
was evaporated to dryness, dissolved in 10 ml H2O, and extracted
with CH2Cl2 (3 × 15 ml). The organic layer was dried over Na2SO4,
evaporated and the residue was applied to FC (silica gel, column
15 × 3 cm, eluted with CH2Cl2–MeOH, 95 : 5). Compound 20
was obtained as a colorless foam (0.17 g, 90%) (found: C, 49.69;
H, 5.51; N, 20.7%. C14H18FN5O4 requires C, 49.55; H, 5.35; N,
20.64%); TLC (CH2Cl2–MeOH 90 : 10): Rf 0.65; kmax(MeOH)/nm
267 (e/dm3 mol−1 cm−1 10 400) and 232 (9 400); dF (250 MHz;
[d6]DMSO; Me4Si) −205.14 (dd, 2JF, H2′ = 54, 3JF, H3′ = 19).


2-[2-Deoxy-5-O-(4,4′-dimethoxytrityl)-2-fluoro-b-D-
arabinofuranosyl]-4-(isobutyrylamino)-2H-pyrazolo[3,4-
d]pyrimidine (21)


Compound 20 (0.3 g, 0.88 mmol) was suspended in anhydrous
pyridine (3.5 ml), 4,4′-dimethoxytrityl chloride (0.35 g, 1.03 mmol)
was added in portions and the mixture was stirred at r.t. for 3 h. The
reaction was quenched by the addition of MeOH and the mixture
was evaporated to dryness. The residue was dissolved in CH2Cl2,
washed with H2O and dried over Na2SO4. The organic layer was
co-evaporated with toluene and the residue was applied to FC
(silica gel, column 12 × 3 cm, eluted with CH2Cl2–MeOH, 90 : 10)
furnishing 21 as a colorless foam (0.49 g, 86%) (found: C, 65.45;
H, 5.80; N, 10.80%. C35H36FN5O6 requires C, 65.51; H, 5.65; N,
10.91%). TLC (CH2Cl2–acetone 9 : 1): Rf: 0.83; kmax (MeOH)/nm
267 (e/dm3 mol−1 cm−1 12 400), 233 (30 200); dF (250 MHz;
[d6]DMSO; Me4Si) −205.77 (dd, 2JF, H2′ = 54, 3JF, H3′ = 19).


2-[2-Deoxy-5-O-(4,4′-dimethoxytrityl)-2-fluoro-b-D-
arabinofuranosyl]-4-(isobutyrylamino)-2H-pyrazolo[3,4-d]-
pyrimidine 3′-(2-cyanoethyl N ,N-diisopropylphosphoramidite) (4)


A stirred solution of 21 (0.31 g, 0.48 mmol) in anhydrous CH2Cl2


(8 ml) was pre-flushed with argon and treated with (i-Pr)2EtN
(0.14 ml, 0.80 mmol) followed by 2-cyanoethyl diisopropyl phos-
phoramidochloridite (0.12 ml, 0.53 mmol) at r.t. After 30 min, the
mixture was diluted with CH2Cl2 (20 ml), and quenched by adding
a 5% aqueous NaHCO3 solution (20 ml). Then, the aqueous layer
was extracted with CH2Cl2 (3 × 15 ml), the combined organic
layers dried over Na2SO4 and evaporated to an oil. The residue was
applied to FC (silica gel, column 10 × 3 cm, eluted with CH2Cl2–
acetone–Et3N, 95 : 5: 0.2) to give compound 4 as a colorless foam
(0.31 g, 76%). TLC (silica gel, CH2Cl2–acetone, 95 : 5): Rf 0.87. dP


(CDCl3) 152.55, 152.27.
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Structural modification of unidirectional light-driven rotary molecular motors in which the
naphthalene moieties are exchanged for substituted phenyl moieties are reported. This redesign
provides an additional tool to control the speed of the motors, and should enable the design and
synthesis of more complex systems.


Introduction


Rotary molecular motors are ubiquitous in biological systems
where they provide the essential mechanochemical driving force
for cellular functions including ion and proton pumping, cellular
translocation, and ATP synthesis.1 Synthetic molecular motors
would allow chemists the possibility to mimic their biological
functions as well as to invent new applications in, for instance,
smart materials and nanodevices.2 Successful designs for synthetic
rotary molecular motors have been reported, including those
powered by light energy,3–5 and chemical energy.6,7


One of the most promising designs is based on chiral over-
crowded alkenes, comprising a naphthalene chromophore linked
through a central alkene to an identical or different aromatic
chromophore to give the ‘first-generation’ (e.g. 1 and 2, Fig. 1) and
‘second-generation’ molecular motors, respectively.3,4 Two major
challenges to overcome to be able to harness work from these
systems include accelerating the speed of rotation, and function-
alization to allow incorporation into more complex molecular
systems. Addressing these challenges has been deceptively difficult.
Several recent investigations on the modification of these motors
have revealed that minor alterations in their structure can lead to
a dramatic enhancement,8–10 as well as sometimes undesired11,12


effects on the motor’s speed, in some cases destroying the
function as a motor altogether.11,13 Moreover, the synthesis of
functionalized versions of these systems is mired by the necessity to
incorporate functionalized naphthalene moieties into the system.


Here we report the redesign of both our first- and second-
generation motors, wherein the naphthalene moiety is exchanged
for a substituted phenyl ring (structure 3 illustrates this modi-
fication to first-generation motor 2, Fig. 1). This simplification
is anticipated to both provide a convenient handle for tuning
the speed of the motor,14 as well as facilitating the synthesis
of functionalized motors by avoiding the need to derivatize the
naphthalene moiety through multistep syntheses.15 Key challenges
to achieving this goal include tuning of the structure to avoid
photocyclization of the cis isomer,11 and to maintain the necessary
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Fig. 1 Design modifications of the original molecular motor 1, acceler-
ated motor 2, and new motor 3.


steric interactions that lead to the formation of the metastable
intermediates upon photoirradiation of both cis and trans isomers.


In addition to cis → trans photoisomerization, a number of
rigidified stilbenes undergo photocyclization as the predominant
side reaction.16 However, this photocyclization does not occur
in stilbene derivatives in which the geminal substituents of the
central alkene are fused through 5-membered rings.17 Thus, it was
anticipated that a motor based on this core would not suffer from
photochemical cyclization side reactions. In 3, the naphthalene
function of 2 was exchanged with a dimethyl-substituted phenyl
ring to preserve the steric interactions in the fjord region which
are necessary to generate conformational bistability.


Results and discussion


Overcrowded alkene 3 was conveniently prepared in two steps by
a tandem Friedel–Crafts/Nazarov cyclization of methacrylic acid
onto p-xylene in polyphosphoric acid to give 2,4,7-trimethylindan-
1-one,18 followed by a McMurry coupling to give a 3.5 : 1 mixture
of cis-3 and trans-3 in 32% overall yield (Fig. 2). Key data support-
ing the structural assignment include the upfield shift of the 1H
NMR absorptions (CDCl3) of the aryl methyl groups located in the
fjord region of the cis isomer (1.51 ppm) relative to the trans isomer


Fig. 2 Tandem Friedel–Crafts/Nazarov cyclization, followed by a Mc-
Murry coupling in the synthesis of cis-3 and trans-3.
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(2.04 ppm), which are consistent with the expected shielding
caused by their close proximity to the adjacent aromatic rings.


X-Ray crystallography‡ showed that in both cis and trans
isomers, the stereogenic methyl group adopts a pseudo-axial
conformation to minimize steric strain imposed by the adjacent
substituents on the overcrowded central alkene (Fig. 3). Compar-
ison of the X-ray structures of the stable isomers of 3 with the
analogous isomers of 2 show how the increased steric demands
of the sp3 centers in the fjord region (due to the presence of the
methyl substituents) relative to sp2 centers (as in 2) influences the
geometry around the central olefin moiety of both isomers.


Fig. 3 (a) Pluto drawing (top) and Newman projection (bottom) of stable
trans-3. (b) Pluto drawing (top) and Newman projection (bottom) of stable
cis-3.


The X-ray structure of stable trans-3 (Fig. 3) reveals that it
adopts a twisted, syn-folded conformation, similar to the trans
isomer of 2. However, in trans-3, the fold angle of the double
bond (199.7◦) is slightly larger than that observed in the trans
isomer of 2 (197.8◦), hinting at an increase in strain generated
by the bulkier sp3 hybridized methyl substituent. This might in
turn cause a greater destabilization of the unstable form of trans-3
compared with 2 (vide infra).


In contrast to the cis isomer of 2, which adopts an anti-folded
conformation, cis-3 adopts an anti-twisted conformation (Fig. 3).
This is attributed to the additional steric demands generated by
the two interfering sp3 centers of the methyl groups present in the
fjord region of the cis isomer.


By analogy with 1 and 2, it was anticipated that 3 should
function as a light-powered molecular rotary motor which pro-
ceeds through 4 distinct steps in a unidirectional fashion (Fig. 4).
Starting with stable cis-3, a photochemical isomerization generates


Fig. 4 Rotary cycle of molecular motor 3.


unstable trans-3 in which the stereogenic methyl substituents are
forced into a conformationally strained pseudo-equatorial con-
formation (step 1). This strain is released during the thermal helix
inversion step (step 2) whereby the molecule isomerizes to give
stable trans-3, in which the stereogenic methyl groups resume an
energetically favoured axial orientation. A second photochemical
double bond isomerization (step 3) generates unstable cis-3, which
is followed by a second thermal helix inversion (step 4) which
ultimately regenerates stable cis-3. The two photochemical and
two thermal steps add up to a full 360◦ rotation of the upper
part relative to the lower part. The unidirectionality of the rotary
cycle is dictated by the helicity of the overcrowded alkene and the
absolute configuration of the stereogenic centers.


Irradiation of a solution of stable cis-3 in hexane with 313 nm
light at −80 ◦C showed a red-shift of the major long wavelength
band in the UV spectrum from 310 nm to an absorption centered
at 325 nm (Fig. 5). This red-shift is consistent with increased strain
on the central double bond, and hence the generation of a higher
energy isomer.12


After irradiation (kmax = 313 nm, −80 ◦C) of stable cis-3 in
CDCl3, its 1H NMR spectrum showed that the photostationary


Fig. 5 Left: UV spectra of hexane solutions of stable cis-3 at −50 ◦C (black, solid), the PSS313nm containing unstable trans-3 at −50 ◦C (grey, solid).
Right: stable trans-3 (black, dashed) at rt, and a PSS365nm containing unstable cis-3 at rt (grey, dashed).
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state (PSS) contained a mixture of stable cis-3 and unstable trans-3
in a 8 : 1 ratio. The identity of unstable trans-3 was evident from
the appearance of a new set of absorptions which were consistent
with the trans structure, including the benzylic methyl protons
in the fjord region which no longer experience shielding by the
adjacent aromatic rings. This change in their environment leads
to a downfield shift from 1.51 ppm in stable cis-3 to 2.11 ppm
in unstable trans-3. Informative changes also include the upfield
shift of the doublet generated by the stereogenic methyl group
from 1.05 ppm§ in stable cis-3 to 0.82 ppm in unstable trans-3.
This shift is consistent with analogous changes in the 1H NMR
spectrum of 2.12


Upon warming the sample at −20 ◦C for 20 min, the 1H
NMR spectrum revealed that unstable trans-3 had undergone a
quantitative thermal helix inversion to generate stable trans-3.
Each of the absorptions from the unstable isomer were replaced
by signals from the stable isomer, including the doublet from
the stereogenic methyl at 0.82 ppm shifting to 1.08 ppm upon
going from an equatorial to an axial conformation. These data
demonstrate that this structurally modified motor undergoes the
crucial thermal conversion from its unstable isomer to the stable
isomer in an irreversible, unidirectional fashion.


The thermal isomerization was followed by monitoring the
change in absorption at 335 nm at four different temperatures
(−45, −40, −35 and −30 ◦C). Using the Eyring equation, it
was determined that the isomerization has a Gibbs free energy
of activation (D‡G◦) of 71 kJ mol−1. This value corresponds to a
half-life at rt of 1.2 s, which shows that the helix inversion is faster
than the analogous helix inversion of the related motor 2, of which
the unstable trans to stable trans isomerization occurs with a half-
life of 18 s under identical conditions. It is possible that a slight
increase in steric crowding between the stereogenic methyl groups
and the benzylic methyl groups in the fjord region (compared with
the aromatic ring present in 2) results in subsequent destabilization
of unstable trans-3 relative to unstable trans-2.


The UV spectrum of stable trans-3 and unstable cis-3, generated
by irradiation (kmax = 313 nm) of pure stable trans-3 at rt, also
shows a dramatic red-shift of the major absorption band. This
includes a red-shift of the absorption at 290 nm to a broad
absorption with a maximum at 340 nm, which is consistent with
the generation of unstable cis-3, reflecting the increased torsional
strain on the central double bond.


Irradiation of a benzene-d6 solution of stable trans-3 at 313 nm
generated a PSS comprising a mixture of stable trans-3 : unstable
cis-3 in a 1.1 : 1 ratio.19 Photoconversion to the unstable cis isomer
was apparent from the upfield shift of the aryl methyl groups in
the fjord region from 2.04 ppm in stable trans-3 to 1.61 ppm in
unstable cis-3. Additionally, the doublet from the methyl group at
the stereogenic center shifted upfield from 1.12 ppm to 1.35 ppm,
consistent with the analogous shifts observed in 2. The 1H NMR
spectrum of the sample after heating (60 ◦C for 2 h) revealed
that all of the absorptions of unstable cis-3 were replaced by
the absorptions expected from stable cis-3, exemplified by the
shift of the doublet from the stereogenic methyl group from 1.35
to 1.10 ppm. These 1H NMR data indicated that the thermal
isomerization quantitatively gave stable cis-3.


§ This value was obtained at low temperature, and is slightly shifted from
the corresponding absorption measured at rt.


The kinetic parameters of the thermal conversion of unstable
cis-3 to stable cis-3 in heptane solution were determined by mon-
itoring the change in absorption at 350 nm at four temperatures
(T = 70, 80, 90, 100 ◦C). Using the Eyring equation, the Gibbs
free energy of activation was determined to be 101.2 kJ mol−1,
indicating that isomerization is slow (at rt: t1/2 >1.5 d, at 60 ◦C:
t1/2 = 20 min) compared with the thermal isomerization in step 2
(unstable trans-3 → stable trans-3). This isomerization step of 3 is
also much slower than the isomerization of the analogous unstable
trans-2 to stable trans-2, which has a half-life of 74 min at rt.


We then investigated the effect of exchanging the naphthalene
for a substituted phenyl moiety on second-generation motors
(Fig. 6). The original second-generation motor 44 has a half-life
of 233 h at rt, and has been the subject of intense efforts to reduce
this time.14 It was found that when the naphthalene moiety in
the upper half of 4 was exchanged with a benzene, irradiation
lead to photocyclization.11 The alkenes containing a lower half
derived from fluorenone have proven to be attractive for study
because they exhibit a large change in their UV–vis spectrum
upon isomerization between the stable and unstable isomers, and
generally have good photoequilibria. We believed that the same
redesign could be used as a means to adjust the speed of second
generation motors (i.e. 5 → 6) as well as to expand the range of
structures that function as unidirectional molecular motors.


Fig. 6 Design modifications of the original second-generation molecular
motor 4, accelerated motor 5, and redesigned 6.


Alkene 6 was prepared in 3 steps using a Staudinger-type diazo-
thioketone synthesis.20 2,4,7-Trimethylindan-1-one18 was treated
with Lawesson’s reagent to give the thioketone 7 (Fig. 7) that
is unstable and degrades on silica gel.21 Therefore, most of the
Lawesson’s reagent was removed by precipitation with pentane,
and the crude filtrate was treated with diazofluorenone to give
alkene 6. Our previous experience with related derivatives that
contain the naphthalene function suggests that electron donating
substituents on the aromatic moiety should improve the stability
of the intermediate thioketone.


Fig. 7 Synthesis of 6.


Like 3, it was anticipated that 6 would avoid photocyclization
side reactions due to insufficient p-orbital overlap because it also
contains 5-membered rings fused to the central olefin (Fig. 8).


The UV–vis spectrum of stable 6 in hexane contains a major
band centered at 360 nm (Fig. 9). Irradiation (kmax = 365 nm)
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Fig. 8 Photochemical and thermal isomerization of 6.


Fig. 9 UV spectra of stable 6 (black) and unstable 6 (grey) in hexane at
−40 ◦C.


of this sample at −40 ◦C resulted in a thermally reversible red-
shift of the major band to a broad absorption centered at 385 nm,
analogous to related motor 5.22 The reversion of the PSS spectrum
(grey) back to its original spectrum (black) was monitored by the
change in absorption at 410 nm at four different temperatures
(−15, −10, 0 and 10 ◦C); using the Eyring equation23 we could
establish that the thermal step of 6 had a D‡G◦ of 79.1 kJ mol−1,
and a t1/2 at rt of 15 s, which is over 12 times faster than that
reported for 5.


Irradiation (kmax = 365 nm) of stable 6 in toluene-d8 at −40 ◦C
to its PSS allowed 1H NMR spectroscopic characterization of
unstable 6. A 3 : 1 ratio of unstable 6 and stable 6 was present at
the PSS. The identity of unstable 6 is evident from the downfield
shift of the absorption from the stereogenic methyl group from
1.13§ to 1.39 ppm upon changing from a pseudo-axial to pseudo-
equatorial conformation. This change in conformation is also
supported by the upfield shift of the methine proton from 3.94§ to
3.54 ppm which is consistent with Hax → Heq. Warming this sample
to rt resulted in the rapid regeneration of the original spectrum of
stable 6.


Conclusion


The naphthalene group in first- and second-generation light-
driven rotary molecular motors can be exchanged for a dimethyl-
substituted phenyl group, while preserving the photochemical and
thermal steps crucial to their 4-step rotary cycles. The change in
structure from 2 → 3 leads to a modest acceleration of the thermal
isomerisation step from the unstable to the stable trans isomer, but
a significant deceleration of the corresponding unstable → stable
cis isomer. When the same structural alteration was applied to
the second-generation motors possessing a fluorene-derived lower
half (5 → 6), the motor function was preserved with a modest
acceleration of the thermal helix inversion.24 It is anticipated that
this simplification of the original structure without compromising
the motor function will guide future efforts of motor design, by
providing a new handle to control the motors’ speed as well as


facilitating the design and synthesis of systems functionalized in
ways which were previously impractical.


Experimental


General remarks


Chemicals were purchased from Acros, Aldrich, Fluka or Merck.
Solvents for extraction and chromatography were technical grade.
All solvents used in reactions were freshly distilled from appropri-
ate drying agents before use. All other reagents were recrystallized
or distilled as necessary Analytical TLC was performed with
Merck silica gel 60 F254 plates and visualization was accomplished
by UV light. Flash chromatography was carried out using Merck
silica gel 60 (230–400 mesh ASTM). NMR spectra were obtained
using a Varian Mercury Plus and a Varian Unity Plus Varian-
500, operating at 399.93 and 499.86 MHz, respectively, for the
1H nucleus or at 100.57 and 125.70 MHz, respectively, for
the 13C nucleus. Chemical shifts are reported in d units (ppm)
relative to the residual deuterated solvent signals of CHCl3 (1H
NMR: d 7.26 ppm; 13C NMR: d 77.0 ppm). MS (EI) spectra
were obtained with a Jeol JMS-600 spectrometer, C7D7H (1H
NMR: d 2.09 ppm) and C6D5H (1H NMR: d 7.15; 13C NMR:
128.0 ppm). UV measurements were performed on a Hewlett-
Packard HP 8543 FT spectrophotometer in conjunction with an
Oxford Optistat using Uvasol grade solvents (Merck). Solvents
were distilled and dried before use by standard methodology.
Irradiation experiments were performed with a Spectroline model
ENB-280C/FE lamp. Photostationary states (PSS) were ensured
by monitoring composition changes in time by taking UV spectra
at distinct intervals until no changes were observed. Thermal
helix inversions were monitored by UV–vis spectroscopy using
the apparatus described above with a cut-off filter (313 nm for cis-
3 and trans-3, 350 nm for 6) to minimize irradiation by the analysis
lamp, as well as 20 s interval times of data point collection. 2,4,7-
Trimethylindan-1-one18 and diazofluorenone25 were synthesized
by following literature procedures.


Synthesis


cis-3 and trans-3. TiCl4 (1.10 mL, 10.0 mmol) was added
dropwise to a vigorously stirred suspension of Zn (20.0 mmol,
1.30 g) in THF (15 mL). This mixture was heated to reflux for 2 h,
and cooled to rt. 2,4,7-Trimethylindan-1-one (871 mg, 5.00 mmol)
was added (2 × 0.5 mL THF to rinse the flask), and the mixture
was heated to reflux for 2 d. This mixture was then cooled, diluted
with EtOAc (15 mL) and washed with aq. HCl (0.1 N, 3 × 5 ml).
The mixture was then washed with water (2 × 5 mL), brine,
dried (Na2SO4) and concentrated in vacuo. The crude residue was
purified by flash chromatography (SiO2, Rf -trans = 0.6, Rf -cis = 0.68,
heptane, trans isomer is less soluble) to give the cis (197 mg, 25%)
and trans (56 mg, 7%) isomers, both as white solids. X-Ray quality
crystals were obtained by slow evaporation from MeOH (cis) or
heptane (trans). Stable cis-3: mp 181–182 ◦C; kmax(hex)/nm 213
sh (e/dm3 mol−1 cm−1 7150), 308 sh (3850); 1H NMR (500 MHz,
CDCl3) d 1.07 (d, J = 7.0 Hz, 6H), 1.51 (s, 6H), 2.26 (s, 6H),
2.44 (d, J = 15.0 Hz, 2H), 3.09 (dd, J = 15.0, 6.5 Hz, 2H), 3.35
(quin., J = 6.5 Hz, 2H), 6.85 (d, J = 7.5 Hz, 2H), 6.92 (d, J =
8.0 Hz, 2H); 13C NMR (APT, 100 MHz, C6D6) d 18.5, 20.6, 21.0,
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39.0, 42.2, 128.6, 128.7, 130.8, 133.6, 141.1, 141.2, 144.3; HRMS
(EI) calcd for C24H28; 316.2191, found 316.2201. Stable trans-3:
dec. ∼135 ◦C; kmax(hex)/nm 295 (e/dm3 mol−1 cm−1 2800), 308 sh
(2570); 1H NMR (400 MHz, C6D6) d 1.12 (d, J = 6.4 Hz, 6H),
2.04 (s, 6H), 2.13 (d, J = 14.8 Hz, 2H), 2.46 (s, 6H), 2.64 (dd, J =
6.0, 14.8 Hz, 2H), 2.98 (quin, J = 6.0 Hz, 2H), 6.95 (d, J = 8.0 Hz,
2H), 7.04 (d, J = 8.0 Hz, 2H); 13C NMR (100 MHz, C6D6) d
17.5, 18.8, 21.4, 38.4, 41.6, 127.9, 128.4, 130.6, 130.9, 140.7, 141.3,
141.9; HRMS (EI) calcd for C24H28; 316.2191, found 316.2199.


9-(2,4,7-Trimethyl-2,3-dihydro-1H -inden-1-ylidene)-9H -fluo-
rene 6. ,4,7-Trimethylindan-1-one (944 mg, 4.00 mmol) was
heated with Lawesson’s reagent (1.78 g, 4.00 mmol) in CHCl3 in a
sealed tube to 95 ◦C for 4 h. The thioketone appears as a dark pur-
ple spot on TLC (heptane–toluene; 10 : 1) and runs faster than the
starting material ketone (this product degrades to some extent on
TLC). Other byproducts are evident as slower eluting spots on the
TLC (possibly the vinyl sulfide). The crude 1H NMR spectrum sug-
gested a mixture of compounds were present, including the starting
material ketone and the thioketone in a ratio of 13 : 1. The mixture
was cooled, concentrated to a volume of ∼5 mL, diluted with
heptane (10 mL), filtered, concentrated in vacuo, diluted again with
heptane (with trituration of the solid material), decanted, then
concentrated in vacuo, diluted with toluene (10 mL) and treated
directly with the diazofluorenone at 50 ◦C for 1 h, then 80 ◦C for
5 h. (Efforts to purify the thioketone by flash chromatography
gave an impure product in <10% yield due to the instability of the
thioketone.) This material was then filtered over silica gel, concen-
trated, and purified by flash chromatography (SiO2 doped with
10% AgNO3, 10% toluene in heptane, though the eluent required
is sensitive to the amount of AgNO3 employed). This yields the de-
sired motor 6 (240 mg, 18%) as a yellow solid as well as bifluorene
(∼500 mg). Recrystallization from EtOH gave fine yellow needles:
mp 147–148 ◦C; kmax(hex)/nm 213 (e/dm3 mol−1 cm−1 62 100), 241
(56 800), 268 sh (29 300), 291 (13 100), 304 (11 500), 359 (16 900);
1H NMR (400 MHz, toluene-d8) d 1.15 (d, J = 6.4 Hz, 3H), 2.10
(s, 3H, hidden by solvent peak, can be observed in CDCl3), 2.27
(s, 3H), 2.29 (d, J = 14.0 Hz, 1H), 2.89 (dd, J = 6.0, 14.4 Hz, 1H),
3.97 (quin., J = 6.8 Hz, 1H), 6.87 (d, J = 8.0 Hz, 2H), 6.93 (s,
2H), 7.14 (t, J = 7.5 Hz, 1H), 7.20–7.28 (m, 2H), 7.59 (dapparent, J =
8.0 Hz, 2H), 7.65 (d, J = 7.2 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H); 13C
NMR (125 MHz, CDCl3) d 18.2 (CH3), 19.0 (CH3), 21.1 (CH3),
39.9 (CH2), 43.9 (CH), 119.1 (CH), 119.6 (CH), 120.3 (CH), 123.6
(CH), 123.9 (CH), 126.5 (CH), 126.76 (CH), 128.81 (CH), 127.0
(CH), 128.7 (CH), 130.08 (CH), 130.11 (CH), 131.5 (CH), 134.5
(CH), 137.8 (C), 139.4 (C), 139.6 (C), 139.7 (C), 139.8 (C), 145.2
(C), 152.3 (C). HRMS (EI) calcd C25H22 322.1712, found 322.1731.


1H NMR characterization of unstable intermediates


Photochemical generation of PSS of unstable trans-3. Unstable
trans-3: A solution of 2.4 mg of stable cis-3 in C7D8 (0.7 mL) was
irradiated at 313 nm for 8 h at −80 ◦C, with periodic analysis
of its 1H NMR spectrum throughout. No further changes were
observed after 6 h. 1H NMR (500 MHz, −80 ◦C, CDCl3) d 0.82
(d, J = 6.5 Hz, 6H), 2.11 (s, 6H), 2.33 (d, J = 14.0 Hz, 2H), 2.43
(s, 6H), 2.62 (dd, J = 5.3, 14.8 Hz, 2H), 2.83 (quin., J = 6.0 Hz,
2H), 7.00 (d, J = 7.5 Hz, 2H), 7.04 (d, J = 7.5 Hz, 2H).


Photochemical generation of PSS sample of unstable cis-3. A
solution of 3 mg of stable trans-3 in C6D6 (0.7 mL) was irradiated
at 313 nm for 2 h at 0 ◦C, with intermittent analysis of its 1H
NMR spectrum throughout. No further changes were observed
after 1.5 h. Unstable cis-3: 1H NMR (400 MHz, C6D6) d 1.35 (d,
J = 6.0 Hz, 6H), 1.61 (s, 6H), 2.14 (d, J = 14.0 Hz, 2H), 2.13 (s,
6H), 2.53 (dd, J = 5.6, 14.4 Hz, 2H), 2.80–3.00 (unresolved peak
due to overlap with an absorption from remaining stable trans-3,
2H), 6.81 (d, J = 8.0 Hz, 2H), 6.87 (d, J = 7.6 Hz, 2H).


Photoirradiation of stable 6 to give a PSS mixture containing
unstable 6 and stable 6. A solution of stable 6 (4 mg) in toluene-
d8 (0.7 mL) was irradiated (kmax = 365 nm) in an NMR tube at
−40 ◦C for 3 h. The photochemical conversion was followed by
intermittent analysis by 1H NMR at −40 ◦C. When no additional
changes were apparent in the 1H NMR spectrum, the mixture
contained a 3 : 1 mixture of unstable 6 : stable 6. Unstable 6: 1H
NMR (500 MHz, toluene d8 at −60 ◦C) d 1.33 (d, J = 6.4 Hz, 3H),
2.05 (s, hidden by solvent peak, 3H), 2.10 (s, 3H), 2.35 (dd, J =
6.0, 14.0 Hz, 2H), 2.79 (dd, J = 16.0, 8.5 Hz, 2H), 3.48 (sext., J =
6.7 Hz, 2H), 6.83 (d, J = 7.5 Hz, 2H), 6.86–7.11 (2H, overlapped
with solvent), 7.18 (quinapparent, J = 7.3 Hz, 2H), 7.44 (d, J = 8.0 Hz,
2H), 7.50–7.62 (m, 3H).
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We report the good to high-yielding three-step synthesis of non-symmetrical bis(oxazoline)-containing
ligands possessing an N-thienylaniline unit. The convergent synthesis employed a palladium-catalysed
aryl amination of 2-(2′-bromothiophene)nitrile as the key step, with sixteen ligands prepared in total.
These ligands were subsequently applied in the chromium-catalysed enantioselective
Nozaki–Hiyama–Kishi allylation of benzaldehyde with an optimal enantioselectivity of 73%.


Introduction


Because of their ready availability, modular nature, and ap-
plicability in a wide range of metal-catalysed transformations,
compounds containing a chiral oxazoline ring have become one
of the most successful, versatile and commonly used classes of
ligands for asymmetric catalysis.1 The majority of these ligands
are synthesised from commercially available chiral amino alcohols
in a few high-yielding steps. Tridentate bis(oxazoline) ligands have
been designed by incorporating a donor atom which links the two
chiral oxazoline rings. Of particular interest to us are tridentate
[NNN] bis(oxazoline) ligands (Fig. 1). Nishiyama’s “pybox”
ligand 1 has been used in various asymmetric reactions including
Ru-catalysed cyclopropanation of olefins, Rh-catalysed hydrosi-
lylation of ketones and Cu-catalysed allylic oxidation of olefins.2


Zhang’s “ambox” ligand 2 has resulted in excellent conversions
and enantioselectivities in the Ru-catalysed transfer hydrogenation
of aromatic ketones.3 Nakada’s bis(oxazolinyl)carbazole ligand 3b
provided enantioselectivities of up to 93% ee in the asymmetric
allylation of benzaldehyde.4


Fig. 1
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and Chemical Biology, UCD Conway Institute, University College Dublin,
Belfield, Dublin 4, Ireland. E-mail: p.guiry@ucd.ie
† Electronic supplementary information (ESI) available: Characterisation
data for compounds 5a–p and 11a–d. See DOI: 10.1039/b715834c


We have previously reported the synthesis of ligand class 4 in
which an N-phenylaniline unit links the two oxazoline rings, and
their application in the enantioselective Nozaki–Hiyama–Kishi
(NHK) allylation, crotylation and methallylation of a range of
aromatic and aliphatic aldehydes.5 The highest enantioselectivities
in all three NHK processes were obtained utilising the non-C2-
symmetric ligand with t-Bu/Bn-substituted oxazolines, which, for
example, afforded 99.5% ee in the methallylation of benzaldehyde.
We wished to investigate further non-C2-symmetric bis(oxazoline)
ligands and thus designed ligand class 5 in which one of the arene
rings is replaced by a thiophene in order to study the effect of this
desymmetrisation of the ligand.


Results and discussion


Ligand synthesis


We envisaged using a similar synthetic strategy to that employed
in the synthesis of ligand class 4. Accordingly, we proposed that
ligand class 5 could be synthesised by a three-step convergent
synthesis with the key step being a palladium-catalysed aryl
amination between 2-(2′-aminophenyl)oxazolines 8 and 2-(2′-
bromothiophene)oxazolines 10.


Accordingly, both 8 and 10 were prepared from the correspond-
ing commercially available nitriles 6 and 9 by the reaction with
the appropriate chiral amino alcohol in the presence of ZnCl2 in
yields of 65–80% (Scheme 1).6


We then attempted the palladium-catalysed aryl amination
using 8a (R = Bn) and 10 as the test coupling partners. The
formation of an aryl–amine bond by the Pd-catalysed reaction
of an aryl halide with an aryl/alkyl amine has been extensively
studied by the groups of Buchwald and Hartwig and is a
rapidly expanding area of research.7 A range of Pd precursors,
ligands, bases and solvents have been used in an attempt to
increase yields, decrease reaction times, reduce diarylation and
b-hydride elimination products and widen the substrate scope.
Although functionalised thiophenes are useful precursors for
pharmaceuticals and natural products, there are few reports of
halothiophenes being applied as substrates in palladium-catalysed
aryl aminations.8
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Scheme 1


We screened a range of Pd complexes of diphosphines and
monophosphines, including the bulky, electron-rich biaryl ligands
recently successfully applied in the aryl amination of chlorothio-
phene by Buchwald et al.9 However, in each case the attempted
coupling of 8a and 10 failed to afford any of the desired product.
We then proposed removing the oxazoline from 10 and instead
attempting the aryl amination with its nitrile precursor 9 as we
were encouraged by the recent report by Luker et al. who reported
the aryl amination of 9 with BuNH2 using BINAP and Pd(OAc)2


with an isolated yield of 89% after 20 hours.10 We thus coupled
8 and 9 under similar conditions and were pleased to find the
reaction proceeded in high to excellent yields after 36 hours at
110 ◦C (Scheme 2).


Scheme 2


Conversion of the aryl amination products 11a–d to the required
bis(oxazoline)-containing ligands 5a–p was carried out using
ZnCl2 and the appropriate amino alcohol (Scheme 3). These
reactions proceeded in good to high yields (Table 1). This approach
allows for the synthesis of non-symmetric ligands as with ligand
class 4 and, in addition, offers the opportunity for the selective
placement of different substituents on both oxazoline rings. This


Scheme 3


would allow us to investigate the effect on enantioselectivity of
having a particular substituent on the arylamine or thienylamine
oxazoline ring (e.g. comparing 5e versus 5f, 5g versus 5h, etc.).


Application in catalysis: the asymmetric Nozaki–Hiyama–Kishi
reaction


The Nozaki–Hiyama–Kishi reaction was first reported in the late
1970’s and has proven to be a highly versatile procedure for
the formation of C–C bonds involving the nucleophilic addition
to carbonyl compounds of intermediate organochromium(III)
reagents. These reagents are typically generated in situ from
the insertion of chromium(II) species into allyl, alkenyl, alkynyl,
propargyl and aryl halides or sulfonates.11 A number of unique
and important features, including pronounced chemoselectivity
for reactions with aldehydes in the presence of ketones and an
unprecedented compatibility with numerous functional groups in
both reaction partners, has led to the reaction being utilised in the
synthesis of many complex natural products. Two such examples
are the total synthesis of palytoxin and halichondrin B which both
involve extensive use of chromium additions.12


The development of the asymmetric Nozaki–Hiyama-–Kishi
reaction has recently been reviewed13 and to date a limited range
of ligand classes have been tested in this reaction, with the most
promising examples emerging from the groups of Yamamoto,14


Sigman,15 Cozzi and Umani-Ronchi,16 Nakada,4 Berkessel,17


Kishi18 and ourselves.5,19 Our new ligand class 5 was applied in the
chromium-catalysed reaction of allyl bromide with benzaldehyde
(Table 2).


Our previous studies have shown that the optimal reaction
conditions for allylation require THF–acetonitrile (7 : 1) as
the solvent and N,N-diisopropylethylamine as the base. The
reactions proceeded cleanly under these conditions with high
conversions after 16 hours at room temperature. Of the ligands
possessing identical oxazoline substituents (5a–d), the highest
enantioselectivity of 63% (S) was obtained with the bis(isopropyl)
oxazolines 5b (entry 2). This substitution also provided the highest
enantioselectivities in our original ligand class 4.5b Of the ligands


Table 1 Conversion of 11a–d to 5a–p


Entry Ligand R1 R2 Yield (%) Entry Ligand R1 R2 Yield (%)


1 5a Bn Bn 70 9 5i t-Bu i-Pr 68
2 5b i-Pr i-Pr 74 10 5j i-Pr t-Bu 69
3 5c Ph Ph 78 11 5k i-Pr Ph 72
4 5d t-Bu t-Bu 56 12 5l Ph i-Pr 71
5 5e Ph Bn 71 13 5m t-Bu Ph 65
6 5f Bn Ph 70 14 5n Ph t-Bu 67
7 5g t-Bu Bn 69 15 5o Bn i-Pr 73
8 5h Bn t-Bu 75 16 5p i-Pr Bn 76
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Table 2 Application of ligands 5 in NHK allylation of benzaldehyde


Entry Ligand R1 R2 Conv.a (%) Yieldb (%) Eec (%) (Conf.)d


1 5a Bn Bn 80 78 8 (S)
2 5b i-Pr i-Pr 82 78 63 (S)
3 5c Ph Ph 80 72 38 (S)
4 5d t-Bu t-Bu 83 79 22 (R)
5 5e Ph Bn 75 73 12 (R)
6 5f Bn Ph 88 75 13 (S)
7 5g t-Bu Bn 88 83 73 (R)
8 5h Bn t-Bu 85 82 62 (R)
9 5i t-Bu i-Pr 84 76 48 (R)


10 5j i-Pr t-Bu 78 70 35 (S)
11 5k i-Pr Ph 90 87 43 (R)
12 5l Ph i-Pr 82 79 32 (R)
13 5m t-Bu Ph 85 78 49 (R)
14 5n Ph t-Bu 82 78 13 (S)
15 5o Bn i-Pr 100 90 33 (S)
16 5p i-Pr Bn 91 84 15 (R)


a Determined from the 300 MHz 1H NMR spectrum of the crude silylated product. b Isolated yields of the allylic alcohol 14. c Determined by chiral HPLC
analysis of the alcohol product 14 using a Daicel Chiralcel OD column. d Determined by comparison of the chiral HPLC retention times with literature
values.12


with different oxazoline substituents (5e-p) the best enantioselec-
tivities of 73% (R) and 62% (R) (entries 7,8) were achieved with
the ligands containing the benzyl/tert-butyl substituted oxazolines
(5g, 5h), again following the trend observed in allylation studies
employing ligand class 4. It is clear from the results obtained
herein that the magnitude of stereoinduction changes when R1


and R2 are reversed, reflecting both the steric and electronic effects
of the aromatic rings. Interestingly, the sense of stereoinduction
is maintained only when the oxazoline substituents are tert-
butyl/benzyl- and isopropyl/phenyl-containing.


Ideally a proposal to explain the asymmetric induction observed
would be strengthened by obtaining an X-ray structure of a
chromium–ligand 5 complex. However, despite many attempts we
have not yet obtained such a structure although we have obtained
an X-ray structure of a zinc complex of the related bis{2-[(4S)-
4-tert-butyl-4,5-dihydrooxazol-2-yl]phenyl}methylamine ligand 4
(R1, R2 = t-Bu).20 That complex shows that only the oxazoline
nitrogen atoms were coordinated and we propose a similar
binding mode of chromium to ligand 5g. In the absence of
coordination through the secondary amine unit, the role of DIPEA
is important as results obtained in its absence show lowered
levels of enantioselectivities. In addition we believe that only one
ligand is coordinated in the active complex as a two-fold excess of
ligand was found to lead to a diminution of enantiomeric excesses.
However, an accurate picture of the precise coordination sphere
around chromium is still unavailable for the ligands reported
herein and related bis(oxazoline)-containing ligand systems.


Conclusion


A new class of bis(oxazoline)-containing ligands 5 has been
prepared in good yield. Although Pd-catalysed aryl ami-
nation between 2-(2′-aminophenyl)oxazolines 8a–d and 2-(2′-


bromothiophene)oxazoline 10 was unsuccessful, the ligand class
was accessed in an alternative synthetic strategy by coupling 2-(2′-
aminophenyl)oxazolines 8a–d and 2-(2′-bromothiophene)nitrile
9. This is one of the few examples reported to date where
a substituted thiophene has been successfully employed as a
substrate in aryl aminations. Subsequent ZnCl2-mediated reaction
of intermediates 11a–d furnished ligand class 5 in good to high
yields. The synthetic route allowed for the synthesis of non-
symmetric bis(oxazoline)-containing ligands possessing either
identical or different oxazoline substituents and the option for
selective placement of substituents on each oxazoline ring. The
ligands were applied in the chromium-catalysed enantioselective
allylation of benzaldehyde with excellent conversions and good
enantioselectivities of up to 73% being observed. Our results
again highlight the significant effect that the substituents on
the oxazoline rings have on both the magnitude and sense of
asymmetric induction. The application of these ligands in other
chromium-catalysed processes will be reported in due course from
these laboratories.


Experimental


General experimental


1H NMR (300 and 400 MHz) and 13C (75 and 100 MHz) spectra
were recorded on Varian Oxford 300 or 400 spectrometers at
room temperature in CDCl3 using tetramethylsilane as an internal
standard. Chemical shifts (d) are given in parts per million
and coupling constants are given as absolute values expressed
in Hertz. HRMS were obtained using a Micromass/Waters
LCT instrument. Infra-red spectra were recorded on a Perkin-
Elmer infra-red FT spectrometer. Optical rotation values were
measured on a Perkin-Elmer 343 polarimeter at room temperature.
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Melting points were determined in open capillary tubes in a
Gallenkamp melting point apparatus and are uncorrected. Thin
layer chromatography (TLC) was carried out on plastic sheets pre-
coated with silica gel 60 F254 (Merck). Column chromatography
separations were performed using Merck Kieselgel 60 (0.040–
0.063 mm). HPLC analysis was performed on an LC 2010A
machine equipped with a UV–vis detector employing a Chiracel R©


OD column from Daicel Chemical Industries. All reagents were
purchased from Sigma-Aldrich and used as received. Solvents
were dried before use by distillation from standard drying agents.
Anhydrous chlorobenzene was purchased from Sigma-Aldrich
and used without further purification. ZnCl2 (Sigma-Aldrich) and
CrCl3 were flame-dried under vacuum immediately prior to use.


General procedures for the two key steps of ligand syntheses will
be described and physical data of a typical product per step (11a
and 5a) are given. Physical data for all other products (11a–d and
5b–p) are available in the electronic supplementary information†.
The general procedure employed for the Nozaki–Hiyama–Kishi
allylation of benzaldehyde is described below.


General procedure for the screening of conditions for
palladium-catalysed aryl aminations


To an oven-dried Radleys R© tube was added 2-(o-aminophenyl)-
oxazoline 8a (0.60 mmol), 3-(bromo-thiophene)oxazoline 10
(0.50 mmol), base (0.60 mmol), ligand (0.05 mmol) and palladium
precursor (0.025 mmol Pd). Dry degassed solvent (1.5 mL) was
added and the reaction was stirred under an atmosphere of
nitrogen at the required temperature for 7 days. The reaction
mixture was cooled to room temperature, solvent was removed
in vacuo and the resulting brown oil was passed through a short
pad of silica using pentane–ethyl acetate as eluent. The solvent was
removed in vacuo and a 1H NMR spectrum obtained to determine
if any aryl–amine product had formed.


General procedure for the palladium-catalysed aryl amination of
2-(2-aminophenyl)oxazoline 8a–d and
3-bromothiophene-2-carbonitrile 9


An oven-dried Radleys R© tube was charged with 3-bromothio-
phene-2-carbonitrile 9 (188 mg, 1.00 mmol), 2-(o-aminophenyl)-
oxazoline 8a–d (1.20 mmol), 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl (BINAP) (62.3 mg 0.10 mmol), Pd(OAc)2 (22.4 mg,
0.10 mmol) and cesium carbonate (456 mg, 1.4 mmol). After the
addition of dry, degassed toluene (10 mL) via syringe, the tube was
capped under an atmosphere of nitrogen and the reaction mixture
was heated at 120 ◦C for 36–48 hours, with monitoring by TLC. On
completion, the dark orange–brown reaction mixture was cooled
to room temperature and concentrated in vacuo to give a brown
oil which was purified by column chromatography on silica gel.


{2[(4S)-4-Benzyl-4,5-dihydrooxazol-2-yl]phenyl}(thiophene-2-
carbonitrile)amine 11a


Yield: 96% (0.35 g), pale orange oil; TLC: Rf = 0.60 (CH2Cl2);
[a]D = +55.2 (c = 0.90 in CHCl3); 1H NMR (300 MHz, CDCl3):
d = 2.72 (dd, J = 13.8, 8.1 Hz, 1H, CH2Ph), 3.14 (dd, J =
13.8, 5.6 Hz, 1H, CH2Ph), 3.99 (m, 1H, CH2O), 4.22 (m, 1H,
CH2O), 4.59 (m, 1H, CHN), 6.80 (m, 1H, Ar-HC(2)), 7.09–7.36
(2 × m, 9H, Ar-HC(3), Ar-HC(4), Ar-HC(4′), Ar-HC(5′), Ar-


HC(phenyl)), 7.70 (dd, J = 7.9, 1.5 Hz, 1H, Ar-HC(1)), 11.43
(br s, 1H, NH); 13C NMR (75 MHz, CDCl3): d = 41.9 (CH2Ph),
68.0 (CHN), 70.7 (CH2O), 91.6 (Ar-C(2′)), 112.0 (C≡N), 114.5
(Ar-C(5)), 114.8 (Ar-HC(3), Ar-HC(4), Ar-HC(4′), Ar-HC(5′),
Ar-HC(phenyl), 119.6 (Ar-HC(2)), 121.0, 126.7, 128.8, 129.5 (Ar-
HC(3), Ar-HC(4), Ar-HC(4′), Ar-HC(5′), Ar-HC(phenyl), 130.2
(Ar-HC(1)), 132.0, 132.4 (Ar-HC(3), Ar-HC(4), Ar-HC(4′), Ar-
HC(5′), Ar-HC(phenyl), 138.0 (ipso-Ph), 143.6 (Ar-C(6)), 150.6
(Ar-C(3′), 163.9 (C=N); IR (CHCl3 film): m = 1420, 1466, 1554,
1633, 2105, 2204, 3027, 3115 cm−1; HRMS (ES+) calculated for
C21H18N3OS [M + H]+: 360.1171, found: 360.1161.


General procedure for the synthesis of ligands 5a–p


To a flame-dried Schlenk tube was added 11a–d (0.40 mmol), the
required amino alcohol (0.80 mmol, 2 equiv.) and flame-dried
ZnCl2 (163 mg, 1.20 mmol, 3 equiv.) under an atmosphere of
nitrogen. Anhydrous chlorobenzene (5 mL) was added via syringe
and the resulting mixture was stirred at 145 ◦C for 12 hours.
The reaction was cooled to room temperature and solvent was
removed in vacuo. The crude product was purified by column
chromatography on silica gel to yield pure product.


{2-[(4S)-4-Benzyl-4,5-dihydrooxazol-2-yl]-phenyl}{2-[(4S)-4-
benzyl-4,5-dihydrooxazol-2-yl]-thiophene-3-yl}amine 5a


Yield: 61% (0.21 g), pale yellow solid; mp: 50–54 ◦C; TLC: Rf =
0.50 (pentane–ethyl acetate 5 : 1); [a]D = +87.7 (c = 0.80 in
CHCl3); 1H NMR (300 MHz, CDCl3): d = 2.60–2.73 (m, 2H,
CH2Ph), 3.08–3.19 (m, 2H, CH2Ph), 3.88–3.98 (m, 2H, CH2O),
4.16 (dd, J = 18.3, 9.2 Hz, 2H, CH2O), 4.38 (t, J = 6.3 Hz, 1H,
CHN), 4.47 (t, J = 7.1 Hz, 1H, CHN), 6.79 (t, J = 6.7 Hz, 1H,
Ar-HC(2)), 7.14–7.32 (m, 14H, Ar-HC(3), Ar-HC(4), Ar-HC(4′),
Ar-HC(5′), Ar-HC(phenyl)), 7.72 (d, J = 7.6 Hz, 1H, Ar-HC(1)),
10.87 (br s, 1H, NH); 13C NMR (100 MHz, CDCl3): d = 40.8
(CH2Ph), 40.9 (CH2Ph), 66.8 (CHN), 67.0 (CHN), 69.3 (CH2O),
70.5 (CH2O), 107.4 (Ar-C(2′)), 112.0 (Ar-C(5)), 115.2 (Ar-HC(3),
Ar-HC(4), Ar-HC(4′), Ar-HC(5′), Ar-HC(phenyl)), 118.0 (Ar-
HC(3), Ar-HC(4), Ar-HC(4′), Ar-HC(5′), Ar-HC(phenyl)), 120.1
(Ar-HC(2)), 124.2, 125.3, 125.4, 127.0, 127.2, 127.4, 128.0, 128.2,
128.3, 129.0 (Ar-HC(3), Ar-HC(4), Ar-HC(4′), Ar-HC(5′)), 130.7
(Ar-HC(1)), 136.9 (ipso-Ph), 137.2 (ipso-Ph), 142.7 (Ar-C(6), Ar-
C(3′)), 142.9 (Ar-C(6), Ar-C(3′)), 158.7 (C=N), 162.0 (C=N); IR
(CHCl3 film): m = 1412, 1557, 1584, 1633, 2360, 2924, 3026 cm−1;
HRMS (ES+) calculated for C30H27N3O2S [M + H]+: 494.1884,
found: 494.1878.


General procedure for the Nozaki–Hiyama–Kishi allylation of
benzaldehyde


A flame-dried Schlenk tube was charged with dry THF (1 mL)
and dry acetonitrile (150 lL). Anhydrous chromium(III) chloride
(4.0 mg, 25.3 lmol) and manganese (41.7 mg, 0.76 mmol)
were added simultaneously to the solvent mixture. The resulting
suspension was allowed to stand at room temperature for approx-
imately 30 minutes until the characteristic purple colour of the
chromium(III) salt disappeared. The mixture was stirred vigorously
under an atmosphere of nitrogen for 1 h resulting in a green
reaction mixture. DIPEA (13 lL, 75.9 lmol) was added followed
by the ligand 5 (30.4 lmol) resulting in an immediate green catalyst
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mixture. This was stirred at room temperature for 1 hour prior to
the addition of the allyl bromide (0.51 mmol) with the resulting
chromium(III) allyl solution being stirred for a further 1 hour. The
reaction was initiated by the addition of aldehyde (0.25 mmol)
and chlorotrimethylsilane (64 lL, 0.51 mmol) and stirred under
an atmosphere of nitrogen at room temperature for 16 hours. The
resulting green–brown suspension was quenched with saturated
aqueous NaHCO3 (1 mL) and extracted with Et2O (3 × 1 mL).
The combined organic layers were concentrated in vacuo to give a
green residue. This was flushed through a small silica gel column
(1.5 × 5 cm, pentane–AcOEt 9 : 1) to remove the catalyst and, after
evaporation of the solvent, the reaction products were isolated as
a yellow oil. The % conversion of the reaction was determined
at this stage from the 1H NMR spectrum of the crude product
(generally a mixture of silylated and free alcohol) by measuring
the ratio of aldehyde to product and assuming that all aldehyde
consumed went to product. Peaks consistent with the product of
pinacol coupling were not observed in any of the catalytic studies
employing ligands 5. The yellow oil was dissolved in THF (1 mL),
a few drops of aqueous 1 M HCl were added, and the resulting
solution was stirred for 10 min when TLC (pentane–AcOEt 9 : 1)
showed complete desilylation. The solvent was removed in vacuo
and the resulting aqueous phase was extracted with Et2O (3 ×
2 mL). The organic layers were combined, dried over anhydrous
Na2SO4 and concentrated in vacuo to give a yellow oil. This was
purified by flash column chromatography on silica gel (1 × 15 cm)
using cyclohexane–AcOEt 5 : 1 as the eluent to give the required
product as a pale yellow oil. Enantioselectivity was determined
by HPLC: Chiralcel OD, hexane–isopropanol 98 : 2, flow rate
0.3 mL min−1: (R) 35.1 min, (S) 41.7 min.
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In a previous paper (Bohn et al., Carbohydr. Res., 2007, 342, 2522) the relative O3/O4 reactivities of
both a- and b-methyl glycosides of N-dimethylmaleoyl (DMM) glucosamine acceptors protected at O6
with three different groups were assessed by us, using two glycosyl donors. The a-anomers showed
preferential or exclusive substitution at O3, whereas the b-anomers gave preferential or exclusive
substitution at O4. A DFT study of analogs of the reported acceptors indicates that whereas the
b-anomers carry the DMM ring parallel to the C2–H2 bond for steric reasons, the a-anomers tilt this
ring producing a strong hydrogen bond between the H(O)3 and one of the DMM carbonyl groups. In
this way, the O3 group becomes more nucleophilic and thus more reactive: both charge and Fukui
functions on O3 and O4 in the model compounds support the experimental results. Surprisingly, the
previously mentioned hydrogen bond is not the only driving force for the slant of the DMM group: the
axial methoxyl group of the a-anomers also plays a role. The ease of rotation around the C2–N2 bond
for DMM-protected analogs was assessed with different models. MP2 calculations using higher basis
sets yield similar relative energy and charge values to those calculated using DFT.


Introduction


Carbohydrate synthetic chemistry often requires the use of specific
protecting groups in order to produce selective reactions at
one of the secondary hydroxyl groups which often have similar
reactivities. However, sometimes it is possible to pursue selective
glycosylations of unprotected carbohydrates with two or three
free secondary hydroxyl groups, if limiting amounts of glycosyl
donors are being used. It has been generally perceived that the O4
of N-acetylglucosamine derivatives is a poor glycosyl acceptor.1


However, for N-protected b-D-glucosamine 3,4-diols, Ellervik and
Magnusson published a critical analysis2 of previous publications
where regioselective galactosylation has been attempted, showing
that mixtures of 1→3 and 1→4 linked disaccharides were actually
obtained in most of the reported cases. Most of the regioselectivity
observed by these authors showed that the disarmed3 (e.g.
O-acetylated) glycosyl donors tended to give exclusively 1→4
disaccharides, whereas armed (e.g. O-benzylated) donors gave
mixtures with predominance of 3-linked disaccharides. These
observations served to develop sequential double-glycosylation
procedures (first at O4 and then at O3) avoiding, at least in part,
protecting group manipulations.2,4 Anyway, further publications
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‡ Electronic supplementary information (ESI) available: Six Tables (see
text) and the DFT-calculated Cartesian coordinates of all the conformers
under study. See DOI: 10.1039/b715847e


showed the influence of the protecting groups at N2 and O6 of
the glucosamine acceptor on the regioselectivity of the reaction.5


In a previous paper we have examined systematically the influence
of the configuration of the anomeric carbon and the effect of
the O6 protecting group on the relative reactivities of both free
hydroxyl groups.6 The benzoyl, benzyl and TBDPS groups, usually
employed in carbohydrate chemistry, were used at O6 of N-
dimethylmaleimido (DMM) 3,4-diols derivatives in reaction with
two donors of different reactivity,7 the furanosyl (1) and pyranosyl
trichloroacetimidates. Scheme 1 shows that (using the furanosyl
donor) both the protecting group on O6 and the anomeric
configuration of the acceptor have a strong influence on the
observed regioselectivity: a-methyl glycoside acceptors tend to give
preferentially O3 substitution, whereas b-anomers gave mainly
substitution at O4. The O3 substitution increases also with the O6
protecting group in the order benzyl < tert-butyldiphenysilyl <


benzoyl, in agreement with their arming/disarming (benzoyl vs.
benzyl) and steric (TBDPS vs. benzyl) effects.6


In the present work, we have modeled using the density
functional theory (DFT, at the B3LYP/6-31+G** level) different
conformers of analogs of the acceptors 2a, 3a, 2b and 3b where, for
the sake of simplicity,8 the benzyl group was replaced by a methyl
group and the benzoyl group was replaced by a formyl group
(7a, 8a, 7b and 8b, Scheme 2). The relative O4/O3 reaction
ability was measured within the framework of DFT using charge
and Fukui function considerations.9,10 In order to make further
comparisons, other analogs were also analyzed (Scheme 2); in the
simplest ones the rotation around the C2–N2 bond was studied
using different modeling approaches. Energies and charges were
also recalculated at the MP2/6-311++G**//B3LYP/6-31+G**
level, and free energies were calculated in some cases at the
B3LYP/6-31+G** level, in order to provide greater accuracy.
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Scheme 1


Scheme 2


Results and discussion


Compounds 7a, 7b, 8a and 8b were submitted to optimization with
DFT at the B3LYP/6-31+G** level. Several different orientations
of the exocyclic groups were used as starting points, taking also
into account the results of a full search with molecular mechanics,
further calculations with AM1, and previous experiences with
similar compounds.8 Results showed that up to six conformations
are possible for each compound: the remaining starting points
converge to one of those, or give high-energy points. One of the
conformers has the methoxymethyl group in an anti arrangement
with O5 (TG, according to the usual nomenclature), thus allowing
to establish a hydrogen bond between H(O)4 and O6; the other
conformations (up to five) have a positive x dihedral (GT), and
differ by their arrangements of the exocyclic groups at C3, C4


and C6. The first two conformers usually arrange in such a
way as to produce a hydrogen bond (H(O)4 to O3 or H(O)3
to O4). The relative energies, geometries and hydrogen bond
data are shown in Table 1. There have been controversies about
the accuracy of B3LYP/6-31+G** for modeling carbohydrates.
Csonka11 considered it as a reliable method and basis set. However,
it was reported that better evaluation of hydrogen bonding12 or
charge13 can be achieved using higher basis sets (6-311++G**).
There were also reported errors in the energy calculations made
by B3LYP (and other DFT methods)14 for alkanes, suggesting that
the use of Møller–Plesset perturbation theory gives better results.
However, for a study made on carbohydrates, the differences
between the B3LYP and MP2 relative energies were indeed small.15


In this work, we attempted to gain more accuracy by doing single
point energy calculations on the previous 17 conformers at the
MP2/6-311++G** level. These data are also included in Table 1.


Regarding the geometrical features, the most significant one
encountered is the slant observed for the DMM group with respect
to the C2–H2 bond for the a-anomers 7a and 8a (v2 = 131–135◦,
see definition in Fig. 1), not occurring for the b-anomers 7b and
8b (v2 around 180◦). This obliquity allows to produce a strong
hydrogen bond between H(O)3 and one of the O=C groups of the
maleimido moiety (Fig. 2). This slant has already been observed in
preliminary studies using molecular mechanics calculations with
compounds containing the N-dimethylmaleimido group (like 2a
and 2b, regardless of the substituent on O6): the value for a-
anomers was v2 = 126◦.


Fig. 1 Newman projection of the N2 (front)–C2 (back) bond, showing
the definition of angles v2 and v2′ . C1 and C3 are omitted for clarity. The
negative sign before v2′ is used to keep IUPAC sign conventions.


Fig. 2 Molecular representations of the most stable conformers of
compounds 7a (a) and 7b (b), calculated at the B3LYP/6-31+G** level.
The stronger hydrogen bond in each case is indicated by a dotted line.
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However, it was also found that in molecular mechanics
calculations this obliquity diminishes as the dielectric constant
is raised (around 134◦ for e = 3 and 166◦ for e = 80). For the
DFT calculations (Table 1), only two strong hydrogen bonds were
encountered, as can be judged by the hydrogen-acceptor distances
and the angles: (a) those between H(O)4 and O6, only occurring
for the T conformations, and (b) those between H(O)3 and the
O=C, occurring for the a-anomers, but by far stronger for G
conformations than for T conformations (Table 1). As expected,
in the b-anomers, where the only strong hydrogen bond which
can be established is that between H(O)4 and O6, more stable T
conformations are produced, whereas these conformations are less
important in a-anomers (Table 1). Besides, the TG conformation
(T1) appears to be more important in 6-O-methyl derivatives
than in 6-O-formyl derivatives (Table 1), as expected considering
that the higher electron-withdrawing effect of the formyl moiety
leaves O6 less prone to produce a strong hydrogen bond. The T1
conformation is thus the most stable for compound 7b. There
are also less important hydrogen bonds between the hydrogens
on O4 and O3. Although controversial, a series of recent papers
by Klein16 indicated that such interactions on vicinal oxygen
atoms should not be called “hydrogen bonds” neither from the
topological point of view nor according to some experimental
data. The longer distances and smaller angles observed (Table 1)
agree with the lower importance of those interactions. The
application of modeling in the presence of a solvent (chloroform)
by the polarizable continuum method (PCM)17 gave a similar
picture: for a-linked compounds (7a and 8a) T1 conformations
appeared better solvated than G1 conformations, but just by 0.7–
2.4 kJ mol−1, keeping still T1 as a high-energy conformation. For
the b-linked compounds (7b and 8b), the T1 conformations (which
showed stronger hydrogen bonds) appeared less solvated than the
G1 conformations, by 1.3–2.2 kJ mol−1, a difference not enough
as to change their order of stabilities. The energies determined by
DFT or by using MP2 at a higher basis set level gave very similar
results (Table 1), although slight differences were encountered:
the G1 conformations appear less stabilized than the remaining
ones for compounds 7a and 8a (by 1.1–2.5 kJ mol−1), whereas
G2 and G3 appear better stabilized than the remaining ones
(by 1.4–3.5 kJ mol−1) for compound 8a and G3 for compound
8b (by 3.0–4.5 kJ mol−1). For the latter compound, it was found
the only change in order of stabilities of different conformers,
working with B3LYP and MP2 (Table 1).


Free energies were also calculated (at the B3LYP/6-31+G**
level) for conformers G1 and T1 of the four compounds (Table 1).
It was pointed out that although hydrogen bonding causes a
decrease in strain energies, an opposite trend might be shown
for the other free energy terms (zero-point energy, change in
vibrational enthalpy from 0 to 298 K, and the entropic term).18


This is probably caused by the expected loss of entropy upon the
formation of the hydrogen bond, and by an increase in enthalpy by
the zero-point energy correction.18,19 The present results follow the
expected relationships: in a-anomers G1 and T1 (both with strong
hydrogen bonds) show small effects for calculating free energies
(Table 1). By disclosing each term (see ESI,‡ Supplementary
Table 1) it is shown that vibrational enthalpic effects are similar,
whereas the entropic factor favors the T1 compound, suggesting
that the H(O)3 · · · O=C hydrogen bond (stronger in G1) appears
to be more important than the H(O)4 · · · O6 hydrogen bond.


For b-anomers, on the other hand, the T1 conformers, strongly
hydrogen-bonded, appear to be relatively less favored than G1
when free energy determinations are made (Table 1). Both zero-
point energy and vibrational entropy (see ESI,‡ Supplementary
Table 1) contribute to this effect, as expected.18,19


The relative reactivity of O3 and O4 of compounds 2a, 2b, 3a
and 3b was studied in reactions with furanosyl and pyranosyl
donors.6 It has been shown that compound 3a reacts exclusively
through its O3 with the galactofuranosyl donor 1, whereas 2a
gives a predominance of O3 over O4 (3.2 : 1). On the other hand,
in 3b O3 and O4 react at a similar rate (final ratio 1 : 1), and in
2b a higher reactivity of O4 is observed (2.9 : 1).6 Qualitatively,
the higher reactivity of O3 with respect to O4 in a-anomers might
be explained in terms of the hydrogen bond between H(O)3 and
the carbonyl oxygen of the tilted DMM ring observed for the
analogs 7a and 8a, which does not appear for the b-anomeric
acceptors. On the other hand, the relatively higher reactivity of
O3 in benzoylated compounds with respect to the benzylated ones
when keeping the remaining conditions identical (i.e. 3b vs. 2b
and 3a vs. 2a) can be explained in terms of the higher electron-
withdrawing capacity of the former substituent, thus decreasing
the stability of the conformers leading to a strong hydrogen
bond between H(O)4 and O6. The calculations (Table 1) showed
exactly this trend, by making the T conformation less stable
for the 6-O-formylated 8b analogs than for the 6-O-methylated
ones 7b.


In order to produce a more quantitative description, the net
charges of atoms O3 and O4 were determined for each of the
conformers shown on Table 1. The most usual description of
charge is that made by Mulliken, but other fits to the electrostatic
potential were made as those originated in the Merz–Singh–
Kollman scheme (MK),20 the CHelp scheme,21 and the CHelpG
scheme.22 In several systems it was shown that the electron density
distribution can be useful to describe reactivity: the site with
maximum net charge will be the one preferably attacked by
a hard electrophile.23 However, when in the application of the
hard and soft acid and base principle (HSAB), the interaction
between nucleophile and electrophile corresponds to a soft–soft
interaction,9,23 another numerical descriptor is needed. One of
the more common descriptors for soft–soft interactions, is the
Fukui function, related to the electron density in the frontier
molecular orbitals HOMO (for electrophilic attack) and LUMO
(for nucleophilic attack).9,10 In this work, the condensed-to-atom
Fukui functions for electrophilic attack on O3 and O4 were
calculated considering the difference in charge distribution of the
ground molecule and that of the radical cation,10 using the different
charge assignments mentioned above. Results for the different
conformers are shown as ESI‡ (Supplementary Tables 2 and 3).
After Boltzmann-averaging, the results corresponding to each
compound were generated (ESI‡ Supplementary Table 4). The
plot of the experimental rate on O4/O3 vs. the charge and
Fukui function relationships is shown on Fig. 3. It can be
appreciated that the experimental rate relationships parallel quite
well the theoretical charge relationships. By using B3LYP charges
(Fig. 3(a)), the CHelp scheme gives the best results, whereas
using MP2 charges, the Mulliken population calculations yielded
the best results (Fig. 3(b)). Other schemes also worked, but less
sharply. On the other hand, the Fukui functions show a more
erratic behavior, especially for compound 2a/7a which gives a
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Fig. 3 Plots of charge and Fukui functions relationships calculated on
O3 and O4 for 7a, 7b, 8a and 8b against the experimental rates on these
oxygen atoms for the analogs 2a, 2b, 3a and 3b: (a) using DFT charges;
(b) using MP2 charges; (c) using DFT Fukui functions.


maximum value of Fukui function using the CHelp, CHelpG and
Merz–Singh–Kollmann charge schemes, and a minimum value
using Mulliken analysis. In any case, the behavior of the other three
compounds may be an indication that the reaction is proceeding
through a hard–hard interaction, as we had already shown,8 thus
suggesting that in these systems the determination of the net
charges at the reaction sites is useful to predict their reactivity.


The higher O4 reactivity of b-anomers has been already reported
for acceptors with D-galacto configuration,24 and explained in
terms of the higher basicity of O5 in these anomers (produced
by an endo-anomeric effect) generating a strong hydrogen bond
with H(O)4. However, for equivalent D-gluco acceptors with no
possibility of such hydrogen bond arrangement, the b-anomers
also showed higher O4 reactivity (though less pronounced than
that for the galacto counterparts). The explanation given for
the reported example indicated that the above mentioned higher
electron density on O5 of b-anomers was generating a higher
electron density on C4 by delocalization of the n electrons of O5 by
the r* orbital of the C4–C5 bond.24 Although the discussion of the


charges of the ring atoms is made later, it seems to be originated by
the conformational differences between the DMM group in the a-
and b-anomers and not by the anomeric configuration itself (see
below).


Which is the driving force for tilting the DMM group in a-
anomers? Why can not the b-anomers tilt the DMM group in
the same manner? We have first tried to understand how the
rotation of the DMM group affects the energy in a simpler
molecule, like the tetrahydropyran analog 9 (Scheme 2). By DFT
calculations, the minimum energy corresponds to a v2 of 179.3◦


(v2′ = 0.9◦, see Fig. 1), i.e. the DMM group parallel to the C2–H2
bond. The complete energy surface was scanned not only using
the DFT method, but also molecular mechanics (MM3) and a
semiempirical method. Results are shown on Fig. 4(a). The plot
indicates clearly that the parallel arrangement (v2 = 0 or 180◦) gives
rise to the minimum energy whereas, as expected, the maximum
energy is achieved when the DMM ring appears perpendicular
to the C2–H2 bond (v2 = ± 90◦), reaching to a difference in
energy of almost 24 kJ when calculated by the DFT method
and less than 12 kJ by AM1. Furthermore, the close-to-planar
DMM ring becomes highly deformed when deviations from the
parallel arrangement appear, as indicated by the lower plot of
Fig. 4(b), for which deviations of almost ±30◦ occur from the
expected value of the addition of the absolute values of v2 and
v2′ (180◦, Fig. 1). The deviation of v2′ is also greater when using
DFT, as by molecular mechanics the degree of deviation was lower


Fig. 4 (a) Rotational profiles around the C2–N2 torsion (carbohydrate
nomenclature, expressed as v2) for compound 9, calculated at different
levels; (b) variation of the v2′ angle with the expected value (180◦ − v2)
around the profile.
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than 10◦. These results showed that the preferred conformation
of the DMM group, just based on steric grounds should be that
close to v2 = 180◦ when no substituent appears on C1. When the
same calculations were carried out with 10a and 10b (1-methoxy
derivatives of 9), for the b-substituted compound 10b, v2 is close to
parallel (−171◦), whereas for the a-substituted compound 10a, the
DMM group appears tilted (v2 = 158◦) even if no hydroxyl group
is present in C3. The tilting in b-anomers is highly unfavorable: a
simple inspection of molecular models shows that the equatorial
O1 of b-anomers gets too close to one of the oxygens of the
carbonyl groups when the DMM group is rotated well out of
its parallel arrangement. Scanning of the energy surface of 10a
and 10b against the v2 angle reflect these assertions (Fig. 5(a)):
10b shows a curve similar to that of 9, but of higher amplitude,
suggesting that the equatorial methoxyl group not only allows the
parallel conformation of DMM, but also that it discourages any
tilting. The rotation profile for 10a shows the minimum shifted
from v2 = 180◦, as expected. The dihedral angle appears to be
more “flexible” (the amplitude is smaller), and the curve becomes
more complicated, as a secondary minimum with higher energy
appears. Furthermore, in order to produce some tilting in 10b, a
severe deformation of the v2′ angle is produced (Fig. 5(b)).


Fig. 5 (a) Rotational profiles around the C2–N2 torsion (carbohydrate
nomenclature, expressed as v2) for compounds 9, 10a and 10b calculated
with DFT; (b) variation of the v2′ angle with the expected value (180◦ −
v2) around the profile.


Table 2 Relative energies (kJ mol−1) and torsion angles (◦) observed for
the main conformers of DMM-protected glucosamine derivatives 11a, 11b
and 12 calculated at the B3LYP/6-31+G** level. Electronic energies were
recalculated at the MP2/6-311++G** level (in parentheses)


Conf. DE DG v1 v2 v3 v4 x v6


11a


T1 0.0 (0.0) — −48 158 — 70 180 −87
G1 6.2 (6.3) — −52 158 — −71 73 −179


11b


T1 0.0 (0.0) — 50 −171 — 68 −179 −87
G1 7.9 (8.3) — 52 −171 — −64 73 −179


12


T1 0.0 (0.0) 0.0 — 172 57 70 −179 −88
G1 5.4 (8.7) 5.1 — 128 37 −72 74 −178
G1′ 8.7 (10.3) 3.3 — 176 45 −70 74 −178


In order to confirm the answers to the questions which started
the previous paragraph, we have modeled some analogs of 7a/7b
missing the O3 (11a/11b), or the O1 substituents (12, Scheme 2),
trying to focus in the two most important arrangements, equivalent
to the G1 and T1 conformations. Results are shown in Table 2.
As expected, on 11b the lack of O3 does not change much
the pattern, with the T1 conformation as preferential, and the
G1 conformation less important. On the other hand, with 11a,
where the strong hydrogen bond between H(O)3 and the carbonyl
group is not feasible, the T1 conformation becomes preferential,
but there is still an important G1 conformation. Both of them
carry a partly tilted DMM group (Table 2). The slant (158◦),
as occurs with 10a is intermediate between that observed for 7a
(132◦) and 7b (∼180◦). In any case, these facts indicate that the
tilting of the DMM group in a-anomers is not driven only by the
hydrogen bond with H(O)3, but that other steric factors occur. The
calculations made for compound 12 (lacking the C1 substituent,
Table 2) confirm that the presence of the a-methoxyl group on
C1 is not just allowing the DMM group to tilt, but it is also
favoring it: the most stable conformer for 12 is T1, with an almost
parallel DMM. However, two G1 conformations of slightly higher
energy are found: one with a tilted DMM group (hydrogen bond
minimum) and another (G1′) with a parallel DMM group (steric
minimum). If the a-methoxyl group would not have any influence
in tilting the DMM group, the G1 conformation should have been
a global minimum, and G1′ should have not existed, as occurs with
7a. However, some influence of the remaining exocyclic groups
exist: attempts to minimize a “T1′” conformation, with a tilted
DMM group finally gets to the current T1 conformation. Free
energy calculations (Table 2) also support this conclusions: the
G1′ minimum (steric) becomes relatively favored with respect to
T1 and G1 (with hydrogen bonds). Both zero-point energy and
entropic effects (see ESI,‡ Supplementary Table 1) contribute to
the 5 kJ difference between electronic and free energy calculations.


The Mulliken population analysis of the different conformers
of compounds 7a/8a and 7b/8b were calculated (see ESI,‡
Supplementary Tables 5 and 6). Fig. 6 shows graphically the
difference in charge for each ring atom. An odd/even alternating
feature was observed: the electron density is higher for the
b-anomers on C2, C4 and O5, whereas it is higher for the
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Fig. 6 Plots showing the difference in charge (Mulliken) between the
a- and b-anomers (or G1 and T conformers for 12) for each of the
ring atoms of the compounds indicated. The upper plot was calculated
by B3LYP/6-31+G**, the lower plot by MP2/6-311++G**//B3LYP/
6-31+G**.


a-anomers on C1 and C3. The electron density on C5 is absolutely
dependent upon the conformation of the C5 substituent (G or T).
The dependence of the charge on the anomeric character is much
higher on the ring carbon atoms than those observed on O1, O3 or
O4, but still can be helpful in understanding why a-anomers show
higher O3 reactivity and b-anomers show higher O4 reactivity,
by the way of the carbons to which they are attached to. The
comparison with the electron density calculated for the different
conformers of 12 or those of 13 (not having the DMM group)
indicate that whereas the difference in charge on C1 and O5 is
generated just by the anomeric character, those on C2, C3 and C4
are motivated (at least in part) by the tilting of the DMM group.
By the DFT calculation, C2 shows a much higher electron density
on b-anomers than on a-anomers with a tilted DMM group
(difference 0.9–1.1). The difference in electron density between
the compounds with a free amino group 13a and 13b are much
lower (0.3, Fig. 6), whereas for the compound with no anomeric
substituent (12), the conformer with non-tilted DMM has a higher
electron density than those for a tilted DMM (difference 0.3–0.6),
suggesting that the tilting motivates (at least in part) the decrease
in electron density. A similar pattern occurs for C3 and C4: the
values for the G1 conformer of 12 (with a tilted DMM group)
appear closer to those of the a-anomers with a tilted DMM group
7a and 8a, whereas those for the G1′ and T1 conformers of 12 (with
a parallel DMM group) are within the range expected for the b-
anomers 7b and 8b. The difference observed between the electron
density on C3 and C4 for the a- and b-anomers of the glucosamine


derivative 13 are almost negligible (Fig. 6). The charge distribution
on compounds 10 and 11 agrees with the previous discussion.
Calculations made with MP2 gave different numerical values but
led to the same conclusions.


Calculations also indicate that the hydrogen bonding between
H(O)3 and the carbonyl group in a-anomers appears to be a
stabilizing factor for these anomers: in compounds 7a/7b and
8a/8b the a-anomer is 4.8–9.7 kJ mol−1 more stable than the b-
anomer. Solvent modeling (PCM) in chloroform reduces this dif-
ference to 2.6–5.9 kJ mol−1. MP2 calculations stretch the difference
to 7.4–11.8 kJ mol−1. However, for the compounds lacking O3,
like 10a/10b and 11a/11b, the b-anomer is 6.1–6.6 kJ mol−1 more
stable (2.4–2.7 kJ mol−1 by MP2).


Computational details and nomenclature


Quantum mechanical calculations were performed using Gaussian
98 W (version 5.2, revision A-7) with standard basis sets and
default minimization methods and termination conditions.25 In
order to determine the best starting points for the QM calculations,
a full search of the rotamers made by changing in turn all the exo-
cyclic groups was done with MM3(92) (QCPE, Indiana University,
USA).26 The parameters for this force-field were modified as the
MM3(2000) version in the O–C–C–O and O–C–O–H torsional
parameters, O–H bonding parameters and C–H electronegativity
correction.27 Some of the main conformers were also submitted
to an AM1 calculation28 in order to find out starting points for
the QM calculations. The DFT calculations were made at the
B3LYP/6-31+G** level, starting with several different geometries
around the exocyclic moieties on C3, C4, C5 and C6. This level of
basis set was considered to yield good results on carbohydrates,11


although it has been the matter of controversies (see above). The
determination of net charge attributed to each atom was made by
several methods, including the regular Mulliken analysis, fits to
the electrostatic potential according to the Merz–Singh–Kollman
scheme,20 the CHelp scheme,21 and the CHelpG scheme.22 The
condensed-to-atom Fukui function for electrophilic attack was
calculated considering the difference in charge distribution of the
ground molecule and that of the radical cation,10 using the different
charge assignments above mentioned. The values of charges and
Fukui functions obtained for each atom of all studied conformers
of each compound were Boltzmann-averaged (T = 298.15 K).
The free energy of solvation was estimated by the polarizable
continuum method (PCM, with chloroform as solvent) of Tomasi
and co-workers,17 on the gas-phase geometries obtained by the
DFT procedure, i. e. with no further optimization. The energies
and charges were also calculated at the MP2/6-311++G** level,
as single points on the optimum geometries determined by the
DFT procedure. Free energies were calculated from the vibrational
analysis of the minima, at 298.15 K and 1 atm of pressure, with
no special treatment for low-frequency vibrations.


The orientations of the methoxyl anomeric group and hydroxyl
hydrogen atoms are indicated by vn, defined by the atoms Hn–Cn–
On–H(O)n (n = 3 or 4), or replacing the last atom for the methyl
carbon in v1. The dihedral v2 is defined by the atoms H2–C2–
N2–C(=O), whereas v2′ corresponds to the same relationship but
with the other carbonylic carbon of the dimethylmaleimido group
(see the Newman projection on Fig. 1). As v2 and v2′ appear to
be interchangeable, the non-primed acronym was used (with the
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exception of the potential energy surface) for the angle with higher
absolute value (Fig. 1). As usual, the dihedral x is defined by the
atoms O5–C5–C6–O6, and v6 by the atoms C5–C6–O6–C. The
dihedral signs were defined according to the IUPAC conventions:
for a dihedral A–B–C–D the sign is positive, when looking to a
Newman projection from B towards C, A is rotated clockwise
respect to D. For a hydrogen bond, the angle h is defined as that
between donor, hydrogen and acceptor.


For the construction of potential energy surfaces of sugar
analogs against an exocyclic angle, this angle was kept fixed at
30◦ steps, while the remaining coordinates were allowed to relax
fully.


Conclusions


The differential reactivities of O3 and O4 towards glycosyl donors
for a- and b-anomers of 6-O-protected/N-dimethylmaleoyl
(DMM)-substituted glucosamine derivatives can be explained
using state-of-the-art molecular modeling of acceptor analogs.
Whereas the b-anomers carry the DMM group parallel to the
C2–H2 bond, the a-anomers tilt this group generating a hydrogen
bond between H(O)3 and the oxygen of one of the carbonyl groups
in DMM. This hydrogen bond enhances the nucleophilic character
of O3 and thus its reactivity: a recent experimental work has
shown that a-anomers exhibit a higher O3/O4 selectivity than b-
anomers. Modeling also explains the effect of the protecting group
on O6, diminishing the reactivity of O4 by the way of a higher
electron-withdrawing power or by a steric effect. Localized charge
computations on O3 and O4 can help to explain the observed
differential reactivity trends. This is a new example of computa-
tional chemistry as a useful tool not only to determine preferential
conformations or energetic relationships, but to predict reactivities
and provide comparison with the experimentally determined ones.
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An artificial phosphodiesterase (1) bearing two types of metal binding sites, a catalytic site and a
regulatory bipyridine site showed a unique allosteric transition in the catalytic activity against the metal
concentration. The rate constants for the hydrolysis reaction of 2-hydroxypropyl-p-nitrophenyl
phosphate (HPNP) and RNA dimer (ApA) with and without an effector metal ion were evaluated; the
kobs value of HPNP hydrolysis for 1·(Zn2+)3 (2.0 × 10−4 s−1) is 3.3 times larger than that for 1·(Zn2+)2. In
the case of 1 and Cu2+, a 19.4 times larger kobs value was obtained for 1·(Cu2+)3 (1.2 × 10−3 s−1) against
1·(Cu2+)2. The increase in the catalytic activity is ascribed to the allosteric conformational transition of
1 induced by the coordination of effector metal ion to the Bpy moiety. A detailed investigation revealed
that a conformational change of 1 induced by the third M2+ complexation enhances the rate of
hydrolysis rather than a change in the substrate affinity.


Introduction


The design of artificial allosteric systems is of great significance for
regulating the catalytic activities and complexation properties of
artificial receptors.1 We have been interested in the exploitation of
homotropic allosteric systems, which show the nonlinear amplifi-
cation of binding events and chemical signals.2 This phenomenon
is useful to control the activities of an artificial receptor in an
OFF–ON switching manner at a threshold condition.1,2 Allosteric
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2.0 and 8.0 and [Cu2+]/[1] = 2.0 and 3.0 in 33% ethanol–water (HEPES,
25 mM). Fig. S4: Lineweaver–Burk plots for HPNP cleavage. Fig. S5:
UV-Vis spectral changes of 1·(Zn2+)3 upon addition of EDTA-2Na in 33%
ethanol–water (HEPES, 25 mM). See DOI: 10.1039/b716196d


Fig. 1 Chemical structures of compounds 1–4 and substrates HPNP and ApA.


molecular recognition systems have been studied well, whereas
studies on artificial allosteric catalytic systems are still very
rare.3,4 Furthermore, as far as we know, there are few reports
of the same metal ion playing both roles of a catalytic metal ion
and an effector metal ion, giving rise to an allosteric transition
phenomenon.3–5 Such novel systems would show a unique catalytic
activity response depending on the metal ion concentration.


There is considerable interest in creating artificial phosphodi-
esterases because of their potential application to gene therapy.
For this purpose, numerous catalysts containing essential metal
ions have been explored.6 Recently, we designed compound 1 as
an allosteric artificial phosphodiesterase, which has two different
types of metal ion binding sites, 2,2′-bipyridine (Bpy) as a
regulatory site and 2,2′-dipicolylamine (DPA) as catalytic sites
(Fig. 1).7


The DPA moieties have higher Zn2+ or Cu2+ affinities than the
Bpy moiety;8 as a result, the first two metal ions are bound to two
DPA moieties in 1 to produce 1·(M2+)2 (M2+ = Zn2+ or Cu2+). The
regulatory Bpy moiety adopts mostly a transoid conformation
because of the repulsion between lone-pairs of nitrogen atoms,9


where the amine distance between DPA is estimated to be 0.84 nm
by the molecular modeling (see Fig. 2: Insight II, Discover 3). The
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Fig. 2 The molecular models of 1·(Zn2+)2 and 1·(Zn2+)3.


metal ion coordination to Bpy results in a conformational change
from transoid to cisoid by enforcing an alignment of the DPA
sites at a distance of 0.48 nm (catalytically more active); that is an
allosteric transition. Compounds 2–4 used for control experiments
cannot show such an allosteric transition phenomenon.


We demonstrated preliminary results on an allosteric transition
of 1 in the recent communication,7 wherein 1 can alter its catalytic
activity upon addition of metal ions (Zn2+ or Cu2+) in the
hydrolysis of 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP).
This preliminary finding stimulated us to further investigate in
detail the influence of the metal binding on the catalytic hydrolysis
reaction of HPNP. In this publication, we report the investigations
of the metal-induced allosteric transition in the catalytic activity
of 1 and further demonstrated the allosteric catalysis for RNA
dinucleotide, ApA, as a substrate.


Results and discussion


Synthesis of compounds 1–3


The synthetic pathways for compounds 1–3 are shown in
Schemes 1, 2, 3. Compound 1 was synthesized by reductive ami-


Scheme 1 Synthesis of 1. Reagents and conditions: (i) 2,2′-dipicolylamine,
NaBH(OAc)3, ClCH2CH2Cl, r.t., 18 h.


Scheme 2 Synthesis of 2. Reagents and conditions: (i) BDH, benzyl
peroxide, dry CCl4, reflux, 4 h; (ii) 2,2′-dipicolylamine, KI, K2CO3, dry
CH3CN, 35 ◦C, 5 h.


nation of 2,2′-bipyridine-4,4′-dicarbaldehyde with 2,2′-dipicolyl-
amine. We selected sodium triacetoxyborohydride [NaBH(OAc)3]
as a reducing agent (Scheme 1).10 The methyl groups of
3,3′-dimethylbiphenyl were brominated with 1,3-dibromo-5,5′-
dimethylhydantoin (BDH) in carbon tetrachloride in the pres-
ence of benzoyl peroxide to give 3,3′-dibromomethylbiphenyl
(5) (Scheme 2).11 Compound 4 was reacted with lithium di-
isopropylaminde, and the anion thus formed was trapped with
trimethylsilyl chloride (TMSCl) to generate 4-trimethylsilyl-4′-
methyl-2,2′-bipyridine (6) (Scheme 3).12 The TMS group of 6
was removed using dry fluoride anion sources (CsF in DMF)
in the presence of BrF2CCF2Br to produce the 4-bromomethyl-4′-
methyl-2,2′-bipyridine (7). Compounds 2 and 3 were synthesized
from the corresponding bromomethyl precursors 5 and 7 by the
nucleophilic substitution with 2,2′-dipicolylamine.


In situ sequential formation of trinuclear metal complex of 1


The complexation behaviour of 1 with Zn2+ and Cu2+ (as perchlo-
rate salts) in ethanol–water (HEPES, 16 mM) = 1/2 (v/v) solution
at pH 7.7 and 25 ◦C was monitored by photometric titration, ESI
MS and 1H NMR spectroscopies.


Binding processes of Zn2+ to 1 (0.40 mM) were accompanied by
three steps of spectral changes with isosbestic points observed at
293.2 nm (0 to 1 equiv. Zn2+), 296.8 nm (1 to 2 equiv. Zn2+) and
297.4 nm (more than 2 equiv. Zn2+) (Fig. 3(a)). The absorbance
of DPA moieties changed almost linearly upon addition of 0 to
1 equiv. Zn2+ and 1 to 2 equiv. Zn2+. This result clearly showed that
two Zn2+ ions are bound firstly to the DPA moieties quantitatively
to produce 1·(Zn2+)2 under these conditions. At [Zn2+] higher
than 2 equiv., a typical shift from 284.6 to 312.0 nm in the
absorption band of the Bpy moiety was observed; Bpy·Zn2+ is
formed at this stage (Fig. 4). A plot of the absorbance at 312.0 nm
against Zn2+ concentration showed a saturation behaviour and the
association constant for the formation of 1·(Zn2+)3 from 1·(Zn2+)2


was evaluated to be 9.1 × 102 M−1. Similar results were obtained


Scheme 3 Synthesis of 3. Reagents and conditions: (i) LDA/THF, TMSCl, dry THF, 0 ◦C, 30 min; (ii) CsF, BrF2CCF2Br, dry DMF, r.t., 2 h; (iii)
2,2′-dipicolylamine, K2CO3, KI, dry CH3CN, 35 ◦C, 2 h.
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Fig. 3 (a) UV-Vis spectral changes of 1 (0.4 mM) upon addition of Zn(ClO4)2 (broken lines; 0–2 equiv., solid lines; 2–11 equiv.) in 33% ethanol–water
(HEPES, 25 mM) at pH 7.7 and 25 ◦C, (b) UV-Vis spectral changes of 1 (1.0 mM) upon addition of Cu(ClO4)2 (broken lines; 0–2 equiv., solid lines;
2–6 equiv.) in 33% ethanol–water (HEPES, 25 mM) at pH 7.7 and 25 ◦C.


Fig. 4 Schematic representation for the sequential complexation of metal ions to 1.


for the 1 (1.0 mM) and Cu2+ system, where 2 equiv. of Cu2+ were
bound to the DPA moieties in 1 quantitatively (Fig. 3(b)). The
association constants for the formation of 1·(Cu2+)3 and 12·(Cu2+)5


from 1·(Cu2+)2 were evaluated to be 6.3 × 104 M−1 and 1.0 ×
108 M−2, respectively (Fig. 4).


1H NMR titration experiments (see supplementary
information†) also supported this sequential binding scheme
shown in Fig. 4. The in situ formation of 1·(M2+)3 and 12·(M2+)5


(for Cu2+) from 1·(M2+)2 was further supported by the ESI MS
measurement. The ESI MS spectra for [Zn2+]/[1] = 2.0, 8.0 in
33% ethanol–water (HEPES, 25 mM) showed strong peaks at
m/z = 1007.1 and 1271.0, which are assignable to the species of
[1·(Zn2+)2·(ClO4


−)3]+ (calc. for [1·(Zn2+)2·(ClO4
−)3]+ = 1007.0) and


[1·(Zn2+)3·(ClO4
−)5]+ (calc. for [1·(Zn2+)2·(ClO4


−)3]+ = 1270.8),
respectively (see supplementary data,† Fig. S3(a) and (b)). The
ESI MS spectrum for [Cu2+]/[1] = 2.0, 3.0 in 33% ethanol–water
(HEPES, 25 mM) showed strong peaks at m/z = 1003.1 and
1266.0, which are assignable to the species of [1·(Cu2+)2·(ClO4


−)3]+


(calc. for [1·(Cu2+)2·(ClO4
−)3]+ = 1003.0) and [1·(Cu2+)3·(ClO4


−)5]+


(calc. for [1·(Cu2+)2·(ClO4
−)3]+ = 1265.8), respectively (see


supplementary data,† Fig. S3(c) and (d)).


Hydrolysis of HPNP by Zn(II) and Cu(II) complexes of 1


We firstly employed HPNP as a substrate. Kinetic experiments
were conducted on the basis of the release rate of p-nitrophenolate
from HPNP by monitoring the increase in the absorbance at


406 nm. The kinetic studies at varying pH were performed
and pseudo-first-order-rate constants (kobs) were evaluated for
1·(Zn2+)3. The pH-rate profile for the transesterification of HPNP
catalyzed by 1·(Zn2+)3 is bell-shaped in the pH region 6.0–8.0 with
a maximum at pH 7.7 (Fig. 5). A bell-shaped pH rate profile
is often observed for metal-promoted HPNP cleavage. This bell-
type curve indicates that cooperativity between the metal centers in
DPA would be due to the occurrence of general-acid/general-base


Fig. 5 Effect of pH on the observed rate constants measured for the
cleavage of HPNP by 1·(Zn2+)3. Reagents and conditions: [1] = 0.40 mM,
[Zn(ClO4)2] = 2.0 mM, [HPNP] = 0.80 mM.
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catalysis. The increase in the rate with increasing pH is explained by
generation of metal-promoted hydroxide, which acts as a general
base in HPNP cleavage. The decrease in the rate at higher pH
might reflect the competitive binding of hydroxide to the catalyst
which prevents binding of the substrate.


Then, the kinetic studies at varying Zn2+ to Cu2+ concentrations
were performed and pseudo-first-order rate constants (kobs) were
evaluated for 1 and 2 (Fig. 6). Very interestingly, in the case of
1, there was a further significant increase in the catalytic activity
upon addition of more than 2 equiv. metal ion, whereas such
enhancement was not observed for 2 without the regulatory site
(Fig. 6). In Fig. 6(a), the rate constant for 1 with 8 equiv. Zn2+


is 3.3 times larger than for 1 with 2 equiv. Zn2+ (1·(Zn2+)2). The
saturation behaviour observed for 1 in Fig. 6(a) is complementary
to the results of photometric titration. In the case of 1 and Cu2+,
19.4 times larger kobs value was obtained for 1 with 3 equiv. Cu2+


against 1 with 2 equiv. Cu2+(1(Cu2+)2) (Fig. 6(b)). For 1 with
3 equiv. Cu2+, the ratio of [1·(Cu2+)3]/[12·(Cu2+)5]/[1·(Cu2+)2] is
estimated to be 81/11/8 by the association constants between Cu2+


and the Bpy moiety in 1.13 These results clearly show that 1·(M2+)3


and/or 12·(M2+)5 have higher catalytic activity than 1·(M2+)2.
In order to evaluate the contribution of the Bpy·Zn2+ complex


to the hydrolysis of HPNP, kobs values with control compounds 3
and 4 were measured. It was found that kobs value of 6.6 × 10−5 s−1


obtained from a mixture of 2·(Zn2+)2 and 4·Zn2+ is almost same as
that obtained from 2·(Zn2+)2 (6.2 × 10−5 s−1). In addition, the kobs


value of 3.5 × 10−5 s−1 for 3·(Zn2+)2 is 5.8 times smaller than that
for 1·(Zn2+)3. These results show that inter- or intra-molecular
reaction catalyzed by Bpy·Zn2+ and DPA·Zn2+ complexes is not
effective for the hydrolysis of HPNP (Table 1(a)–(d)). Similar
results were obtained from Cu2+ (Table 1(e)–(h)). The kobs value of
1.2 × 10−3 s−1 for 1·(Cu2+)3 + 12·(Cu2+)5 is 40 times larger than that
for other control complexes. The increase in the catalytic activity
is ascribed, therefore, to the allosteric conformational transition
of 1 induced by the coordination of effector metal ion to the Bpy
moiety as shown in Fig. 4.


Michaelis–Menten kinetic parameters were evaluated from
saturation kinetic experiments to obtain a further insight into
the rate enhancement observed for 1. Saturation kinetic curves
were obtained from Zn2+ and Cu2+ catalysts. A Lineweaver–Burk
plot was applied to calculate the Michaelis–Menten constant (Km)
and the catalytic constant (kcat) (see supplementary information†).
The results are summarized in Table 1. A significant increase
in the value of kcat (4.1 times for Zn2+ and 55 times for Cu2+)
was obtained from the conditions (b) and (d) compared with (a)
and (c) in Table 2. A conformational change of 1 induced by the


Fig. 6 (a) Plots of pseudo-first-order rate constants (kobs) for the
hydrolysis of HPNP (0.80 mM) at various Zn2+ concentrations in 33%
ethanol–water (HEPES, 25 mM): (a) [1] = 0.40 mM (�), [2] = 0.40 mM
(�) pH 7.7 at 25 ◦C. (b) Plots of pseudo-first-order rate constants (kobs) for
the hydrolysis of HPNP (1.0 mM) at various Cu2+ concentrations in 33%
ethanol–water (HEPES, 25 mM): (a) [1] = 1.0 mM (�), [2] = 1.0 mM (�)
pH 7.7 at 25 ◦C. Inset is an enlarged view for 2 and Cu2+.


third M2+ complexation, that is, allosteric transition, enhanced the
rate of hydrolysis but not by a change in the substrate affinity. This
should be a consequence of the preferable preorganization of two
DPA·M2+ complex units toward the hydrolysis; the conformational
change of this catalyst would facilitate the attack of intramolecular
hydroxyl ion sitting on M2+ to the substrate.


Table 1 Pseudo-first-order rate constants (kobs) for the hydrolysis of HPNP Zn(II) and Cu(II) complexes of 1–4a


103kobs/s−1


(a) 1 (0.40 mM) with Zn(ClO4)2 (2.0 mM)b 0.20
(b) 2 (0.40 mM) with Zn(ClO4)2 (2.0 mM)b 0.062
(c) 2 (0.40 mM) + 4 (0.40 mM) with Zn(ClO4)2 (2.0 mM)b 0.066
(d) 3 (0.40 mM) with Zn(ClO4)2 (2.0 mM)b 0.035
(e) 1 (1.0 mM) with Cu(ClO4)2 (3.0 mM)c 1.2
(f) 2 (1.0 mM) with Cu(ClO4)2 (2.0 mM)c 0.030
(g) 2 (1.0 mM) + 4 (1.0 mM) with Cu(ClO4)2 (3.0 mM)c 0.028
(h) 3 (1.0 mM) with Cu(ClO4)2 (2.0 mM)c 0.032


a In 33% ethanol–water (HEPES, 25 mM), pH 7.7 at 25 ◦C. b [HPNP] = 0.8 mM. c [HPNP] = 1.0 mM
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Table 2 Michaelis–Menten kinetic parameters estimated by Lineweaver–
Burk plots for HPNP cleavage; in ethanol–water (HEPES, 25 mM), pH 7.7
at 25 ◦C


103kcat/s−1 103Km/M


(a) 1 (0.40 mM) with Zn(ClO4)2 (0.8 mM) 0.51 1.93
(b) 1 (0.40 mM) with Zn(ClO4)2 (2.0 mM) 2.10 3.13
(c) 1 (1.0 mM) with Cu(ClO4)2 (2.0 mM) 0.26 3.56
(d) 1 (1.0 mM) with Cu(ClO4)2 (3.0 mM) 14.3 12.7


Upon addition and removal of the third metal ion bound to
BPy, we confirmed the conversion between 1·(M2+)3 and 1·(M2+)2


by UV-vis spectroscopic method (supplementary information†);
this indicates that the ON–OFF experiments using this system
can be demonstrated. At first, HPNP was added to a solution of
1·(M2+)2. Absorbance at 406 nm assignable to p-nitrophenolate
slowly increased. After 3 min, the addition of metal ion to the
reaction mixtures caused a sharp increase in the formation of p-
nitrophenolate. Next, the removal of metal ion by the addition
of EDTA resulted in the decrease in the rate of hydrolysis again
(Fig. 7). The results further support the view that the third metal
ion acts as an allosteric effector for this hydrolysis reaction.


Hydrolysis of ApA by Zn(II) and Cu(II) complexes


With such an outstanding catalyst in hands we turned to
more appealing substrates such as RNA dinucleotides; namely
ApA. The cleavage process was followed by HPLC, monitoring
the disappearance of the substrate and the formation 3′-AMP and
adenosine. The kobs values were calculated from changes in these
species (Table 3). We set the reaction temperature at 35 ◦C for Zn2+


complex and 45 ◦C for Cu2+ complex because the reaction was not


Table 3 Pseudo-first-order rate constants (kobs) for the hydrolysis of ApA
by Zn(II) and Cu(II) complexes of 1a


104kobs/s−1


1 with 2 equiv. Zn2+ b 0.11
1 with 8 equiv. Zn2+ b 3.6
1 with 2 equiv. Cu2+ c —d


1 with 3 equiv. Cu2+ c 1.4


a In 37% ethanol–water (HEPES, 25 mM), pH 7.7, [ApA] = 0.10 mM.
b [1] = 1.0 mM, [Zn(ClO4)2] = 2.0, 8.0 mM, at 35 ◦C. c [1] = 1.0 mM,
[Cu(ClO4)2] = 2.0, 3.0 mM, at 45 ◦C. d The rate was too slow to evaluate.


sufficiently fast for monitoring at 25 ◦C. We confirmed that the
metal binding process are almost the same as those observed at
25 ◦C. The kobs value of 3.6 × 10−4 s−1 for 1·(Zn2+)3 was 33 times
larger than that for 1·(Zn2+)2 (kobs = 1.1 × 10−5 s−1). In the case of
Cu2+ system, the hydrolysis reaction with 1·(Cu2+)2 was too slow
to follow. On the contrary, kobs for 1·(Cu2+)3 was evaluated to be
1.4 × 10−5 s−1, which is consistent with the data demonstrated by
other groups.6 These results clearly show that 1·(M2+)n can also
alter their catalytic activities in the hydrolysis reaction of ApA.


Conclusions


In conclusion, we have demonstrated that compound 1 bearing
two types of Zn2+ or Cu2+ binding sites exhibits an allosteric
response in the catalytic activities toward the hydrolysis of
phosphodiester substrates such as HPNP and ApA. We anticipate,
therefore, that such a supramolecular catalytic system would
further produce intelligent artificial systems responding to various
types of chemical stimuli.


Experimental
1H NMR, absorption spectra, MALDI TOF MS, ESI MS spectra
were measured with Bruker DMX 600, Shimadzu UV-2500,
Perseptive Voyager RP MALDI TOF spectrometer, Perseptive
Mariner and JASCO J-720 WI, respectively.


For the cleavage of ApA the reaction was followed by HPLC
by withdrawing 10 ll of the mixture from 100 ll of the reaction
solution and 100 ll of mobile phase condition A (see below).
Separation condition: column C30-UG-5 (4.6 nm, 250 nm); mobile
phase (condition A = 10 mM NaH2PO4, 10 mM Sodium octane-
sulfonate, 5 mM EDTA-2Na); eluent gradient with acetonitrile (A:
100 - 80% (0–8.0 min), 80–20% (8.0–8.1 min), 30% (8.1–25.0 min.),
30–100% (25.0–25.1 min), and 100% (25.1–30 min)); flow rate
1.0 ml min−1; temperature 40 ◦C; detection wavelength 254 nm.


Syntheses


4,4′-Dimethyl-2,2′-bipyridine 414 and HPNP15 were synthesized
according to the previously reported methods. 1H NMR, absorp-
tion spectra, MALDI TOF MS, ESI MS spectra were measured
with Bruker DMX 600, Shimadzu UV-2500, Perseptive Voyager
RP MALDI TOF spectrometer, Perseptive Mariner and JASCO
J-720 WI, respectively.


Fig. 7 Control of hydrolysis for HPNP upon addition and removal of allosteric metal ion: (a) [1] = 0.40 mM, [Zn(ClO4)2] = 2.0 mM, [HPNP] = 1.0 mM
(0 min), addition of Zn(ClO4)2 (3.0 mM) after 3 min, and addition of EDTA (3.0 mM) after 6 min in ethanol–water (HEPES, 25 mM), pH 7.7 at 25 ◦C.
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4,4′-Bis(dipicolylaminomethyl)-2,2′-bipyridine (1)


4,4′-Diformyl-2,2′-bipyridine (200 mg, 0.94 mmol) and 2,2′-
dipicolylamine (0.34 ml, 1.9 mmol) were dissolved in 30 ml of
dichloroethane. To this solution sodium triacetoxyborohydride
(540 mg, 2.5 mmol) was added and the resultant mixture was
stirred at room temperature for 18 h. After addition of 5%
aqueous NH3, the insoluble material was filtered off. The filtrate
was concentrated in vacuo. The residual aqueous solution was
extracted by chloroform and dried over anhydrous sodium sulfate.
The solution was evaporated to dryness, the oil residue being
chromatographed (silica gel, chloroform–methanol = 50 : 1 with
four drops of 28% aqueous NH3) to give yellow solid. The resultant
yellow solid was washed by ether to give 1 as a white powder
(253 mg, 46%); mp 135.9–137.9 ◦C. 1H NMR (600 MHz, CDCl3,
27 ◦C, d/ppm, J/Hz): 3.81 (s, 4H), 3.85 (s, 8H), 7.15 (t, J = 6.0,
4H), 7.47 (d, J = 4.8, 2H), 7.59 (d, J = 7.7, 4H), 7.67 (t, J = 7.5,
4H), 8.38 (s, 2H), 8.53 (d, J = 4.5, 4H), 8.63 (d, J = 4.9, 2H);
MALDI TOF MS (dithranol matrix): calc. (found) for [1 + H]+:
579.71 (579.71). Calc. for C36H34N8·0.5CH3OH: C, 73.71; H, 6.10;
N, 18.84. Found: C, 73.50; H, 5.93; N, 18.77%.


3,3′-Dibromomethylbiphenyl (5)


To a solution of 3,3′-dimethylbiphenyl (0.5 ml, 2.54 mmol) with
dry CCl4 (30 ml) were added BDH (940 mg, 3.30 mmol) and BPO
(108 mg, 0.48 mmol). The mixture was allowed to reflux under N2


for 4 h. The resultant precipitate was filtered off and the filtrate was
evaporated under reduced pressure. The residue was recrystallized
from hexane and chloroform to afford the product as a white solid
(200 mg, 22%). 1H NMR (250 MHz, CDCl3, 27 ◦C, d/ppm, J/Hz):
4.56 (s, 4H), 7.46 (m, 6H), 7.61 (s, 2H).


3,3′-Bis(dipicolylaminomethyl)biphenyl (2)


To a solution of 3,3′-dibromomethylbiphenyl 5 (195 mg,
0.57 mmol) with dry acetonitrile (10 ml) were added K2CO3


(400 mg, 2.89 mmol), KI (38 mg, 0.23 mmol) and dipicolylamine
(0.20 ml, 1.1 mmol). The mixture was allowed to stir at 35 ◦C under
N2 for 5 h. The resultant precipitate was filtered off and the filtrate
was evaporated under reduced pressure. The residue was dissolved
in chloroform and washed with aqueous Na2CO3 (2 × 20 ml). The
organic extract was dried over anhydrous Na2SO4. After removal
of solvent under reduced pressure, the residue was purified by
column chromatography (silica gel, chloroform–methanol = 25 :
1 (v/v) saturated 28% aqueous ammonia) to give yellow oil
compound 2 (158 mg, 48%). 1H NMR (600 MHz, CDCl3, 27 ◦C,
d/ppm, J/Hz) 3.77 (s, 4H), 3.86 (s, 8H), 7.14 (t, J = 5.9, 4H),
7.42 (m, 6H), 7.63 (m, 10H), 8.52 (d, J = 4.7, 4H); MALDI TOF
MS (dithranol matrix): calc. (found) for [2 + H]+: 577.73 (577.40).
Calc. for C38H36N6·1.0CHCl3: C, 67.29; H, 5.36; N, 12.07. Found:
C, 67.35; H, 5.48; N, 12.00%.


4-Trimethylsilyl-4′-methyl-2,2′-bipyridine (6)


To a solution of 4,4′-dimethyl-2,2′-bipyridine (500 mg, 2.7 mmol)
with dry THF (25 ml) was added dropwise 0.24 M LDA (11.4 ml,
2.7 mmol) with stirring under N2 for 30 min at 0 ◦C. To the mixture
was added dropwise TMSCl (0.5 ml, 3.0 mmol), and the reaction
was stopped by addition of EtOH (1.0 ml). To the resultant mixture


was added saturated aqueous NaHCO3 (50 ml), and the product
was extracted with ethyl acetate (3 × 30 ml). The organic extract
was washed with brine (3 × 30 ml). The organic extract was dried
over Na2CO3, filtered, and concentrated to give crude 5 (408 mg,
28% calculated by 1H NMR spectrum). The residue was subjected
to the next step without further purification.


4-Bromomethyl-4′-methyl-2,2′-bipyridine (7)


To a solution of crude 6 (312 mg, 0.58 mmol calculated by 1H
NMR spectrum) with dry DMF (10 ml) were added 1,2-dibromo-
1,1,2,2-tetrafluoroethane (0.14 ml, 1.16 mmol) and CsF (0.2 g,
1.3 mmol) with stirring under N2 at room temperature for 2 hours.
The resultant precipitate was filtered off. To the filtrate was added
water (50 ml), and the product was extracted with ethyl acetate (3 ×
30 ml). The organic extract was washed with brine and water (3 ×
30 ml, respectively). The organic extract was dried over Na2CO3,
filtered, and concentrated to give crude 6 (269 mg, 35% calculated
by 1H NMR spectrum). The residue was subjected to the next step
without further purification.


4-Dipicolylaminomethyl-4′-methyl-2,2′-bipyridine (3)


To a solution of crude 7 (269 mg, 0.20 mmol calculated by 1H-
NMR spectrum) with dry DMF (3 ml) and dry acetonitrile (7 ml)
were added K2CO3 (83 mg, 0.60 mmol), KI (10 mg, 0.06 mmol)
and dipicolylamine (0.04 ml, 0.22 mmol) with stirring under N2 at
35 ◦C for 2 hours. The resultant precipitate was filtered off. The
filtrate was washed with brine (3 × 30 ml), and the organic extract
was dried over Na2CO3, filtered, and concentrated. The residue
was purified by column chromatography (silica gel, chloroform–
methanol = 30 : 1 (v/v) saturated 28% aqueous ammonia) to give
yellow oily compound 3 (100 mg, 100%). 1H NMR (600 MHz,
CDCl3, 27 ◦C, d/ppm, J/Hz) 2.43 (s, 3H), 3.81 (s, 2H), 3.85 (s,
4H), 7.15 (m, 3H), 7.46 (d, J = 4.8, 1H), 7.59 (d, J = 7.8, 2H),
7.66 (t, J = 7.6, 2H), 8.20 (s, 1H), 8.38 (s, 1H), 8.53 (m, 3H), 8.63
(s, 1H); MALDI TOF MS (CHCA matrix): calc. (found) for [3 +
H]+: 382.20 (382.24). Calc. for C24H23N5·0.25CHCl3: C, 70.81; H,
5.70; N, 17.03. Found: C, 70.93; H, 5.88; N, 16.81%.
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In the course of synthetic studies towards the development of diastereoselective routes to secoiridoid
aglycones, cis-1,2,4,6-tetrahydrophthalic anhydride was transformed into the corresponding lactone
cis-3a,4,7,7a-tetrahydro-3H-isobenzofuran-1-one, which served as a key precursor for a variety of
chemoselective synthetic manipulations. Unsuccessful formylation of an ester intermediate resulted in a
(E/Z) mixture of vinyl alcohols which were protected as acetates and as a single p-methoxybenzyl
(PMB) ether (E) isomer. Dihydroxylation of the cyclohexene motif using OsO4 led to the unexpected
deprotection of the PMB ether. On the other hand, successful formylation of a suitably silyl protected
lactonised intermediate was achieved using tert-butoxybis(dimethylamino)methane, or Bredereck’s
reagent. Tetrabutylammonium fluoride (TBAF) deprotection of a methoxyethoxymethyl (MEM)-ether
intermediate serendipitously afforded an approximately 1 : 1 mixture of pyrano-pyranones, which are
products of a seldom encountered intramolecular Michael addition, using an oxygen donor, to the
terminus of an a,b-unsaturated system, followed by b-elimination of the MEM moiety.


Introduction


The secoiridoid aglycone fragment 1 (Fig. 1, R = H) is also
the aglycone of more frequently reported secoiridoids, including
sweroside (Fig. 1, R = glucose).1 Early synthetic studies towards
secoiridoids in racemic form have included a base-mediated Grob-
type fragmentation,2 and a [2 + 2] photocycloaddition3 as key
reactions. Most published syntheses of complex secoiridoids rely
on an advanced secoiridoid precursor as a starting point. This is
exemplified by the syntheses of bakankosin4 and hunterioside,5


which were both derived from the natural product secologanin.


Fig. 1 Structures of secoiridoid aglycone 1 and sweroside 2.


The susceptibility of the hemiacetal in sweroside aglycone 1
(Fig. 1, R = H) to epimerisation to give the thermodynamically
favoured trans-isomer has frequently been reported, particularly
upon de- and re-glycosidation.3,6–8 This precluded the use of readily
available sweroside or secologanin as starting materials. Thus, in
view of the aforementioned, we sought an alternative synthetic
approach to sweroside aglycone 1.
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Town, Rondebosch 7701, South Africa
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In a major departure from previous synthesis,3 dismantling
of the acetal was the first disconnection chosen. Because of the
labile nature of the hemiacetal, glycosidation must take place
immediately after closure to the dihydropyranose system, as such
protecting the hemiacetal. Prior to planning a route, the following
constraints were identified:


(i) The carboxyl moiety should be in place prior to attempted
closure of the dihydropyranoid ring. As shown in Scheme 1,
enolisation of either one of the formyl (2a or 2b) moieties results
in the formation of two different hemiacetals, one of which
compromises a chiral centre.


Scheme 1 Competing formation of two possible hemiacetals.


Formation of the desired hemiacetal would be facilitated if 2a
were present as its enol tautomer. Conjugation of the carboxyl
C=O bond with the enol C=C bond should provide stabilisation
of this enol tautomer and ensure its existence in preference to the
aldehyde form, Scheme 2.


(ii) Chemodifferentiation of the hydroxyethyl moieties formed
after oxidative cleavage of the cyclohexene motif would be facili-
tated if the carboxyl was in place prior to diol formation. d-Lactone
formation would thus provide the required chemodifferentiation
step, Scheme 3.
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Scheme 2 Formation of desired hemiacetal via conjugation of a carbonyl
group with an enol double bond.


Scheme 3 Chemodifferentiation of hydroxyethyl moieties via lactone
formation.


(iii) In order to accommodate analogue synthesis, dihydropyran
ring closure and acetal protection should be the last steps in the
synthesis.


A retrosynthetic scheme observing the foregoing requirements
was devised and is outlined in Scheme 4. Transformation
(a) consists of a series of functional group interconversions
involving elimination, a coupled oxidative endocyclic double
bond cleavage–termini reduction followed by lactonisation and
deprotection of the enolic and acetal moieties with concomitant
ring closure. An enolate-mediated process is reflected in the C–C
bond formation step (b), so utilising the carbonyl functionality
available at this point. The aldehyde would be protected as an
enol ether after the homologation process. Transformation (c)
comprises firstly, acetal formation, followed by regioselective
functionalisation of the exocyclic olefin to install the requisite
carbonyl group. For process (d), opening of the heterocyclic moiety


Scheme 4 Retrosynthetic plan for the racemic synthesis of sweroside
aglycone.


is required first, to allow access to both termini. Homologative
olefination and oxidation of the ‘northern’ and ‘southern’ termini
respectively complete this step.


Results and discussion


The synthesis of the required starting lactone 3 via reduction
of a mixed anhydride or acid chloride was largely unsuccessful.
Methanolysis of cis-1,2,4,6-tetrahydrophthalic anhydride, 4 in the
presence of diisopropylamine provided the novel salt 5. Following
a procedure described by Zwanenberg et al.,9 the salt was treated
with isobutyl chloroformate to give a mixed anhydride. Filtration
followed by reduction with sodium borohydride (NaBH4) using
the conditions described led largely to the diol 6, the product of
over-reduction, Scheme 5.


The methyl half ester of 4 was produced by simple methanolysis
and, more efficiently, by acidifying an aqueous solution of 5
followed by extraction of 7, Scheme 5.


Selective borohydride reduction of 7 via acid chloride formation
was accompanied by over-reduction in spite of stoichiometric
and temperature control. The simplest reduction proved to be a
literature procedure10 in which the anhydride was directly reduced
with NaBH4 in cold N,N-dimethylformamide (DMF) to give the
lactone as a single product, which could be purified by vacuum
distillation, Scheme 5.


The next step was to conduct homologation studies on lactone
3. Both stepwise11 and one pot procedures12 have been described
for the diisobutylaluminium hydride (DIBAH) reduction of 3
to the corresponding lactol followed by a Wittig reaction with
a methylphosphorane to give the homologated olefin. This
procedure was selected because, in addition to one-carbon ho-
mologation, it provided a ring opened intermediate in which the
cyclohexenyl substituents were clearly chemodifferentiated. The
hydroxyl group in the Wittig product would be accessible for
oxidation to the required aldehyde level. The olefin is ideally
primed for further functionalisation since it is monosubstituted.
It is thus chemodifferentiated from the endocyclic double bond as
well as providing an opportunity for regioselective hydroboration.


Scheme 5 Reagents and conditions: (a) HN(iPr)2, MeOH, 85%; (b) (i) isobutylOCOCl, CH2Cl2, 0–25 ◦C then filter; (ii) NaBH4, CH2Cl2–H2O, 0 ◦C;
(c) 1 M HCl; (d) NaBH4, DMF, 0 ◦C, 78%; (e) (i) DIBAH (1.5 mol. equiv., slow addition), toluene, −78 ◦C, 72%, (ii) DIBAH (1.1 mol. equiv., fast
addition), toluene, −78 ◦C, 92%; (f) Ph3P+CH3I−, nBuLi, THF, 0–25 ◦C, 89% (g) (i) PCC–alumina, CH2Cl2 (0.58 M), (ii) PCC–alumina, CH2Cl2 (0.04 M),
(iii) (COCl)2, DMSO, CH2Cl2, −78 ◦C, then Et3N, −78–25 ◦C, (iv) TPAP, NMO, 4 Å mol. sieve, CH2Cl2; (h) propane-1,3-diol, HC(OCH3)3, pTsOH,
23% (over 2 steps); (i) TBDPSCl, imidazole, DMF, 99%; (j) 9-BBN, THF, then 1 M NaOH, H2O2, 99%.
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In the event, the reduction procedure was found to be less
selective than that described and reduction of the product lactol
to diol 6 was observed prior to complete consumption of starting
lactone. The reaction of 3 with 1.5 equivalents of DIBAH showed
complete consumption of starting material and a 3 : 1 distribution
of products 8 and 6, Scheme 5. It was later noted that very fast
addition of DIBAH to a rapidly stirring solution of 3 minimised
over-reduction and stoichiometric hydride could be used to give 8
in 92% yield.


The synthesis of 10 was most efficiently achieved when two
discrete steps were used, as opposed to the one-pot procedure.
The oxidation of the exposed hydroxyl group using chromium
trioxide–pyridine has been reported,11 but in a poor yield (55%).
This oxidation proved to be problematic for two reasons; (i)
the epimerisable nature of the bridgehead position a to the
aldehyde carbonyl in the product and (ii) the volatile nature
of the aldehyde. Epimerisation was noted in the oxidation with
pyridinium chlorochromate (PCC)–alumina where a mixture of
inseparable products, 10 and 11 was recovered in proportions
that varied from 9 : 1 to 4 : 6 depending on the reaction
conditions, Scheme 5. Swern oxidation13 as well as oxidation
with tetrapropylammonium perruthenate (TPAP)14 provided only
the desired cis diastereomer 10. In all cases the recovery of this
compound was less than 50%. This was assumed to be due to
evaporation of the aldehyde during isolation. One of the work-
up procedures recommended for the TPAP oxidation14 is a non-
aqueous procedure involving flash chromatography of the reaction
mixture to give the aldehyde. This protocol was followed using
dichloromethane as the elution solvent to give a solution of
the aldehyde in dichloromethane, which provided the reaction
medium for the protection of 10 as an acetal, thus minimising the
handling and losses due to evaporation. Cyclic acetal formation
was achieved, but the recovery of the dioxanyl derivative 12 was
only 23% over the two steps.


In order to eliminate the losses caused by handling 10, the
synthetic plan was altered. The conversion of the alcohol into
the desired aldehyde oxidation state was delayed until later in
the synthesis when the intermediates were expected to be less
volatile. The hydroxyl group in 9 was thus silylated as a tert-
butyldiphenylsilyl (TBDPS) ether to give 13. Hydroboration–
oxidation using 9-borabicyclononane (9-BBN–H2O2) provided a
single product showing the expected chemo- and regioselectivity,
14, Scheme 5.


The selection of the oxidation level into which the hydroxyl
group in 14 should be converted was dependent on the second
one-carbon homologation strategy to be applied. Oxidation to
an aldehyde followed by base-mediated enolate formation and
carboxylation of the enolate would give the desired intermediate
A [Scheme 6 Path A]. Similarly, oxidation to an acid followed
by ester formation, deprotonation and formylation of the enolate
would lead to the same intermediate [Scheme 6 Path B].


The selection of Path A as the first option attempted was
made firstly, because the aldehyde should be accessible in a
single step using mild oxidative conditions and secondly, to avoid
complications that could arise from the ambident nature of enolate
anions. The oxidation of 14 using Dess–Martin periodinane,15 to
aldehyde 15 proceeded as expected. Treatment of 15 with lithium
diisopropylamide (LDA) followed by methyl cyanoformate gave a
complex mixture of products. When the enolate was treated with


Scheme 6 Enolate-mediated routes to A.


methyl chloroformate or carbon dioxide, mixtures dominated by
unreacted starting material were produced. A carboxylation using
the in situ formation of a magnesium carbonate species similar
to the Stiles reagent (magnesium methyl carbonate)16 also gave
unsatisfactory results.


The alternative homologation sequence (Path B, Scheme 6) was
thus attempted. The ester was prepared by a Jones oxidation of 14
to give acid 16. The reaction was performed at low temperature
(−16 ◦C) to preclude any silyl deprotection under the strongly
acidic conditions. The acid was converted into its methyl ester
17 that was successfully formylated by enolate formation with
LDA followed by treatment with ethyl formate to deliver enolic
tautomers 18 (Scheme 7).


Scheme 7 Reagents and conditions: (a) periodinane, CH2Cl2, 92%;
(b) 8 M CrO3, acetone, −16 ◦C, 80%; (c) MeI, K2CO3, DMF, 0–25 ◦C, 89%;
(d) (i) LDA, HCO2Et, THF, −78– −40 ◦C, 92% (18); (ii) Ac2O, pyr, DMAP,
CH2Cl2, 92% (19/20, E,Z) or NaH, PMBCl, DMF, 92% (21).


The overlapping spectra were too complex to be fully assigned
and 18 was thus derivatised to allow characterisation. The enol
acetates 19 and 20 were formed under standard acetylation
conditions, Scheme 7. The assignment of 19 and 20 as the Z and
E geometrical isomers respectively was made on the basis of NOE
difference NMR experiments.


To avoid the cumbersome task of characterising two isomers
in further steps in the synthesis, an attempt to enhance the E-
selectivity of the protection reaction was made by forming the
more sterically demanding p-methoxybenzyl (PMB) ether 21. The
PMB ether was also selected because of the variety of conditions
that could be applied if selective deprotection was required.17 A
single isomer was isolated in good yield.


Oxidative cleavage


In comparing 21 to the required ‘skeleton of functionality’
described earlier, it can be noted that the carbon framework was
in place and only the oxidation states at the olefin termini and
the alcohol required alteration. Although two olefinic moieties
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are present in 21, it was hoped that the enolic olefin would be less
susceptible to oxidative cleavage due to the presence of electron
withdrawing functionality in the carboxy substituent.


The stoichiometric reaction of 21 with osmium tetroxide
(OsO4) in pyridine furnished equal quantities of the glycol 22
and p-methoxybenzyl alcohol (Scheme 8), which indicated that
unexpected deprotection of the vinyl alcohol had occurred.
Other reaction products were detected using TLC but these were
extremely polar and were not isolated.


Scheme 8 Reagents and conditions: (a) OsO4, pyr, 43%; (b) Pb(OAc)4,
toluene, 45% (23); (c) NaBH4, MeOH, 35%; (d) O3, CH2Cl2, −78 ◦C,
then BH3·Me2S, 25 ◦C, 67%; (e) PhSeCN, nBu3P, THF, 87%; (f) NaIO4,
MeOH–H2O, then Et3N–benzene, reflux, 89%.


Since literature precedence indicates that PMB ethers are stable
to OsO4 dihydroxylation conditions,18 the unexpected deprotec-
tion could be rationalised by invoking the interaction of OsO4


with the enolic double bond to give a cyclic osmate ester, which,
upon hydrolysis would be expected to give the deprotection result
in addition to dihydroxylating the species.


The glycol 22 was successfully cleaved with lead tetraacetate
in toluene. The product was extremely unstable and seemingly
decomposed during isolation and chromatography resulting in a
poor yield of 45%, Scheme 8. The dihydroxylation step was not
investigated further due to the undesirable outcome of the glycol
cleavage experiment described above.


Ozonolysis of 21 followed by NaBH4 reduction of the ozonide
resulted in a complex mixture of products. This result, as well as
the lack of stability demonstrated by the glycol cleavage product,
required that the synthetic route that had been designed around
the existing literature precedent be altered. The oxidative cleavage
was thus attempted prior to the second homologation step, i.e. on
17.


Ozonolysis of 17 followed by a reductive work-up of the ozonide
with sodium borohydride was attempted, but again, a complex
mixture of products was observed by TLC. Ozonolysis of 17
followed by the addition of dimethyl sulfide furnished a single
product (by TLC). Flippin et al.19 have developed a procedure
for the reduction of ozonides to alcohols using borane–dimethyl
sulfide complex. Employed at room temperature, this reagent is
tolerant to ester functionality. On the ozonide of 17, yields of 24
improved, but could only be optimised at 67% (Scheme 8). In each
case, a mixture of decomposition products accompanied 24 in the
crude reaction extract.


Pyrolytic syn-elimination


Reaction of 24 with phenyl selenocyanate using Grieco
conditions20 afforded the primary selenide 25. Treatment of this
with H2O2 followed by warming gave a 60% yield of the elimination
product 26.21 Under neutral or acidic conditions, the phenyl
seleninic acid formed from this reaction reacts with olefins to
yield b-hydroxy selenides.22 On the other hand, the use of NaIO4


delivered a superior (87%) yield. Following NaIO4 promoted
formation of the selenoxide, the latter was subjected to heating
in the presence of triethylamine and benzene and the pyrolytic
elimination was optimised at 89%, Scheme 8.


Attempts to introduce the o-nitrophenylselenium onto 24 in
order to accelerate elimination23 resulted in incomplete reaction
and the recovery of the diaryldiselenide along with the desired
product. Alteration of the reaction conditions (concentration,
rate of addition, order of reagent addition and stoichiometry) did
not improve the recovery and a significant proportion of starting
material was isolated after each reaction.


One-carbon homologation revisited


The enolate-mediated formylation reaction that had been delayed
until after successful oxidative cleavage could now be employed.
The protocol that was used to formylate the ester 17 (LDA–
ethyl formate, Scheme 7) was applied to the lactone 26. Although
formylation was achieved, a minimum of 50% starting material
was recovered from each reaction. Increased ratios of reagents, in-
creased reaction times and increased reaction temperatures did not
improve this reactivity. tert-Butoxybis(dimethylamino)methane,
or Bredereck’s reagent, is used to introduce one-carbon units
to a wide variety of compound classes bearing CH- or CH2-
acidic positions.24 Bredereck’s reagent offers a mild and neutral
introduction of enamine or aldehyde functionality and has been
successfully employed during a solid phase synthesis of 5-
aminopyrazoles.25 The primary reaction product is an enamine,
which may be hydrolysed upon work-up to give formyl function-
ality. Treatment of 26 with neat Bredereck’s reagent at 80 ◦C
produced a single product (by TLC) which was treated with
cold HCl–methanol to give the formyl product 27 (Scheme 9).
The NMR spectra were again complicated by the presence of
tautomers. Benzoylation of 27 provided a single enol benzoate 28.


Scheme 9 Reagents and conditions: (a) Bredereck’s reagent, 80 ◦C, 85%;
(b) BzCl, pyr, 75% (c) MEMCl, EtN(iPr)2, CH2Cl2, 79%; (d) TBAF, THF,
0–25 ◦C.


The designated connectivities on 28 were confirmed using
COSY and HSQC spectra. The assignment of 28 as the E-
isomer was made on the basis of the chemical shift of the vinyl
proton. In this case, 28 was formed diastereoselectively, and no
comparative chemical shift data were available. These data were
however available for the analogous tetrahydropyranones.26 The
chemical shift of the vinyl proton on the E-isomer (d 8.64) was
similar to that in 28 (d 8.48) whilst that on the Z-isomer (d 7.79)
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was not in this range. It was thus possible to assign the E geometry
to 28.


Approaches to chemoselective differentiation


The robust nature of TBDPS as a protecting group for alcohols
proved to be a problem in the required deprotection step.
Treatment of 28 with tetrabutylammonium fluoride (TBAF) in
THF at 25 ◦C was slow and multiple products were formed. The
alternative fluoride source routinely used for silyl deprotections,
hydrogen fluoride (HF), was also unreactive and concentrated
mixtures were required to achieve deprotection, which was again
accompanied by decomposition. Since the strongly basic (TBAF)
and acidic (HF) conditions could induce hydrolysis of the benzoate
ester as well as desilylation, the ester was replaced with an ether
protecting group in an attempt to achieve selectivity during the
TBAF deprotection. Reaction of 27 with methoxyethoxymethyl
chloride and diisopropylamine furnished the MEM ether 29,
Scheme 9. The TBAF deprotection afforded an approximately
1 : 1 mixture of pyrano-pyranones 30 and 31, which were partially
separable and multiple chromatographic steps furnished analytical
samples of each, Scheme 9.


These unexpected products were the result of Michael addition
of a free hydroxyl group to the terminus of the a,b-unsaturated
system, followed by b-elimination of the methoxyethoxymethyl
moiety. In the case of 31 the Michael donor was the hydroxyl
group revealed by the deprotection step. For the formation of
30, however, the deprotected hydroxyl group had successfully
competed for d-lactone formation, leaving the newly released
alcohol to perform the Michael reaction sequence, Scheme 9.
The intramolecular Michael reaction using an oxygen donor is
frequently used in the synthesis of oxygen heterocycles.27 The
ring closure observed here, in which b-elimination to give a
dihydropyran was facilitated by the presence of a leaving group on
the Michael acceptor, has seldom been exploited. In a literature
example where the a,b-unsaturated system and the nucleophilic
oxygen were suitably tethered, this reaction has been used during
a novel approach to dihydropyranones.28


The assignments were finally confirmed by long range couplings
observed in HMQC spectra for the samples. In both spectra, a
cross peak corresponding to 3-bond coupling between C-6 and
8-H was observed as shown in Fig. 2. These couplings are only
possible if the pyran and pyranone rings are arranged as shown.


Fig. 2 Observed long range couplings in 30 and 31.


Whilst the unwanted Michael reactivity could be avoided by
protecting the formyl group as an acetal, the equilibration between
the two possible d-lactones would be more difficult to control. To
ascertain whether this equilibration was restricted to the system de-
scribed above, 25 was subjected to TBAF deprotection conditions.
The result was a 69% yield of an inseparable mixture of alcohols
32 and 33. The mixture was acetylated using acetic anhydride and


DMAP in pyridine, to give the acetylated products, 34 and 35,
which were partially separable (Scheme 10). The similarity of the
spectroscopic data for these compounds once again indicated that
they were isomers. Although all the NMR signals were assigned
using COSY and HSQC spectra, the two d-lactones could not be
distinguished. HMBC provided the necessary information when
cross peaks signifying 4 bond couplings between the acetate methyl
protons and C-2′ in 34, and C-1′ in 35 were detected.


Scheme 10 Reagents and conditions: (a) TBAF, THF, 0 ◦C, 69%; (b) Ac2O,
DMAP, pyr.


In conclusion, the studies undertaken delivered products which
are structurally similar to the target sweroside aglycone and led to
the unravelling of a seldom encountered intramolecular Michael
addition, using an oxygen donor, to the terminus of an a,b-
unsaturated system, followed by b-elimination to deliver pyrano-
pyranones.


Experimental


(4R*,5R*)-4-(1,3-Dioxan-2-yl)-5-vinylcyclohexene (12)


Tetrapropylammonium perruthenate (17 mg, 0.05 mmol), N-
methylmorpholine-N-oxide (826 mg, 7.06 mmol) and powdered
4 Å molecular sieves (1.2 g) were added to 9 (650 mg, 4.71 mmol)
in dichloromethane (10 cm3) at 25 ◦C under nitrogen. After 2.5 h
the reaction mixture was loaded directly onto a silica column
(70 g) and eluted under pressure with dichloromethane. Product
fractions were collected and pooled to give a 200 cm3 solution
in dichloromethane to which trimethyl orthoformate (2.6 cm3,
23.6 mmol), propane-1,3-diol (4.0 cm3, 55.7 mmol) and toluene-
p-sulfonic acid (60 mg, 0.32 mmol) were added and the resulting
mixture was stirred for 40 h. Aqueous saturated sodium hydrogen
carbonate was added and the resulting mixture was extracted with
dichloromethane. The combined organic phase was dried (MgSO4)
and the solvent was removed under reduced pressure to give an
oily product (1.03 g). Chromatography on silica gel (70 g) using
ethyl acetate–hexane (1 : 9) as eluent yielded the vinyl acetal 12
(210 mg, 23%) as an oil, dH (300 MHz, CDCl3) 1.28–1.36 (1H, m,
5′-HA) 1.71–2.19 (5H, m, 3-H2, 4-H, 5′-HB and 6-HA), 2.25–2.37
(1H, m, 6-HB), 2.69–2.77 (1H, m, 5-H), 3.68 (1H, dd, J 12.2 and
2.4 Hz, 4′-HA or 6′-HA), 3.73 (1H, dd, J 12.2 and 2.5 Hz, 4′-HA or
6′-HA), 4.05–4.16 (2H, m, 4′-HB and 6′-HB), 4.27 (1H, d, J 7.7 Hz,
2′-H), 5.02 (1H, dd, J 10.5 and 2.3 Hz, 2′′-HA), 5.06 (1H, dd, J
17.1, 2.3 and 0.9 Hz, 2′′-HB), 5.57–5.70 (2H, m, 1-H and 2-H) and
5.86 (1H, ddd, J 17.1, 10.5 and 8.9 Hz, 1′′-H); dC (75 MHz, CDCl3)
23.9 (C-3), 26.3 (C-5′), 31.3 (C-6), 36.6 (C-5), 41.9 (C-4), 66.6 and
66.8 (C-4′ and C-6′), 104.1 (C-2′), 115.3 (C-2′′), 125.3 and 126.3
(C-1 and C-2) and 139.1 (C-1′′); (Found: M+, 194.1322. Calc. for
C12H18O2: M, 194.1307).
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(4R*,5R*)-4-tert-Butyldiphenylsilanyloxymethyl-5-
vinylcyclohexene (13)


Alcohol 9 (1.10 g, 8.0 mmol) in dry N,N-dimethylformamide
(15 cm3) and tert-butyldiphenylsilyl chloride (2.3 cm3, 8.8 mmol)
were added sequentially to a stirred solution of imidazole (0.65 g,
9.6 mmol) in dry N,N-dimethylformamide (20 cm3). The reaction
was stirred at 25 ◦C for 16 h after which it was diluted with
diethyl ether (100 cm3) and washed with water. The organic phase
was dried (MgSO4) and the solvent was removed under reduced
pressure. The residue was chromatographed on silica gel (100 g)
using ethyl acetate–hexane (1 : 9) as eluent to give the silyl ether 13
(2.97 g, 99%) as an oil, dH (400 MHz, CDCl3) 1.07 [9H, s, C(CH3)3],
1.78–1.91 (1H, m, 3-HA), 1.92–2.03 (1H, m, 6-HA), 2.02–2.21 (2H,
m, 3-HB and 4-H), 2.26–2.40 (1H, m, 6-HB), 2.65–2.79 (1H, m, 5-
H), 3.53 (1H, dd, J 9.9 and 6.8 Hz, 1′-HA), 3.59 (1H, dd, J 9.9 and
7.2 Hz, 1′-HB), 4.99 (1H, dd, J 10.3 and 2.1 Hz, 2′′-HA), 5.05 (1H,
ddd, J 17.2, 2.1 and 1.1 Hz, 2′′-HB), 5.61–5.72 (2H, m, 1-H and
2-H), 5.79 (1H, ddd, J 17.2, 10.3 and 8.3 Hz, 1′′-H), 7.35–7.48 (6H,
m, Ar-H) and 7.66–7.78 (4H, m, Ar-H); dC (100 MHz, CDCl3) 19.2
[C(CH3)3] 25.4 (C-3), 26.8 [C(CH3)3], 30.3 (C-6), 37.6 (C-5), 39.3
(C-4), 65.4 (C-1′), 115.1 (C-2′′), 125.4 and 125.8 (C-1 and C-2),
127.5, 129.4(3) and 129.4(4), 134.0(2) and 134.0(5), 135.5(2) and
135.5(5) (Ar-C‡) and 138.8 (C-1′′); (Found: M+, 376.2208. Calc.
for C25H32OSi: M, 376.2220).


(4R*,5R*)-4-tert-Butyldiphenylsilanyloxymethyl-5-(1-
hydroxyethyl)cyclohexene (14)


9-Borabicyclo[3.3.1]nonane (0.65 g, 5.3 mmol) was added to a
stirred solution of 13 (1.00 g, 2.7 mmol) in tetrahydrofuran
(50 cm3). After 2 h of stirring at 25 ◦C, 1 M NaOH (25 cm3)
was slowly added, followed by 30% hydrogen peroxide (10 cm3)
and the resulting mixture was stirred for 14 h. The mixture was
diluted with water (100 cm3) and extracted with ethyl acetate. The
extract was dried (MgSO4), and the solvent was removed under
reduced pressure. The residue (3.01 g) was adsorbed onto silica gel
(6 g) and chromatographed on silica (150 g) using ethyl acetate–
toluene (1 : 9) as eluent to yield the alcohol 14 (1.04 g, 99%) as
an oil, mmax(CHCl3)/cm−1 3620 (OH); dH (400 MHz, CDCl3) 1.08
[9H, s, C(CH3)3], 1.38–1.54 (2H, m, 1′′-H2), 1.78–1.87 (1H, m, 6-
HA), 1.92–2.10 (5H, m, 3-H2, 4-H, 5-H and 6-HB), 3.50–3.70 (4H,
m, 1′-H2 and 2′′-H2), 5.57–5.70 (2H, m, 1-H and 2-H), 7.38–7.48
(6H, m, Ar-H) and 7.67–7.73 (4H, m Ar-H); dC (100 MHz, CDCl3)
19.2 [C(CH3)3], 26.2 (C-3), 26.9 [C(CH3)3], 29.5 (C-6), 30.2 (C-5),
32.7 (C-1′′), 38.7 (C-4), 61.6 (C-2′′), 64.2 (C-1′), 125.5 and 125.8 (C-
1 and C-2), 127.5(9) and 127.6(0), 129.5(3) and 129.5(5), 133.8(4)
and 133.8(7), 135.5(6) and 135.5(8) (Ar-C); (Found: M+, 394.2333.
Calc. for C25H34O2Si: M, 394.2325).


(4R*,5R*)-4-tert-Butyldiphenylsilanyloxymethyl-5-
formylmethylcyclohexene (15)


Dess–Martin periodinane (1.30 g, 3.07 mmol) was added to a
solution of 14 (1.00 g, 2.54 mmol) in dichloromethane (50 cm3).
The mixture was stirred for 2.5 h at 25 ◦C after which it was diluted


‡ The diastereotopic nature of the two phenyl substituents of TBDPS is
reflected by the duplication of signals. Where these have been resolved, the
relevant figures for both signals have been included.


with ether (100 cm3), washed with 0.1 M sodium thiosulfate,
sodium hydrogen carbonate (sat.) and water. The organic phase
was dried (MgSO4) and the solvent was removed under reduced
pressure to give an oil (1.23 g). Chromatography on silica gel
(100 g) using ethyl acetate–hexane (1 : 9) as eluent afforded the
aldehyde 15 (920 mg, 92%) as an oil, mmax(CHCl3)/cm−1 1721 (CO);
dH (400 MHz, CDCl3) 1.07 [9H, s, C(CH3)3], 1.72–1.86 (2H, m,
3-HA and 6-HA), 2.00–2.12 (2H, m, 3-HB and 4-H), 2.15–2.26 (1H,
m, 6-HB), 2.25–2.40 (2H, m, 1′′-H2), 2.55–2.68 (1H, br. s, 5-H), 3.55
(1H, dd, J 10.4 and 7.3 Hz, 1′-HA), 3.61 (1H, dd, J 10.4 and 6.3 Hz,
1′-HB), 5.52–5.70 (2H, m, 1-H and 2-H), 7.35–7.44 (6H, m, Ar-H),
7.62–7.67 (4H, m Ar-H) and 9.71 (1H, dd, J 2.4 and 1.6 Hz, 2′′-H);
dC (100 MHz, CDCl3) 19.2 [C(CH3)3], 25.6 (C-3), 26.8 [C(CH3)3],
27.5 (C-5), 29.8 (C-6), 38.5 (C-4), 43.5 (C-1′′), 64.6 (C-1′), 124.9 and
125.6 (C-1 and C-2), 127.6(1) and 127.6(4), 129.5(9) and 129.6(4),
133.6, 135.5(0) and 135.5(5) (Ar-C) and 202.8 (C-2′′); (Found: M+,
392.2177. Calc. for C25H32O2Si: M, 392.2169).


(1R*,6R*)-(6-tert-Butyldiphenylsilanyloxymethylcyclohex-3-en-1-
yl)acetic acid (16)


An excess of 8 M CrO3 was added to a stirred solution of
14 (715 mg, 1.81 mmol) in acetone (30 cm3) at −30 ◦C. The
solution was left at −16 ◦C for 14 h, after which the excess
reagent was consumed by the addition of propan-2-ol (10 cm3).
The solution was diluted with ether (100 cm3) and washed with
water (2 × 100 cm3). The organic phase was dried (MgSO4) and
the solvent was removed under reduced pressure to give an oil
(760 mg). Chromatography on silica gel (60 g) using ethyl acetate–
hexane (1 : 9) as eluent afforded the acid 16 (591 mg, 80%),
mmax(CHCl3)/cm−1 3512 (OH), 1706 (C=O); dH (400 MHz, CDCl3)
1.07 [9H, s, C(CH3)3], 1.78–1.96 (2H, m, 3-HA and 6-HA), 2.02–2.14
(2H, m, 3-HB and 4-H), 2.16–2.21 (1H, m, 6-HB), 2.23 (1H, dd, J
15.4 and 10.3 Hz, 1′′-HA), 2.33 (1H, dd, J 15.5 and 4.2 Hz, 1′′-HB),
2.48–2.57 (1H, m, 5-H), 3.58 (2H, d, J 6.4 Hz, 1′-H2), 5.54–5.70
(2H, m, 1-H and 2-H), 7.36–7.42 (6H, m, Ar-H) and 7.64–7.70 (4H,
m Ar-H); dC (100 MHz, CDCl3) 19.2 [C(CH3)3], 25.8 (C-3), 26.8
[C(CH3)3], 29.6 (C-6), 30.1 (C-5), 34.0 (C-1′′), 38.5 (C-4), 64.7 (C-
1′), 125.0 and 125.6 (C-1 and C-2), 127.5(9) and 127.6(1), 129.5(4)
and 129.6(0), 133.6(0) and 133.6(6), 135.5(1) and 135.5(6) (Ar-C)
and 179.4 (C-2′′); (Found: M+, 408.2124. Calc. for C25H32O3Si: M,
408.2120).


Methyl (1R*,6R*)-(6-tert-butyldiphenylsilanyloxymethylcyclohex-
3-en-1-yl)acetate (17)


Potassium carbonate (182 mg, 1.32 mmol) and iodomethane
(0.11 cm3, 1.76 mmol) were added to a solution of acid 16 (360 mg,
0.88 mmol) in N,N-dimethylformamide (10 cm3) at 0 ◦C. The
solution was stirred at 0 ◦C for 30 min and allowed to warm
to 25 ◦C over 1 h. Dichloromethane (50 cm3) was added and the
resulting mixture was washed with water and brine, dried (MgSO4)
and the solvent was removed under reduced pressure to give an oil
(1.50 g). Chromatography on silica gel (100 g) using ethyl acetate–
hexane (1 : 19) as eluent afforded the ester 17 (330 mg, 89%) as
an oil, mmax(CHCl3)/cm−1 1730 (CO); dH (400 MHz, CDCl3) 1.06
[9H, s, C(CH3)3], 1.78–1.92 (2H, m, 3-HA and 6-HA), 2.02–2.14
(2H, m, 3-HB and 4-H), 2.14–2.22 (1H, m, 6-HB), 2.20 (1H, dd, J
15.3 and 10.2 Hz, 1′′-HA), 2.28 (1H, dd, J 15.3 and 4.3 Hz, 1′′-HB),
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2.45–2.54 (1H, m, 5-H), 3.57 (1H, dd, J 10.4 and 6.8 Hz, 1′-HA),
3.60 (1H, dd, J 10.4 and 6.7 Hz, 1′-HB), 3.65 (3H, s, CO2CH3),
5.52–5.68 (2H, m, 1-H and 2-H), 7.35–7.49 (6H, m, Ar-H) and
7.64–7.70 (4H, m Ar-H); dC (100 MHz, CDCl3) 19.2 [C(CH3)3],
25.9 (C-3), 26.8 [C(CH3)3], 29.7 (C-6), 30.4 (C-5), 34.1 (C-1′′), 38.7
(C-4), 51.4 (CO2CH3), 64.7 (C-1′), 125.1 and 125.6 (C-1 and C-2),
127.6, 129.5(2) and 129.5(5), 133.7(0) and 133.7(4), 135.5(2) and
135.5(6) (Ar-C) and 173.9 (C-2′′); (Found: M+, 422.2268. Calc. for
C26H34O3Si: M, 422.2275).


Formylation of ester 17


n-Butyllithium (2.5 M solution in hexane, 0.48 cm3) was added
to a stirred solution of diisopropylamine (0.17 cm3, 1.20 mmol)
in tetrahydrofuran (3 cm3) at −78 ◦C. After 30 min stirring at
−78 ◦C, a solution of 17 (422 mg, 1.00 mmol) in tetrahydrofuran
(3 cm3) was added and the resulting solution was stirred for 60 min.
Ethyl formate (0.12 cm3, 1.53 mmol) was added and the solution
was warmed over 60 min to −40 ◦C, where the temperature was
maintained for a further 60 min. The reaction was acidified with
5% H3PO4 and the volatile media were removed in vacuo. The
resulting mixture was extracted with diethyl ether and the organic
phase was washed with brine and dried (MgSO4). Removal of
the solvent under reduced pressure gave a residue (497 mg) which
was further purified by chromatography on silica gel (50 g) using
ethyl acetate–hexane (1 : 19) as eluent to yield 18 (415 mg, 92%)
as an inseparable mixture of the geometrical isomers methyl
(1′S*,2E,6′R*)- and methyl (1′S*,2Z,6′R*)-3-hydroxy-2-(6-tert-
butyldiphenylsilanyloxymethylcyclohex-3-en-1-yl)acrylate.


Acetylation of the formylation mixture 18


Acetic anhydride (0.23 cm3, 2.4 mml), pyridine (0.04 cm3,
0.5 mmol) and 4-dimethylaminopyridine (20 mg, 0.16 mmol) were
added to a solution of 18 (110 mg, 0.24 mmol) in dichloromethane
(5 cm3). The resulting solution was stirred for 15 h at 25 ◦C. Water
(5 cm3) was added and the mixture was stirred for 20 min.
The organic phase was washed with water followed by cold
1 M HCl, dried (MgSO4) and the solvent was removed under
reduced pressure to yield the acetylated mixture (120 mg).
Chromatography on silica gel (15 g) using ethyl acetate–hexane
(1 : 9) as eluent yielded methyl (1′S*,2Z,6′R*)-3-acetoxy-2-(6-
tert-butyldiphenylsilanyloxymethylcyclohex-3-en-1-yl)acrylate 19
(33 mg, 28%) as an oil, mmax(CHCl3)/cm−1 1719 and 1761 (CO); dH


(400 MHz, CDCl3) 1.03 [9H, s, C(CH3)3], 2.03–2.15 (4H, m, 2′-
HA, 5′-H2 and 6′-H), 2.15 (3H, s, 3-OCOCH3), 2.17–2.27 (1H, m,
2′-HB), 3.08–3.14 (1H, m, 1′-H), 3.48 (1H, dd, J 10.1 and 7.8 Hz,
1′′-HA), 3.61 (1H, dd, J 10.1 and 6.0 Hz, 1′′-HB), 3.68 (3H, s, 1-
OCH3), 5.61–5.72 (2H, m, 3′-H and 4′-H), 7.29 (1H, d, J 1.5 Hz,
3-H), 7.33–7.44 (6H, m, Ar-H) and 7.59–7.66 (4H, m Ar-H); dC


(100 MHz, CDCl3) 19.2 [C(CH3)3], 20.6 (3-OCOCH3), 25.9 (C-5′),
26.8 [C(CH3)3], 28.1 (C-2′), 34.0 (C-1′), 38.3 (C-6′), 51.7 (1-OCH3),
63.8 (C-1′′), 119.5 (C-2), 125.5 and 126.1 (C-3′ and C-4′), 127.5,
129.4(0) and 129.4(3), 133.8, 135.5 (Ar-C), 137.7 (C-3), 167.1 and
167.3 (C-1 and 3-OCOCH3); (Found: M+, 492.2317. Calc. for
C29H36O5Si: M, 492.2323).


Further elution afforded methyl (1′S*,2E,6′R*)-3-acetoxy-2-
(6-tert-butyldiphenylsilanyloxymethylcyclohex-3-en-1-yl)acrylate
20 (77 mg, 64%), mmax(CHCl3)/cm−1 1711 and 1771 (CO); dH


(200 MHz, CDCl3) 1.02 [9H, s, C(CH3)3], 1.89 (3H, s, COCH3),
2.00–2.70 (5H, m, 2′-H2, 5′-H2 and 6′-H), 3.15 (1H, ddd, J 11.8, 5.5
and 3.3 Hz, 1′-H), 3.50–3.70 (2H, m, 1′′-H2), 3.68 (3H, s, 1-OCH3),
5.52–5.73 (2H, m, 3′-H and 4′-H), 7.30–7.47 (6H, m, Ar-H), 7.54–
7.65 (4H, m Ar-H) and 8.12 (1H, s, 3-H); (Found: M+, 492.2330.
Calc. for C29H36O5Si: M, 492.2323).


Methyl (1′S*,2E,6′R*)-2-(6-tert-
butyldiphenylsilanyloxymethylcyclohex-3-en-1-yl)-3-p-methoxy-
benzyloxyacrylate (21)


n-Butyllithium (10 M solution in hexane, 0.14 cm3, 1.40 mmol)
was added to a stirred solution of diisopropylamine (0.20 cm3,
1.41 mmol) in tetrahydrofuran (4 cm3) at −78 ◦C. After 30 min
stirring at −78 ◦C, a solution of 17 (500 mg, 1.18 mmol) in
tetrahydrofuran (4 cm3) was added and the resulting solution was
stirred for 60 min. Ethyl formate (0.14 cm3, 1.78 mmol) was added
and the solution was warmed over 60 min to −40 ◦C, where the
temperature was maintained for a further 60 min. The reaction
was acidified with 5% H3PO4 and the volatile media were removed
in vacuo. The resulting mixture was extracted with diethyl ether and
the organic extract was washed with brine and dried (MgSO4).
Removal of the solvent under reduced pressure gave an oil
(730 mg) which was dissolved in dry dimethylformamide (20 cm3).
Sodium hydride (60% dispersion in oil, 40 mg, 1.00 mmol)
was added and the mixture was stirred at 25 ◦C for 60 min,
after which p-methoxybenzyl chloride (0.36 cm3, 2.65 mmol) was
added. After 4 h stirring, the reaction mixture was diluted with
dichloromethane, washed with water and dried (MgSO4). Removal
of the solvent under reduced pressure gave a residue (1.073 g) which
was chromatographed on silica gel (100 g) using ethyl acetate–
hexane (1 : 9) as eluent to yield the aryl enol 21 (620 mg, 92%) as
an oil, mmax(CHCl3)/cm−1 1699 (CO); dH (400 MHz, CDCl3) 1.02
[9H, s, C(CH3)3], 1.72–1.82 (1H, m, 2′-HA), 2.03–2.11 (1H, m, 6′-
H), 2.19–2.30 (1H, m, 5′-HA), 2.43–2.53 (1H, m, 5′-HB), 2.60–2.72
(1H, m, 2′-HB), 3.07 (1H, ddd, J 12.6, 5.4 and 3.3 Hz, 1′-H), 3.63
(3H, s, 1-OCH3), 3.64–3.78 (2H, m, 1′′-H2), 3.77 (3H, s, Ar–OCH3),
4.52 (1H, d, J 11.7 Hz, Ar–CHA–O), 4.58 (1H, d, J 11.7 Hz, Ar–
CHB–O), 5.52–5.68 (2H, m, 3′-H and 4′-H), 6.70–6.75 (2H, m,
PMB Ar-H), 6.95–7.02 (2H, m, PMB Ar-H), 7.22–7.45 (7H, m, 3-
H and TPS Ar-H) and 7.56–7.65 (4H, m TPS Ar-H); dC (100 MHz,
CDCl3) 19.3 [C(CH3)3], 24.8 (C-2′), 27.0 [C(CH3)3], 27.6 (C-5′),
34.4 (C-1′), 40.0 (C-6′), 51.5 (1-OCH3), 55.5 (Ar–OCH3), 63.1 (C-
1′′), 75.8 (Ar–CH2–O), 112.7 (C-2), 114.6 (PMB Ar-C), 125.2,
127.8 (C-3′ and C-4′), 127.7 and 129.8 (PMB Ar-C), 128.0(8) and
128.1(6), 129.9(7) and 129.9(9), 135.0(2) and 135.1(3), 136.3(2) and
136.4(0) (TPS Ar-C), 159.0 (C-3), 160.5 (PMB Ar-C) and 170.0
(C-1); (Found: M+, 570.2780. Calc. for C35H42O5Si: M, 570.2791).


Methyl (2E,1′S*,2′R*)-2-(2-tert-butyldiphenylsilanyloxymethyl-
4n-5n-dihydroxycyclohexan-1-yl)-3-p-methoxybenzyloxyacrylate
(22)


Osmium tetroxide (152 mg, 0.60 mmol) was added to a stirred
solution of 21 (285 mg, 0.5 mmol) in dry pyridine (10 cm3) and
the solution was stirred at 25 ◦C for 60 min. Saturated aqueous
sodium metabisulfite was added and the solution was stirred for
2 h, after which it was acidified with 1 M HCl and extracted with
ethyl acetate. The extract was dried (MgSO4), and the solvent was
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removed to give a solid residue (300 mg). Chromatography on silica
gel (50 g) using ethyl acetate–hexane (1 : 1) as eluent afforded the
cyclohexanediol 22 (130 mg, 43%), mp 141–142 ◦C (from toluene);
mmax(CHCl3)/cm−1 3611 (OH); dH (400 MHz, CDCl3) 1.02 [9H, s,
C(CH3)3], 1.60 (1H, br. s, OH), 1.61 (1H, dt, J 14.3 and 2 × 4.1 Hz,
6′-HA), 1.75 (1H, td, J 2 × 13.1 and 4.5 Hz, 3′-HA), 2.07 (1H, br. s,
OH), 2.08–2.17 (2H, m, 2′-H and 3′-HB), 2.22 (1H, td, J 2 × 14.3
and 2.7 Hz, 6′-HB), 3.28 (1H, dt, J 9.9 and 2 × 4.1 Hz, 1′-H), 3.50–
3.61 (2H, m, 1′′-HA and 4′-H), 3.61 (3H, s, 1-OCH3), 3.67 (1H, t,
J 2 × 10.3 Hz, 1′′-HB), 3.78 (3H, s, Ar–OCH3), 3.88–3.92 (1H, m,
5′-H), 4.65 (2H, s, Ar–CH2–O), 6.72–6.78 (2H, m, PMB Ar-H),
7.00–7.06 (2H, m, PMB Ar-H), 7.28–7.45 (7H, m, 3-H and TPS
Ar-H) and 7.56–7.65 (4H, m TPS Ar-H); dC (100 MHz, CDCl3)
19.2 [C(CH3)3], 26.9 [C(CH3)3], 29.2 (C-3′), 29.7 (C-1′), 30.4 (C-
6′), 40.5 (C-2′), 51.2 (1-OCH3), 55.3 (Ar–OCH3), 62.1 (C-1′′), 67.4
(C-4′), 69.4 (C-5′), 75.5 (Ar–CH2–O), 111.2 (C-2), 114.0, 127.8 and
129.2 (PMB Ar-C), 127.4(9) and 127.5(6), 129.4 (7) and 129.5(1),
133.9(6) and 134.1(1), 135.6 (TPS Ar-C), 158.5 (C-3), 160.0 (PMB
Ar-C) and 168.9 (C-1); (Found: C, 69.2; H, 7.4%, M+ − C4H9,
547.2133. Calc. for C35H44O7Si: C, 69.5; H, 7.4%, C31H35O7Si: M,
547.2143).


Methyl (2E,3S*,4R*)-4-tert-butyldiphenylsilanyloxymethyl-3-
formylmethyl-2-p-methoxybenzyloxymethylene-6-oxohexanoate
(23)


Lead tetraacetate (150 mg, 0.34 mmol) was added over a 30 min
period to a stirred solution of 22 (160 mg, 0.26 mmol) in toluene
(5 cm3). The solution was stirred at 25 ◦C for a further 30 min,
after which ethylene glycol (2 drops) was added and the solution
was stirred for 10 min. The resulting mixture was filtered through
Celite and the solvent was removed to give an oily residue (200 mg).
Chromatography on silica gel (20 g) using ethyl acetate–hexane
(1 : 9) as eluent afforded the unstable dialdehyde 23 (70 mg, 45%)
as an oil, mmax(CHCl3)/cm−1 1722 (CO); dH (400 MHz, CDCl3) 1.04
[9H, s, C(CH3)3], 2.28 (1H, ddd, J 17.0, 4.3 and 2.1 Hz, 5-HA), 2.34
(1H, ddd, J 16.2, 4.3 and 1.3 Hz, 1′′-HA), 2.45 (1H, ddd, J 17.0,
8.2 and 2.1 Hz, 5-HB), 2.52–2.62 (1H, m, 4-H), 2.70 (1H, ddd, J
16.2, 10.6 and 3.3 Hz, 1′′-HB), 3.43–3.52 (1H, m, 3-H), 3.58 (1H,
dd, J 5.3 and 10.8 Hz, 1′′′-HA), 3.66 (3H, s, 1-OCH3), 3.70 (1H,
dd, J 10.8 and 3.2 Hz, 1′′′-HB), 3.81 (3H, s, Ar-OCH3), 4.91 (2H, s,
Ar-CH2–O), 6.86–6.96 (2H, m, PMB Ar-H), 7.20–7.24 (2H, m,
PMB Ar-H), 7.35–7.46 (6H, m, TPS Ar-H), 7.51 (1H, s, 1′-H),
7.58–7.70 (4H, m TPS Ar-H), 9.43 (1H, dd, J 3.3 and 1.3 Hz,
2′′-H) and 9.55 (1H, t, J 2 × 2.1 Hz, 6-H); dC (100 MHz, CDCl3)
19.2 [C(CH3)3], 26.8 [C(CH3)3], 30.7 (C-3), 38.0 (C-4), 44.6 (C-
1′′), 44.8 (C-5), 51.3 (1-OCH3), 55.3 (Ar–OCH3), 64.1 (C-1′′′), 75.5
(Ar–CH2–O), 110.1 (C-2), 114.2, 127.5 and 129.6 (PMB Ar-C),
127.7(2) and 127.7(5), 129.7(8) and 129.8(4), 133.0, 135.5(9) and
135.6(3) (TPS Ar-C), 159.3 (C-2′), 160.0 (PMB Ar-C), 167.7 (C-
1), 202.0 (C-2′′) and 202.3 (C-6); (Found: M+ 602.2678. Calc. for
C35H42O7Si: M, 602.2689).


(2′R*,4R*)-4-(1-tert-Butyldiphenylsilanyloxy-4-hydroxybutan-2-
yl)tetrahydropyran-2-one (24)


Ozone was bubbled through a solution of 17 (200 mg, 0.47 mmol)
in dichloromethane (10 cm3) at −78 ◦C until a faint blue
colour appeared. Nitrogen was bubbled through the solution for


10 min and borane–dimethylsulfide complex (1.0 M solution in
dichloromethane, 1.9 cm3) was added. The solution was warmed
to 25 ◦C and stirred for 18 h. The reaction was acidified with 1 M
HCl (0.5 cm3) and the solution was stirred vigorously for 2 h. Solid
sodium carbonate was added until the pH of the aqueous portion
reached 10. Magnesium sulfate was added to dry the solution
and the mixture was filtered through a sintered glass funnel
and rinsed with dichloromethane. The filtrate and rinsings were
combined and the solvent was removed under reduced pressure
to give a crude product (210 mg). Chromatography on silica gel
(25 g) using ethyl acetate–hexane (3 : 2) as eluent yielded the
lactone 24 (135 mg, 67%) as an oil, mmax(CHCl3)/cm−1 1731 (CO);
dH (400 MHz, CDCl3) 1.06 [9H, s, C(CH3)3], 1.46–1.68 (4H, m,
5-HA, 3′-H2 and 2′-H), 1.68–1.77 (1H, m, 5-HB), 1.85 (1H, br. s,
OH), 2.07–2.25 (2H, m, 3-HA and 4-H), 2.59 (1H, ddd, J 16.7,
5.5 and 1.8 Hz, 3-HB), 3.54–3.66 (4H, m, 1′-H2 and 4′-H2), 4.13
(1H, td, J 2 × 11.3 and 3.6 Hz, 6-HA), 4.31 (1H, ddd, J 11.3,
4.9 and 3.6 Hz, 6-HB), 7.34–7.50 (6H, m, Ar-H) and 7.58–7.67
(4H, m Ar-H); dC (100 MHz, CDCl3) 19.2 [C(CH3)3], 26.5 (C-5),
26.9 [C(CH3)3], 31.2 (C-3′), 32.8 (C-4), 33.9 (C-3), 41.8 (C-2′), 60.7
and 63.7 (C-1′ and C-4′), 68.6 (C-6), 127.7(3) and 127.8(1), 130.0,
132.9(2) and 132.9(8), 135.5(6) and 135.5(9) (Ar-C) and 171.5 (C-
2); (Found: M+, 426.2216. Calc. for C25H34O4Si: M, 426.2224).


(2′R*,4R*)-4-(1-tert-Butyldiphenylsilanyloxy-4-
phenylselanylbutan-2-yl)tetrahydropyran-2-one (25)


Phenylselenocyanate (538 mg, 2.95 mmol) in tetrahydrofuran
(5 cm3) and tri-n-butylphosphine (0.98 cm3, 3.94 mmol) were
added sequentially to a stirred solution of 24 (840 mg, 1.97 mmol)
in tetrahydrofuran (15 cm3). The resulting solution was stirred
at 25 ◦C for 30 min, after which the solvent was removed
under reduced pressure to give a crude mixture which was
chromatographed directly on silica gel (60 g) using ethyl acetate–
hexane (2 : 3) as eluent to yield phenyl selenide 25 (970 mg, 87%) as
an oil, mmax(CHCl3)/cm−1 1730 (CO); dH (400 MHz, CDCl3) 1.03
[9H, s, C(CH3)3], 1.42–1.79 (5H, m, 5-H2, 3′-H2 and 2′-H), 2.06–
2.21 (2H, m, 3-HA and 4-H), 2.51–2.58 (1H, m, 3-HB), 2.65 (1H,
ddd, J 12.1, 8.5 and 7.3 Hz, 4′-HA), 2.84 (1H, ddd, J 12.1, 8.8 and
5.2 Hz, 4′-HB), 3.58 (1H, dd, J 10.9 and 5.0 Hz, 1′-HA), 3.62 (1H,
dd, J 10.9 and 4.2 Hz, 1′-HB), 4.06–4.14 (1H, m, 6-HA), 4.29 (1H,
ddd, J 11.3, 4.7 and 3.8 Hz, 6-HB), 7.15–7.25 (4H, m, Ar-H), 7.32–
7.45 (7H, m, Ar-H) and 7.55–7.66 (4H, m, Ar-H); dC (100 MHz,
CDCl3) 19.2 [C(CH3)3], 25.6 (C-5), 26.6 (C-3′), 27.0 [C(CH3)3],
28.1 (C-4′), 32.7 (C-4), 34.1 (C-3), 44.6 (C-2′), 62.6 (C-1′), 68.7
(C-6), 127.8(3) and 127.8(4), 129.9(2) and 129.9(5), 133.1(1) and
133.1(8), 135.6(0) and 135.6(2) (TPS Ar-C), 127.1, 129.1, 129.8
and 132.8 (PhSe Ar-C) and 171.3 (C-2); (Found: M+ − C4H9,
509.1032. Calc. for C27H29O3


80SeSi: M, 509.1043).


(2′R*,4R*)-4-(1-tert-Butyldiphenylsilanyloxybut-3-en-2-
yl)tetrahydropyran-2-one (26)


Water (30 cm3) and sodium periodate (2.40 g, 11.2 mmol) were
added to a stirred solution of 25 (1.10 g, 1.95 mmol) in methanol
(100 cm3). The resulting mixture was stirred at 25 ◦C for 20 min,
poured into dichloromethane, washed with brine (200 cm3) and
dried (MgSO4). The solvent was evaporated to give the selenoxide
(1.20 g) which was dissolved in benzene–triethylamine (1 : 1)
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(100 cm3), refluxed for 10 min, and cooled. The solution was
poured into an aqueous saturated sodium hydrogen carbonate
solution (300 cm3), extracted with diethyl ether and the organic
extract dried (MgSO4). The solvent was removed under reduced
pressure to give an oil (1.01 g) which was purified by flash
chromatography on silica gel (40 g) using ethyl acetate–hexane
(1 : 9) as eluent to give the olefin 26 (707 mg, 89%) as an oil,
mmax(CHCl3)/cm−1 1732 (CO); dH (400 MHz, CDCl3) 1.04 [9H, s,
C(CH3)3], 1.48–1.58 (1H, m, 5-HA), 1.77–1.85 (1H, m, 5-HB), 2.02–
2.12 (1H, m, 2′-H), 2.17 (1H, dd, J 16.6 and 10.7 Hz, 3-HA), 2.20–
2.31 (1H, m, 4-H), 2.57 (1H, ddd, J 16.6, 5.3 and 1.7 Hz, 3-HB),
3.65 (1H, dd, J 10.3 and 5.6 Hz, 1′-HA), 3.69 (1H, dd, J 10.3 and
5.1 Hz, 1′-HB), 4.17 (1H, td, J 2 × 11.2 and 3.7 Hz, 6-HA), 4.32
(1H, ddd, J 11.2, 4.7 and 4.2 Hz, 6-HB), 5.05 (1H, dd, J 17.2 and
1.8 Hz, 4′-HA), 5.14 (1H, dd, J 10.3 and 1.8 Hz, 4′-HB), 5.66 (1H,
ddd, J 17.2, 10.3 and 9.2 Hz, 3′-H), 7.35–7.49 (6H, m, Ar-H) and
7.59–7.65 (4H, m, Ar-H); dC (100 MHz, CDCl3) 19.3 [C(CH3)3],
26.9 [C(CH3)3], 27.1 (C-5), 31.4 (C-4), 33.7 (C-3), 51.0 (C-2′), 64.5
(C-1′), 68.4 (C-6), 118.5 (C-4′), 127.8, 129.8, 133.3, 135.5(8) and
135.6(1) (Ar-C), 136.0 (C-3′) and 171.6 (C-2); (Found: M+ − C4H9,
351.1415. Calc. for C21H23O3Si: M, 351.1414).


(2′R*,4S*)-4-(1-tert-Butyldiphenylsilanyloxybut-3-en-2-yl)-3-
formyltetrahydropyran-2-one (27)


tert-Butoxybis(dimethylamino)methane (2.58 cm3, 12.5 mmol)
was added to a flask containing lactone 26 (512 mg, 1.25 mmol)
fitted with a condenser and N2 inlet. The resulting mixture was
stirred for 15 h at 82 ◦C. The solution was cooled and poured
into a rapidly stirring solution of methanol (50 cm3) and 3 M HCl
(12 cm3). The mixture was warmed to 25 ◦C with stirring and the
volatile media were removed under reduced pressure. The residue
was extracted with ethyl acetate, the organic extract was dried
(MgSO4) and the solvent was removed in vacuo to give a solid
residue (606 mg). The material was chromatographed on silica gel
(40 g) using ethyl acetate–hexane (1 : 4) as eluent to give the formyl
lactone 27 (462 mg, 85%), mp 109–112 ◦C (from ethyl acetate–
hexane), mmax(CHCl3)/cm−1 1658 and 1702 (CO); (Found: C, 71.5;
H, 7.4%, M+ − C4H9, 379.1363. Calc. for C26H32O4Si: C, 72.2; H,
7.3%, M, 379.1369).


(2′R*,3E,4S*)-4-(1-tert-Butyldiphenylsilyanyloxybut-3-en-2-yl)-3-
benzoyloxymethylenetetrahydropyran-2-one (28)


Lactone 26 (300 mg, 0.74 mmol) was formylated as described
above. The unpurified formyl lactone 27 (423 mg) was dissolved
in dry pyridine (5 cm3). Benzoyl chloride (0.2 cm3, 240 mg,
1.72 mmol) was added and the solution was stirred at 25 ◦C
for 30 min. The pyridine was removed under reduced pressure
by azeotrope formation with toluene (3 × 30 cm3). The resulting
material was dissolved in dichloromethane, washed with brine
and the aqueous phase extracted with dichloromethane. The
organic extract was dried (MgSO4) to give the benzoylated product
(492 mg) which was purified by chromatography on silica gel (70 g)
using ethyl acetate–hexane (1 : 9) to elute excess benzoyl chloride
followed by elution with ethyl acetate–hexane (2 : 3) to yield the
enol benzoate 28 (298 mg, 75% over 2 steps), mmax(CHCl3)/cm−1


1713 and 1749 (CO); dH (400 MHz, CDCl3) 1.08 [9H, s, C(CH3)3],
1.89–2.10 (2H, m, 5-H2), 2.36–2.47 (1H, m, 2′′-H), 3.47 (1H, dd,


J 13.1 and 5.9 Hz, 4-H), 3.77 (1H, dd, J 10.4 and 5.3 Hz, 1′′-HA),
3.82 (1H, dd, J 10.4 and 4.6 Hz, 1′′-HB), 4.15–4.23 (1H, m, 6-HA),
4.33–4.41 (1H, ddd, J 11.7, 9.2 and 3.9 Hz, 6-HB), 5.00–5.07 (2H,
m, 4′′-H2), 5.94 (1H, ddd, J 16.9, 10.4 and 9.2 Hz, 3′′-H), 7.30–8.12
(15H, m, Ar-H) and 8.48 (1H, d, J 1.1 Hz, 1′-H); dC (100 MHz,
CDCl3) 19.5 [C(CH3)3], 25.6 (C-5), 27.1 [C(CH3)3], 33.1 (C-4), 49.6
(C-2′′), 65.2 (C-1′′), 66.1 (C-6), 115.6 (C-3), 118.0 (C-4′′), 127.9(8)
and 128.1(4), 127.9, 129.1, 130.0(2) and 130.0(9), 130.4, 133.4(5)
and 133.5(1), 134.5, 135.8(1) (Ar-C), 136.0 (C-3′′), 145.3 (C-1′),
162.2 (Ar-C=O) and 166.5 (C-2); (Found: M+ − C4H9, 483.1633.
Calc. for C21H23O3Si − C4H9: M, 483.1628).


(2′R*,4S*)-4-(1-tert-Butyldiphenylsilyanyloxybut-3-en-2-yl)-3-
methoxyethoxymethoxymethylenetetrahydropyran-2-one (29)


Formyl lactone 27 (220 mg, 0.50 mmol) was dissolved in
dry dichloromethane (10 cm3). Methoxyethoxymethyl chloride
(0.07 cm3, 76 mg, 0.61 mmol) was added, followed by diisopropy-
lethylamine (0.11 cm3, 82 mg, 0.63 mmol). The mixture was stirred
at 25 ◦C for 16 h, after which water (10 cm3) was added and the
aqueous phase was extracted with dichloromethane. The organic
phase was dried (MgSO4) and the solvent was removed under
reduced pressure to give an oil (272 mg). Chromatography on silica
gel (25 g) using ethyl acetate–hexane (3 : 7) as eluent, furnished the
enol ether 29 (207 mg, 79%) as an oil, mmax(CHCl3)/cm−1 1698 (CO);
dH (400 MHz, CDCl3) 1.05 [9H, s, C(CH3)3], 1.78–1.88 (1H, m, 5-
HA), 1.89–2.00 (1H, m, 5-HB), 2.38–2.48 (1H, m, 2′′-H), 3.17 (1H,
dd, J 12.1 and 6.1 Hz, 4-H), 3.35 (3H, s, OCH3), 3.46–3.57 and
3.62–3.67 (4H, m, OCH2CH2O), 3.67 (1H, dd, J 10.3 and 5.9 Hz,
1′′-HA), 3.72 (1H, dd, J 10.3 and 5.1 Hz, 1′′-HB), 4.05–4.15 (1H,
m, 6-HA), 4.32 (1H, ddd, J 11.3, 9.2 and 3.7 Hz, 6-HB), 4.95–5.06
(4H, m, 4′′-H2 and OCH2O), 5.69–5.81 (1H, m, 3′′-H), 7.34–7.45
(6H, m, Ar-H), 7.56 (1H, s, 1′-H) and 7.61–7.67 (4H, m, Ar-H);
dC (100 MHz, CDCl3) 19.3 [C(CH3)3], 25.9 (C-5), 26.8 [C(CH3)3],
32.1 (C-4), 49.8 (C-2′′), 59.1 (OCH3), 65.5 (C-6), 65.7 (C-1′′), 68.5
and 71.3 (OCH2CH2O), 97.1 (OCH2O), 109.3 (C-3), 117.1 (C-4′′),
127.6(4) and 127.6(7), 129.7, 133.5(4) and 133.6(1), 135.6 (Ar-C),
137.9 (C-3′′), 155.9 (C-1′) and 167.7 (C-2); (Found: M+ − C4H9,
467.1889. Calc. for C21H23O3Si − C4H9: M, 467.1890).


Deprotection of silyl ether 29


Tetrabutylammonium fluoride (1 M in THF, 0.62 cm3, 0.62 mmol)
was added to a stirred solution of 29 (524 mg, 0.31 mmol) in
tetrahydrofuran (5 cm3) at 0 ◦C. The solution was warmed to
25 ◦C. After stirring for 16 h, the reaction was complete (TLC).
Water (10 cm3) was added and the mixture was extracted with ethyl
acetate. The organic extract was dried (MgSO4) and the solvent
was removed under reduced pressure to give a crude mixture
(168 mg). Chromatography on silica gel (20 g) using ethyl acetate–
hexane (2 : 3) as eluent yielded (4R*,4aS*)-4-vinyl-4,4a,5,6-
tetrahydro-3H-pyrano[3,4-c]pyran-1-one 30 (12 mg, 22%) as an oil,
mmax(CHCl3)/cm−1 1708 (CO) and 1611 (C=C conj.); dH (300 MHz,
CDCl3) 1.60–1.89 (2H, m, 5-H2), 2.52–2.59 (1H, m, 4-H), 2.80–
2.89 (1H, m, 4a-H), 3.97–4.08 (1H, m, 6-HA), 4.30–4.40 (1H, m,
and 6-HB), 4.33 (1H, dd, J 11.1 and 2.5 Hz, 3-HA), 4.44 (1H, dd, J
11.1 and 2.0 Hz, 3-HB), 5.22–5.30 (2H, m, 2′-H2), 5.73–5.88 (1H,
m, 1′-H) and 7.73–7.76 (1H, br. d, 8-H); dC (75 MHz, CDCl3)
24.9 (C-5), 33.2 (C-4a), 40.5 (C-4), 66.8 (C-6), 72.7 (C-3), 102.4
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(C-8a), 119.4 (C-2′), 132.7 (C-1′), 157.9 (C-8) and 165.4 (C-1);
(Found: M+, 180.0790. Calc. for C10H12O3: M, 180.0786), followed
by mixed fractions (25 mg, 44%) which were combined and re-
chromatographed on silica gel (10 g) using ethyl acetate–hexane
(3 : 7). Partial separation gave further 30 (5 mg) followed by mixed
fractions (5 mg) and (4aS*,5R*)-5-vinyl-4,4a,5,6-tetrahydro-3H-
pyrano[3,4-c]pyran-1-one 31 (14 mg), mmax(CHCl3)/cm−1 1703
(CO) and 1612 (C=C conj.); dH (300 MHz, CDCl3) 1.58–1.83 (2H,
m, 4-H2), 2.55–2.63 (1H, m, 5-H), 2.85 (1H, dtd, J 11.8, 2 × 5.3
and 2.4 Hz, 4a-H), 4.13–4.32 (3H, m, 3-HA and 6-H2), 4.41 (1H,
ddd, J 11.3, 4.4 and 2.4 Hz, 3-HB), 5.20–5.30 (2H, m, 2′-H2), 5.74
(1H, ddd, J 9.3, 10.3 and 17.0 Hz, 1′-H) and 7.73–7.76 (1H, br. d,
8-H); dC (75 MHz, CDCl3) 26.4 (C-4), 33.1 (C-4a), 38.9 (C-5), 67.7
(C-3), 71.8 (C-6), 102.5 (C-8a), 118.7 (C-1′), 133.2 (C-2′), 156.2
(C-8) and 166.0 (C-1); (Found M+, 180.0785. Calc. for C10H12O3:
M, 180.0786).


Deprotection of silyl ether 25


Tetrabutylammonium fluoride (1.0 M solution in THF, 2.0 cm3,
2.0 mmol) was added to a stirred solution of silyl ether 25 (565 mg,
1.00 mmol) in 10 cm3 tetrahydrofuran at 0 ◦C. After 90 min, water
(10 cm3) was added and the resulting mixture was extracted with
ethyl acetate, dried (MgSO4) and the solvent was removed under
reduced pressure to give a residue (603 mg). Chromatography on
silica gel (50 g) using ethyl acetate–hexane (3 : 2) as eluent yielded
an inseparable mixture of alcohols 32 and 33 (224 mg, 69%). The
mixture (220 mg, 0.67 mmol) in pyridine (10 cm3) was treated with
acetic anhydride (0.32 cm3, 3.36 mmol) and dimethylaminopy-
ridine (20 mg, 0.16 mmol) and then stirred at 25 ◦C for 16 h.
Toluene was added (30 cm3) and the mixture was concentrated
under reduced pressure (3×), resulting in an oil (320 mg) which
was chromatographed on silica gel (30 g) using ethyl acetate–
hexane (3 : 7) as eluent to give (4R*,5R*)-4-acetoxyethyl-5-
phenylselanylethyl-3,4,5,6-tetrahydropyran-2-one 34 (36 mg, 14%)
mmax(CHCl3)/cm−1 1732 (CO); dH (300 MHz, CDCl3) 1.44–1.54
(1H, m, 1′-HA), 1.60–1.75 (3H, m, 1′-HB, 1′′-H2), 2.03 (3H, s,
CO2CH3), 2.06–2.22 (2H, m, 4-H, 5-H), 2.32 (1H, dd, J 18.1 and
8.5 Hz, 3-HA), 2.60 (1H, dd, J 18.1 and 6.2 Hz, 3-HB), 2.85 (1H,
dt, J 12.4 and 2 × 7.6 Hz, 2′′-HA), 3.03 (1H, ddd, J 12.4, 7.6 and
5.9 Hz, 2′′-HB), 4.00–4.12 (2H, m, 2′-H2), 4.25 (2H, d, J 4.8 Hz,
6-H2), 7.23–7.29 (3H, m, Ar-H) and 7.44–7.51 (2H, m, Ar-H); dC


(75 MHz, CDCl3) 20.9 (CO2CH3), 24.9 (C-1′′), 25.0 (C-2′′), 29.4
(C-1′), 31.8 (C-4), 34.1 (C-3), 35.2 (C-5), 61.6 (C-2′), 70.8 (C-6),
127.3, 129.2 and 132.8 (Ar-C), 169.7 (CO2CH3) and 170.8 (C-
2); (Found: M+, 370.0667. Calc. for C17H22O4


80Se: M, 370.0683)
followed by mixed fractions (97 mg, 39%) and (2′R*,4R*)-3-(1′-
acetoxy-4-phenylselanylbut-2-yl)pentan-5-olide 35 (25 mg, 10%) as
an oil, mmax(CHCl3)/cm−1 1735 (CO); dH (300 MHz, CDCl3) 1.58
(1H, dtd, J 14.0, 2 × 10.7 and 4.9 Hz, 5-HA), 1.67–1.93 (4H, m,
2′-H, 3′-H2 and 5-HB), 2.03 (3H, s, CO2CH3), 2.00–2.14 (1H, m,
4-H), 2.23 (1H, dd, J 17.0 and 11.0 Hz, 3-HA), 2.59 (1H, ddd,


J 17.0, 6.0 and 1.8 Hz, 3-HB), 2.84 (1H, dt, J 2 × 7.8 and 12.3 Hz,
4′-HA), 3.00 (1H, ddd, J 12.3, 6.9 and 5.4 Hz, 4′-HB), 4.07 (1H, d,
J 4.9, 1′-H2), 4.18 (1H, td, J 2 × 11.4 and 3.6 Hz, 6-HA), 4.37 (1H,
ddd, J 11.4, 4.9 and 3.6 Hz, 6-HB), 7.23–7.38 (3H, m, Ar-H) and
7.44–7.52 (2H, m, Ar-H); dC (75 MHz, CDCl3) 20.8 (CO2CH3),
25.2 (C-4′), 26.3 (C-5), 28.4 (C-3′), 32.9 (C-4), 33.8 (C-3), 41.5 (C-
2′), 63.4 (C-1′), 68.3 (C-6), 127.3, 129.2, 129.4 and 133.0 (Ar-C)
and 170.1 and 170.1 (C-2 and CO2CH3); (Found: M+, 370.0665.
Calc. for C17H22O4


80Se: M, 370.0683).
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A novel class of (5-(pent-1-enyl)thiophen-2-yl)pyrazole an-
tagonists was discovered, many of which exhibited potent
CB1 activity and good CB1/2 selectivity, suggesting that along
with a 1,3-transposition of the carbonyl of the pyrazole 3-
carboxamide, bioisosteric replacement of the conventional
pyrazole 5-aryl group with a thienyl ring substituted with an
appropriate alkenyl moiety is viable.


The therapeutically beneficial effects of cannabinoid-related
agents have caught the attention of researchers, particularly
following the identification of two distinct G protein-coupled
cannabinoid receptors (GPCRs), namely CB1 and CB2.1 CB1
receptors are predominantly expressed in several brain areas,
including the hippocampus, hypothalamus, cerebral cortex, cere-
bellum and basal ganglions, while CB2 receptors are mainly
associated with immune cells.2–4 Activation of cannabinoid recep-
tors by binding to endogenous (e.g., arachidonoylglycerol), plant-
derived (e.g., D9-tetrahydrocannabinol) or synthetic cannabinoids
(e.g., CP55940) has been shown to be involved in numerous
physiological processes, including analgesia, decrease in intestinal
motility, and attenuation of vomiting and nausea.2 Among the
pharmacological effects elicited by cannabinoids, reduction of
food intake, owing to antagonizing CB1 receptors, is one of
the most important medicinal properties.5 Further studies in
this area verified that selective CB1 receptor antagonists6 could
significantly reduce obesity/overweightness in both animals and
humans,5,7,8 and are thus suggested to have potential therapeutic
utility as appetite suppressants for the treatment of obesity.
Abundant evidence indicates that obesity is a risk factor for
noncommunicable diseases such as hypertension, stroke, type
2 diabetes, cancer and arthritis.9 Obesity has become a global
pandemic and is recognized as a serious health concern by the
World Health Organization. To date, only two anti-obesity agents,
namely Orlistat and Sibutramine, have been successfully marketed
for long-term obesity treatment. However, due to their limited
efficacy in weight reduction and significant accompanying adverse
effects, these pharmacological approaches have only met with
moderate success. As a result, enormous attention has been paid
to new drug discovery in the treatment of obesity acting on
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novel molecular targets, such as cannabinoid 1 receptors (CB1),10


5-hydroxytryptamine 2C receptors (5-HT2c),11 melanocortin-4
receptors (MC4R),12 and melanin-concentrating hormone-1 re-
ceptors (MCHR-1).13


Along these lines, the first successful clinical candidate
SR141716A (1) (Fig. 1), behaving as a potent CB1 receptor inverse
agonist with excellent CB1/2 selectivity,14 was discovered and
launched in Europe in 2006.


Fig. 1 SR141716A (Rimonabant, AcompliaTM).


After Rimonabant was identified as the first selective CB1
antagonist in 1994, a wide variety of mimetics, mainly generated by
replacing the central pyrazole scaffold with analogous heteroaro-
matic rings, have been extensively explored.15 However, taking into
account these structural modifications, limited efforts have been
devoted to the modification of the pyrazole 5-position (Fig. 1).16


In order to investigate the pharmacological effects exerted by C5
substitution, a strategy of bioisosterism17 was then applied to
generate novel Rimonabant-mimicking molecules. Accordingly,
the vinylene unit (–CH=CH–) in the aromatic rings of drug
molecules can be replaced with groups such as S, O, Se, and NH,
resulting in aromatic rings with equivalent steric and electronic
properties. As such, the thiophene ring, recognized as the most
popular bioisostere of the phenyl ring,17c was adopted as the initial
model to this concept. In conjunction with above bioisosteric
replacement, 1,3-transposition of the carbonyl at the pyrazole C3
atom was also implemented to explore the impact of hydrogen
bonding on the pyrazole 3-carboxamide group, wherein the NH
was proposed to play an essential role in forming intramolecular
hydrogen bonding and the carbonyl serves as a hydrogen bond
acceptor to stabilize the Asp366–Lys192 salt bridge in CB1
receptors.18 In this communication, we wish to report that a
novel series of (5-(pent-1-enyl)thiophen-2-yl)pyrazoles have been
designed and experimentally realized, many of which were found
to behave as potent CB1 receptor antagonists6 with good CB1/2
selectivity.
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As illustrated in Table 1, an array of pent-1-enylthiophenes
11a–p were readily prepared† through a nine-step synthetic
sequence outlined in Scheme 1 starting from 1-(thiophen-2-yl)-
1-propanone (2). Commercially available 2 was first subjected
to Claisen condensation with diethyl oxalate using LHMDS as
a base for deprotonation to afford lithium salt 3 in 85% yield,
which without purification was treated with 2,4-dichlorophenyl
hydrazine hydrochloride in ethanol at room temperature for 24 h,


followed by intramolecular cyclization under refluxing acetic acid
to give ester 4 in 52% yield over two steps. Subsequent bromination
of compound 4 was smoothly effected using NBS in acetonitrile
to afford bromo ester 5 in excellent yield (95%). The common 1-
pentenyl group on the thiophene ring was successfully introduced
by a typical Suzuki cross-coupling reaction,19 wherein bromo ester
5 was mixed with (E)-pent-1-enylboronic acid and Pd(PPh3)4 with
stirring in DME at 80 ◦C for 3 h to produce the desired thiophene


Table 1 Biological evaluations of (5-(pent-1-enyl)thiophen-2-yl)pyrazoles on hCB1 and hCB2 receptors


IC50/nM a ,b


Compound R hCB1 hCB2 EC50/nM a ,c Selectivity (hCB2/hCB1)


11a 30.3 ± 5.4 3040.0 ± 185.3 55.4 ± 10.5 100


11b 25.2 ± 10.1 2045.3 ± 503.5 93.8 ± 6.8 81


11c 24.4 ± 3.3 3837.5 ± 636.1 37.0 ± 6.9 157


11d 58.0 ± 3.9 2428.0 ± 463.1 123.8 ± 46.9 41


11e 15.1 ± 4.0 5866.7 ± 1492.0 68.0 ± 34.7 391


11f 117.3 ± 22.5 8674.0 ± 1646.1 66.4 ± 11.0 74


11g 21.3 ± 5.3 2298.0 ± 628.2 22.2 ± 8.0 109


11h 23.2 ± 9.4 1382.9 ± 497.0 51.1 ± 8.8 60


11i 58.0 ± 12.2 2547.7 ± 704.3 93.7 ± 16.5 43


11j 8.7 ± 3.0 5097.7 ± 512.9 26.8 ± 6.8 637


11k 7.1 ± 0.8 1384.0 ± 241.5 17.3 ± 2.4 197


11l 4.0 ± 1.4 1101.3 ± 389.3 23.3 ± 3.9 275


11m 703.7 ± 36.0 3004.1 ± 555.8 261.2 ± 41.9 4


11n 327.5 ± 35.6 4143.4 ± 444.1 205.0 ± 18.3 12


11o 57.2 ± 22.0 837.9 ± 469.9 35.5 ± 3.0 14


11p 41.8 ± 4.4 1333.7 ± 163.4 170.3 ± 74.8 32


SR141716A 16.6 ± 1.71 2533.7 ± 464.6 18.0 ± 3.8 158


a Data are expressed as the mean ± SEM of at least three independent experiments. b Binding affinity determined by inhibition of [3H]-CP55940
binding to hCB1 or hCB2-transfected HEK 293 membrane is expressed as IC50. c Functional activity determined by inhibition of Eu-GTP binding to
hCB1-transfected HEK 293 membrane is expressed as EC50.
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Scheme 1 Reagents and conditions: (i) LHMDS, diethyl oxalate, THF–Et2O, −78 ◦C to r.t., 20 h, 85%; (ii) 2,4-dichlorophenylhydrazine hydrochloride,
EtOH, r.t., 24 h; then AcOH, 120 ◦C, 24 h, 52%; (iii) NBS, CH3CN, 0 ◦C to r.t., 24 h, 95%; (iv) Pd(PPh3)4, (E)-pent-1-enylboronic acid, Cs2CO3, DME,
80 ◦C, 3 h, 80%; (v) LAH, THF, 0 ◦C, 30 min, 87%; (vi) MsCl, Et3N, THF, 0 ◦C to r.t., 8 h, 96%; (vii) NaN3, DMF, 75 ◦C, 3 h, 82%; (viii) PPh3, THF–H2O,
r.t., 48 h, 71%; (ix) RCOCl or RNCO, CH2Cl2, Et3N, 0 ◦C to r.t., 8 h, 51–78%.


6 (80%). Intermediate 6 thus obtained was reduced with LAH
to provide alcohol 7 (87%), which in turn underwent mesylation
using mesyl chloride/triethylamine in THF to give compound 8 in
virtually quantitative yield (96%). The mesyl group of compound
8 was sequentially displaced with sodium azide, followed by
Staudinger reduction20 to provide the primary amine 10 in 58%
yield over two steps. Compound 10 thus generated was allowed to
couple with various acid chlorides or isocyanates to afford final
products 11a–11p in moderate to good yields (51–78%).


With these compounds in hand, biological evaluations were
conducted, and preliminary results are compiled in Table 1.
The initial results with simple N-alkylcarboxamides 11a–c, which
exhibit strong CB1 binding affinities with IC50 values of 30.3, 25.2
and 24.4 nM, respectively, are encouraging in that they are only
slightly inferior to the parent compound 1 and appear to validate
the bioisosteric hypothesis, namely, that in conjunction with 1,3-
transposition of the C-3 carbonyl, the C-5 phenyl ring could
be replaced with an appropriately substituted thiophene moiety.
Moreover, among various aliphatic substituents on the thiophene
ring, it was found that alkenylthiophenes were superior to the
corresponding alkyl or alkynyl counterparts in binding affinity
towards CB1 receptors.21 As such, the 1-pentenyl substituent, one
of the most promising aliphatic units observed, was selected as a
fixed motif for all subsequently synthesized derivatives. A series
of cyclic amides 11d–h with an increasing order of ring size were
obtained, wherein cyclobutyl amide 11e (IC50 = 15.1 nM; CB2/1 =
391) and cyclohexyl amide 11g (IC50 = 21.3 nM; CB2/1 = 109)
not only exhibited CB1 binding affinity comparable to 1 (IC50 =
16.6 nM; CB2/1 = 158) but also good selectivity for CB1 over
CB2. Also encouraging was the finding that 11g (EC50 = 22.2 nM)
showed improvement in functional activity by 5-fold relative to 11d
(EC50 = 123.8 nM), presumably due to an increase in hydrophobic
interaction with CB1 receptors as the ring size increases from a
three- to a six-membered ring.


The above findings inspired us to further explore the receptor–
ligand interaction by replacing the cycloalkyl rings with aro-
matic groups. Representative arylcarboxamide derivatives 11j–
l were synthesized and showed significant improvement in in
vitro biological activities compared to 1. 4-tert-Butylbenzamide
11j exhibited unexpectedly more potent CB1 binding affinity
(IC50 = 8.7 nM) and higher CB1/2 selectivity (637-fold) than


11b (IC50 = 25.2 nM; CB2/1 = 81), indicating that apart from a
required hydrophobic interaction provided by the tert-butyl group
itself, an additional aromatic stacking interaction between the
phenyl ring and CB1 receptors is needed for effective binding
capability. Similar results with particular enhancement in both
binding affinity and selectivity were also observed for analogues
11k (IC50 = 7.1 nM; CB2/1 = 197) and 11l (IC50 = 4.0 nM;
CB2/1 = 275). In addition, more importantly, compounds 11j–l
also showed potent functional activity for CB1 receptors with EC50


values of 26.8, 17.3, and 23.3 nM, respectively. Taken together,
the arylcarboxamides are considered to be the most promising
candidates for the potential treatment of obesity in the system
examined; as such, compounds 11j–l will be selected for further
SAR, ADME and in vivo efficacy studies.21


Water solubility and permeability are two key physico-
chemical properties for oral absorption, which might be esti-
mated/predicted by calculated Clog P values. The Clog P values
of the most potent and selective compounds 11j–l were 10.7, 9.9,
and 10.1, respectively, indicating that they are less water-soluble
than SR141716A (Clog P = 6.5), and that a more hydrophobic
formula is needed to dissolve the series when orally administered.
Heterocyclic amides 11m (IC50 = 703.7 nM; EC50 = 261.2 nM)
and 11n (IC50 = 327.5 nM; EC50 = 205.0 nM) were found
to exhibit weak binding affinity and poor functional activity
towards CB1 receptors, presumably due to the presence of the
N or S atom leading to the disruption of the p–p stacking
interaction. Urea-type compounds, such as 11o and 11p, were
also produced for biological evaluation; in comparison with the
corresponding compounds 11a and 11g, not only do they show
decreased biological activity but also lower CB1/2 selectivity,
indicating that the extra NH unit of the ureas might counteract the
intramolecular hydrogen bonding capability between the pyrazole
N2 and the original carboxamide NH, and/or reduce the required
hydrophobic interaction available for CB1 receptors.


In summary, based on the concept of bioisosteric replacement
of SR141716A (1) with 1,3-transposition of carbonyl and the
thiophene ring, respectively, at the pyrazole 3- and 5-positions, a
novel class of (5-(pent-1-enyl)thiophen-2-yl)pyrazole antagonists
was discovered, many of which exhibited potent biological activity
towards CB1 receptors along with good CB1/2 selectivity. Among
them, the arylcarboxamide series (11j–l), in terms of potency
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and selectivity, appear to be the most promising candidates for
further development as anti-obesity agents. Moreover, we have
also disclosed in this study that the receptor–ligand interaction
significantly decreases when a heterocyclic ring is attached to the
amide group, presumably due to the disruption of p–p stacking
interaction in the presence of the heteroatom.
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The copper complex of a chiral iminopyridine easily prepared from (R)-(−)-fenchone and picolylamine
catalyzes the enantioselective Henry (nitroaldol) reaction between nitromethane and a-keto esters.
Good yields and modest to good enantioselectivities are obtained for a wide range of a-keto esters,
bearing aromatic, alkyl or alkenyl groups attached to the ketone carbonyl group.


Introduction


The Henry or nitroaldol reaction represents an important proce-
dure for C–C bond formation, providing easy access to nitroalka-
nols by coupling of readily available nitroalkanes and carbonyl
compounds.1 Because of the chemical versatility of the nitro group,
the b-nitroalkanols obtained can be further transformed into
valuable polyfunctional molecular frameworks, such as 1,2-amino
alcohols, hydroxy acids, etc.2 Due to its significance in organic
synthesis, considerable effort has been dedicated to the develop-
ment of the catalytic enantioselective version of this reaction.3


As a consequence, a substantial advance has been achieved for
the enantioselective nitroaldol reaction with aldehydes, for which
several metal-catalyzed4 or organocatalytic5 procedures have been
developed.


In contrast, the development of the nitroaldol reaction with
ketones has met with limited success. In fact a catalytic enantios-
elective procedure for the nitroaldol reaction with simple ketones
still has to be developed, although Shibasaki has described a
resolution of racemic nitroalkanols proceeding from ketones.6 a-
Keto esters, with an intermediate reactivity between simple ketones
and aldehydes, are more prone to react with nitroalkanes to give
the corresponding b-nitro-a-hydroxy esters with the formation of
a quaternary stereogenic center.7 However, to date, only three
catalytic systems have been identified to afford synthetically
useful enantioselectivity for the addition of nitromethane to a-
keto esters. The first example, reported by Jørgensen, relied
on the combined use of the C2-symmetric Cu–bis(oxazoline)
(BOX) complex and triethylamine.8 The system afforded good
yields and enantioselectivities with a-keto esters bearing aliphatic
substituents, or aromatic rings with electron-withdrawing groups,
and more modest results with keto esters bearing aromatic rings
with electron-releasing groups. The same authors have reported a
related aza-Henry reaction employing tertiary nitro compounds
as nucleophiles and a-imino esters as electrophiles.9 Xu et al. have
developed a series of C2-symmetric tridentate bis(oxazoline) and
bis(thiazoline) ligands which catalyze the enantioselective Henry
reaction with a-keto esters in the presence of Zn(II) or Cu(II)
Lewis acids. Enantiomeric excesses up to 84% are obtained in
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the reaction promoted by Et2Zn with some a-keto esters bearing
aliphatic substituents. Low ee is obtained, however, with ethyl
phenyloxoacetate. The copper complexes of these ligands afford
products with reversed enantioselectivity.10 Recently, Deng et al.
have reported a highly enantioselective nitroaldol reaction of a-
keto esters catalyzed by derivatized Cinchona alkaloids.11 The
reaction proceeds with good yields and enantioselectivities with
a range of aromatic and aliphatic a-keto esters. The b-nitro-a-
hydroxy esters that result from these reactions can be used as build-
ing blocks for the preparation of b-lactams, aziridines and other
synthetic intermediates for the preparation of natural products
and biologically active molecules.11 Despite the relative success
attained with some of these catalytic systems, some drawbacks are
still to be solved such as improved enantioselectivities, substrate
scope, reaction conditions or catalyst preparation. Therefore
there is still room for the development of new catalytic systems
that catalyze the Henry reaction with this particular kind of
substrates. As a part of our current research, we have developed
a new group of C1-symmetric N,N-ligands with iminopyridine
structures which are easily prepared in a modular way from readily
available monoterpene ketones and pyridylalkylamines (Fig. 1).12


Although the presence of C2-symmetry in the catalyst is considered
advantageous since it reduces the number of possible transition
states,13 recent examples have shown the potential of C1-symmetric
catalysts which, in some cases, can be more efficient than related
C2-systems.14


We have shown that some of these ligands in combination
with copper(II) acetate catalyze the Henry reaction between ni-
tromethane and aldehydes with high yields and good enantiomeric
excesses.12 In particular ligands 1 and 5 in combination with
Cu(OAc)2 and diisopropylethylamine (DIPEA) afforded the best
results in EtOH or CHCl3, respectively, yielding products with
reversed enantioselectivity (Scheme 1). In this article, we describe
the development of a new enantioselective Henry reaction between
nitromethane and a-keto esters by using this kind of ligands.


Results and discussion


Synthesis of ligand 8


Ligand 8 was prepared in a similar way to ligands 1–7,12 by
condensation of commercially available (R)-(−)-fenchone and
picolylamine in the presence of a catalytic amount of BF3·Et2O
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Fig. 1 Structures of ligands 1–8.


Scheme 1 Henry reaction with aldehydes catalyzed with ligands 1 and 5.


with azeotropic removal of toluene–water (Scheme 2). Ligand
8 was obtained preferentially with the Z-geometry at the C–N
double bond as was confirmed by the observation of NOE between
the methylene group of the pyridylmethyl moiety (d 4.75) and the
two methyl groups at C3 of the fenchone framework (d 1.24 and
1.19) in NOE and NOESY experiments carried out in DMSO-d6


solution (Fig. 2)


Fig. 2 Some representative NOEs in compound 8.


Scheme 2 Synthesis of ligand 8.


Optimization of the reaction conditions


We first focused on the addition of nitromethane to ethyl pheny-
loxoacetate (Scheme 3, R = Et). The reaction was first attempted
under the conditions previously developed for the addition of
nitromethane to aldehydes, using the complexes 1–Cu(OAc)2 and
5–Cu(OAc)2.12 However, in both cases the expected nitroalkanol
was obtained in racemic form. This result caused us to change
the initial reaction conditions drastically. Thus, following reaction
conditions similar to those described by Jørgensen, the reaction
with ethyl phenyloxoacetate was carried out using Cu(OTf)2 as
Lewis acid in nitromethane as solvent and in the presence of Et3N
(20 mol%). We were very pleased to observe that ligand 1 catalyzed
the reaction under these conditions giving the expected product
with 80% conversion and 54% ee in a short reaction time (Table 1,
entry 1). A screening of the different ligands was carried out under
these conditions (Table 1). Iminopyridine 8, derived from (R)-
(−)-fenchone, was the most efficient ligand in terms of conversion
and enantioselectivity giving the expected product in full conver-
sion and 70% ee (entry 8). Ligands 5 and 7 which bear an acidic
function required a larger amount of base for the reaction and
afforded the expected product with no or low enantioselectivity,
respectively (entries 5, 7). It should also be noticed that ligands
6 and 7 yielded products with the opposite stereochemistry to
those obtained with ligands 1–4 and 8. The use of Zn(OTf)2 or
Mg(OTf)2 instead of Cu(OTf)2 gave the nitroalkanol products in
racemic form.


Scheme 3 Addition of nitromethane to phenyloxoacetate esters.


Table 1 Copper(II)-catalyzed enantioselective addition of nitromethane
to ethyl phenyloxoacetate (R = Et) according to scheme 3. Ligand
screeninga


Entry L Time/h Yieldb (%) Eeb(%) Config.c


1 1 3 80 54 R
2 2 24 46 29 R
3 3 4 91 48 R
4 4 3 98 50 R
5 5d 24 97 0 —
6 6 24 29 22 S
7 7e 20 78 13 S
8 8 3 97 70 R


a Cu(OTf)2 (20 mol%), L (20 mol%), Et3N (20 mol%), keto ester
(0.25 mmol) in 1 mL CH3NO2, rt. b Conversion and ee determined by
HPLC using a Chiralcel OD-H column. c Configuration assigned by
comparison of the optical rotation sign with literature data (ref. 8).
d 40 mol% Et3N was used. e 30 mol% Et3N was used.
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Table 2 Copper(II)-catalyzed enantioselective addition of nitromethane
to ethyl phenyloxoacetate (R = Et) according to Scheme 3. Effect of the
basea


Entry Base T/◦C Time/h Yieldb (%) Eeb (%)


1 Et3N rt 3 97 70
2 Bu3N rt 3 91 70
3 DIPEA rt 3 90 62
4 Proton sponge 50 24 87 53
5 Dicyclohexylamine rt 5 95 68
6 i-Pr2NH rt 3.5 95 66
7 K2CO3 50 20 54 44
8 Cs2CO3 rt 23 77 62
9 Et3Nc rt 51 50 57


10 Et3Nd rt 3 96 16


a Cu(OTf)2 (20 mol%), 8 (20 mol%), base (20 mol%), keto ester (0.25 mmol)
in 1 mL CH3NO2, rt. b Conversion and ee determined by HPLC using a
Chiralcel OD–H column; (R)-configuration. c 10 mol% Et3N was used.
d 40 mol% Et3N was used.


The effect of different bases was tested next (Table 2). A
number of primary, secondary and tertiary amines, as well as
some inorganic bases, were tested. All of them led to reduced
enantioselectivities compared to Et3N, with the exception of Bu3N
which gave similar results (entry 2). The chiral Lewis acid :
Brønsted base ratio was crucial to the outcome of the reaction. A
lower concentration of Brønsted base relative to Lewis acid led to
a significant drop in enantioselectivity and yield (entry 9), whereas
a higher concentration of Brønsted base gave a high yield of the
Henry product with low ee (entry 10), in a similar way to that which
has previously been described with the Cu(II)–BOX catalyst.8


The anion of the copper salt was also important to the outcome
of the reaction (Table 3). Thus, from all the copper salts tested,
only Cu(ClO4)2 was able to induce some enantioselectivity in the
reaction although the product was obtained in lower ee than with
Cu(OTf)2. On the other hand, the use of CuCl2 or Cu(OAc)2·H2O
gave racemic products (entries 3–4).


Substrate scope


The influence of the ester group in the substrate was tested
next (Table 4). A number of phenyloxoacetate esters were used
as substrates. The best results in terms of conversion and
enantioselectivity were obtained with ethyl (entry 1) and methyl
(entry 2) esters, which gave almost identical results. A further
improvement of the enantioselectivity with the ethyl ester was
obtained by lowering the temperature. Thus, the reaction with
ethyl phenyloxoacetate could be carried out at −20 ◦C to attain
the expected product in 80% yield and 81% ee (entry 8).


Table 3 Copper(II)-catalyzed enantioselective addition of nitromethane
to ethyl phenyloxoacetate (R = Et) according to Scheme 3. Effect of the
copper(II) salta


Entry Copper(II) salt Time/h Yieldb (%) Eeb (%)


1 Cu(OTf)2 3 97 70
2 Cu(ClO4)2 3 95 35
3 CuCl2 4 90 0
4 Cu(OAc)2·H2O 3 99 0


a CuX2 (20 mol%), 8 (20 mol%), Et3N (20 mol%), keto ester (0.25 mmol)
in 1 mL CH3NO2, rt. b Conversion and ee determined by HPLC using a
Chiralcel OD–H column; (R)-configuration.


Table 4 Copper(II)-catalyzed enantioselective addition of nitromethane
to phenyloxoacetate esters according to Scheme 3. Effect of the ester
group Ra


Entry R T/◦C Time/h Yield (%)b Ee (%)b


1 Et rt 3 97 70
2 Me rt 3.5 96 70
3 i-Pr rt 4 95 62
4 t-Bu rt 4 84 69
5 CCl3CH2 rt 3.5 90 64
6 PhCH2 rt 3.5 90 59
7 Et 0 24 94c 78
8 Et −20 46 80c 81


a Cu(OTf)2 (20 mol%), 8 (20 mol%), Et3N (20 mol%), keto ester
(0.25 mmol) in 1 mL CH3NO2. b Conversion and ee determined by HPLC
using a Chiralcel OD–H column. c Yield of isolated product.


Also substrate generality was studied with a number of ethyl
keto esters having different substituents on the ketone carbonyl
group (Scheme 4). The results are gathered in Table 5. Unlike
the catalytic system formed by tridentate bis-oxazolines and
diethylzinc,10 which failed with aromatic keto esters, good yields
and enantiomeric excesses were obtained with our catalyst with
a number of aromatic (entries 1–11) and aliphatic (entries 12–
16) keto esters. Yields above 80% and enantiomeric excesses
between 71–81% were obtained for most of the aromatic keto
esters. The presence of the electron-releasing methoxy group of
ethyl (p-methoxyphenyl)oxoacetate (11e) caused a decrease in the
ee of the Henry product (entry 5). A similar effect was observed
with 2-oxo-2-(2-thienyl)acetate (11k), which is substituted with an
electron-rich thiophene heterocycle. The low yield and ee obtained
with compound 11i is most probably due to the bulkiness of
the two trifluoromethyl groups (entry 9). With alkyl-substituted
keto esters (entries 12–16) we obtained similar results with either
linear (entries 12–14) or branched groups (entries 15–16), which
afforded the expected products with good yields and enantiomeric
excesses in the range of 80%. These results are similar to those
reported by Xu with alkyl-substituted a-keto esters,10 although the
enantioselectivities are lower than those reported with the Cu(II)–
BOX system,8 with the exception of compound 11n (entry 14),
for which the Cu(II)–BOX catalyst afforded the expected product
with 77% ee but only 47% yield. Finally, the more challenging b,c-
unsaturated a-keto esters were screened as substrates for the Henry
reaction (entries 17, 18). With these substrates the 1,4-addition
reaction to the double bond can compete with the 1,2-addition
to the carbonyl group. Furthermore, low enantioselectivities with
these substrates are obtained with the Cu(II)–BOX system.8 Under
our reaction conditions, the reaction took place with excellent
chemoselectivity and yields giving the 1,2-addition products 12q
and 12r, exclusively, with good enantiomeric excesses in both cases
(entries 17, 18).


Scheme 4 Addition of nitromethane to ethyl a-keto esters. Substrate
scope.
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Table 5 Copper(II)-catalyzed enantioselective addition of nitromethane to a-keto esters according to Scheme 4a


Entry 11 (R) T/◦C Time/h Yield (%)b Ee (%)c


1 Ph- a −20 46 80 81
2 4-Me-C6H4- b 0 28 86 74
3 4-Cl-C6H4- c −20 22 80 76
4 4-Br-C6H4- d −20 16 93 74
5 4-MeO-C6H4- e rt 25 73 48
6 4-NO2–C6H4- f −20 22 92 71
7 4-CN-C6H4- g −20 28 91 63
8 3,5-F2–C6H3- h −20 46 90 76
9 3,5-(CF3)2–C6H3- i −20 70 73 52


10 2-Naphthyl- j −20 94 83 75
11 2-Thienyl- k rt 3 75 56
12 CH3- l −20 4 99 78
13 CH3(CH2)9- m −20 23 85 78
14 n −20 40 81 82


15 (CH3)2CH- o −20 4 99 80
16 p −20 4 94 78


17 q −20 22 94 73


18 r −20 24 86 80


a Cu(OTf)2 (20 mol%), 8 (20 mol%), Et3N (20 mol%), 11 (0.25 mmol) in 1 mL CH3NO2. b Yields refer to isolated product 12 after column chromatography.
c Ee determined by chiral HPLC. (R)-configuration assigned by comparison of the optical rotation signs and HPLC retention times with data reported
in the literature for known compounds, and by analogy for all new compounds.


Mechanistic and stereochemical considerations


The results obtained in the catalytic Henry reaction with different
amounts of base (Table 2, entries 1, 9 and 10) and with different
copper salts (Table 3) can be rationalized (Scheme 5) in terms
very similar to those described by Jørgensen for the Cu(II)–BOX
catalyzed reaction. The enantioselective catalytic pathway requires
the coordination of the a-keto ester to the copper atom of the
8–Cu complex and the presence of a deprotonated molecule of
nitromethane (a nitronate). A competitive equilibrium between tri-
ethylamine and the initial 8–CuX2 with an inactive 8–CuX(Et3N)
is established. The Henry reaction requires the presence in the
solution of enough base to deprotonate the nitromethane. If the
base is in excess with respect to the Lewis acid, the equilibrium
is shifted toward the inactive complex, hence trapping the chiral
Lewis acid. The remaining base induces a non-enantioselective
pathway between the nitronate and uncoordinated keto ester. If


Scheme 5 Mechanistic pathways for the enantioselective Henry reaction.


the Lewis acid is in excess with respect to the base, then the low
concentration of free amine brings about a slow reaction with low
conversion and poor enantioselectivity.


On the other hand, coordination of the keto ester to the metal
complex 8–CuX2 requires a shift of the X groups (the copper salt
counter ion) by the dicarbonyl substrate, and this is only effective
if X is a poorly coordinating anion such as triflate or, to a lesser
extent, perchlorate, while more coordinating anions such as acetate
or chloride lead to non-selective catalysts.


The reaction catalyzed by the 8–Cu(OTf)2 complex yields
the Henry products with the R configuration at the stere-
ogenic center. Based on previously reported steric and electronic
considerations,4c we propose two transition state models that
account for the observed stereochemistry, which may be both
operative (Fig. 3). The active species simultaneously binds the two
reaction partners to the metal center. In the first model8 (a) the
keto functionality of the a-keto ester is coordinated to one of the
more Lewis acidic equatorial positions, away from the fenchone
skeleton, for maximum electrophilic activation and minimization


Fig. 3 Proposed transition states for the addition of nitromethane to
a-keto esters catalyzed by 8–Cu(II).
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of steric interactions. The ester carbonyl group would coordinate
to the copper ion from the upper apical position in order to
minimize steric interactions of the OR group with the C1- or the
axial C3n-methyl groups of the monoterpene. Thus the nitronate
would bind to the vacant equatorial position facing the Re face
of the ketone carbonyl group. In the second model (b) the a-keto
ester would coordinate to the copper atom by the two equatorial
positions of the complex plane.10 The nitronate would occupy
the upper, less hindered, apical position from which it would be
transferred to the Re face of the ketone carbonyl group. In this
model (b), both the electrophile and nucleophile would reach the
maximum activation, although it is probable that coordination of
the keto ester in this way would be hampered by steric interactions
with the pyridine ring and the 1-Me group of the fenchone.


Conclusion


We have described a new catalytic enantioselective Henry reaction
with a-keto esters, using a copper(II)–iminopyridine complex in
combination with triethylamine. The ligands are easily prepared in
a one-step procedure from economical monoterpene ketones and
pyridylalkylamines, their modular design allows structural variety
and they can be prepared in both enantiomeric forms starting from
the appropriate ketone enantiomer. The Henry reaction works
with a wide range of substrates including, aromatic, aliphatic
and b,c-unsaturated a-keto esters. The corresponding products
are obtained with high yields and modest to good enantiomeric
excesses. Compared with the two previously described metal-based
procedures, our catalytic system shows broader scope than the
combination of Zn with tridentate bis-oxazolines, which is limited
to aliphatic keto esters, and it gives higher enantioselectivities with
unsaturated keto esters than the Cu(II)–BOX system. The results
reported here show the usefulness of this kind of iminopyridines,
recently introduced by us, as ligands for metal-catalyzed enantios-
elective reactions.


Experimental


General


Commercial reagents were used as purchased. Glassware was
oven-dried overnight at 120 ◦C. Reactions were monitored by TLC
analysis using Merck Silica Gel 60 F-254 thin layer plates. Flash
column chromatography was performed on Merck silica gel 60,
0.040–0.063 mm. Specific optical rotations were recorded on a
Perkin-Elmer 241 polarimeter using sodium light (D line 589 nm).
NMR spectra were recorded on Bruker Advance spectrometers in
the deuterated solvents as stated, using residual non-deuterated
solvent as internal standard and CFCl3 as internal standard
for 19F NMR. J values are given in Hz. The carbon type was
determined by DEPT experiments. Mass spectra were recorded
on a Fisons Instruments VG Autospec GC 8000 series. Mass
spectra (EI) were run at 70 eV. Mass spectra (FAB) were carried
out at 30 kV in a MNBA matrix. Chiral HPLC analyses were
performed in a Hitachi Elite Lachrom instrument equipped with
a Hitachi UV diode-array L-4500 detector using chiral stationary
columns from Daicel. Retention times are given in min. tert-Butyl15


and benzyl phenyloxoacetate16 were prepared according to the
literature. Keto esters 11a–c, 11e–h, 11k–l and 11n–o were obtained


from commercial sources, keto esters 11d, 11i–j, and 11m–p were
prepared by addition of Grignard reagents to ethyl oxalate,17 keto
esters 11q–r were prepared by Wittig reaction.18


Synthesis of ligand 8


A solution of (R)-(−)-fenchone (9, 5.0 g, 32.2 mmol), picolylamine
(10, 3.53 mL, 33.8 mmol) and BF3·Et2O (0.18 mL) in toluene
(75 mL) in a round bottomed flask provided with a Dean–Stark
system was refluxed for 7 d under nitrogen. The reaction mixture
was diluted with EtOAc (50 mL), washed with saturated aqueous
NaHCO3 (15 mL) and dried over MgSO4. Solvent removal
was followed by column chromatography eluting with hexane–
dichloromethane to give 3.22 g (64%) of unreacted fenchone and
1.64 g (21%) of ligand 8: [a]25


D −70.9 (c 0.38 in CHCl3); m/z (EI) 242
(M+, 62%), 241 (100), 93 (65); 242.1780 (M+), C16H22N2 requires
242.1783; dH (300 MHz, CDCl3) 8.50 (1H, d, J 5.4), 7.67 (1H,
t, J 7.5, pyr-H), 7.52 (1H, d, J 7.5, pyr-H), 7.13 (1H, d, J 5.4,
pyr-H), 4.93 (1H, d, J 16.8, CH2-N), 4.86 (1H, d, J 16.8, CH2-
N), 1.87–1.39 (7H, m), 1.29 (3H, s, Me), 1.28 (3H, s, Me), 1.22
(3H, s, Me); dC (300 MHz, CDCl3) 186.5 (s), 161.3 (s), 148.7 (d),
136.5 (d), 121.4 (d), 121.1 (d), 55.8 (t), 52.9 (s), 49.8 (d), 44.4 (s),
42.2 (t), 33.9 (t), 25.2 (t), 24.2 (q), 23.6 (q), 17.7 (q); dH (400 MHz,
DMSO-d6) 8.48 (1H, ddd, J 4.8, 2.0, 0.8, pyr-H), 7.76 (1H, td, J
8.0, 2.0, pyr-H), 7.41 (1H, d, J 8.0, pyr-H), 7.24 (1H, ddd, J 8.0,
4.8, 0.8, pyr-H), 4.75 (2H, AB system, CH2-N), 1.85 (1H, m, 4-H),
1.74 (1H, tt, J 12.0, 2.5, 5n-H), 1.68 (1H, dq, J 10.0, 2.5, 7s-H),
1.58 (1H, m, 5x-H), 1.52 (1H, td, J 12.0, 3.2, 6x-H), 1.38 (1H, dd,
J 10.0, 1.6, 7a-H), 1.31 (1H, m, 6n-H), 1.24 (3H, s, 3n-Me), 1.90
(3H, s, 3x-Me), 1.15 (3H, s, 1-Me); dc (300 MHz, DMSO-d6) 184.5
(s), 160.7 (s), 148.5 (d), 136.5 (d), 121.6 (d), 121.1 (d), 55.4 (t),
52.4 (q), 49.1 (d), 43.7 (s), 41.5 (t), 33.4 (t), 24.8 (t), 23.9 (q),
23.3 (q), 17.7 (q).


Synthesis of 2′,2′,2′-trichloroethyl 2-oxo-2-phenylacetate


Oxalyl chloride (0.43 mL, 5.0 mmol) was added to a solution
of phenylglyoxylic acid (0.5 g, 3.33 mmol) and DMF (1 drop) in
dichloromethane (10 mL) at 0 ◦C. The reaction mixture was stirred
at rt for 4 h and concentrated under reduced pressure. The resulting
oil was dissolved in dichloromethane (10 mL), a catalytic amount
of 4-DMAP was added and a solution of trichloroethanol (323 lL,
3.33 mmol) and Et3N (1.33 mL) in dichloromethane (10 mL)
was added dropwise. After 24 h, the reaction mixture was diluted
with dichloromethane (10 mL), washed with water (2 × 10 mL),
10% aqueous NaOH (10 mL) and brine (10 mL), and dried over
MgSO4. Removal of the solvent under reduced pressure followed
by column chromatography eluting with hexane–dichloromethane
(2 : 8) gave 623 mg (67%) of the title compound: m/z (EI) 280 (M+,
0.1%), 105 (100), 77 (43); 279.9470 (M+), C10H7Cl3O3 requires
279.9461; dH (300 MHz, CDCl3) 8.07–8.04 (2H, m, Ph), 7.70 (1H,
tt, J 6.6, 1.2, Ph), 7.57–7.52 (2H, m, Ph), 5.03 (2H, s, CCl3–CH2–
O); dC (75.5 MHz, CDCl3) 184.6 (s), 161.9 (s), 135.4 (d), 132.0 (s),
130.1 (d), 129.0 (d), 93.9 (d), 74.5 (t).


General procedure for the enantioselective nitroaldol reaction


Copper(II) triflate (18.0 mg, 0.05 mmol) contained in a Schlenk
tube was dried under vacuum for 30 min. After this time, the
tube was filled in with nitrogen and a solution of ligand 8
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(13.0 mg, 0.05 mmol) in nitromethane (1 mL) was added. After 1 h,
triethylamine (7 lL, 0.05 mmol) was added (the solution changed
from blue to dark green). The reaction mixture was introduced in a
bath at the reaction temperature and the keto ester 11 (0. 25 mmol)
was added. Stirring was continued until the reaction was complete
(TLC). The b-nitro-a-hydroxy esters 12 were obtained by column
chromatography. Yields and ee are shown in Tables 4 and 5.


(−)-Methyl 2-hydroxy-3-nitro-2-phenylpropanoate (Table 4,
entry 2)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (70%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(−) tR 15.9, minor enantiomer (+) tR 13.1; [a]25


D −15.6 (c 0.54 in
CH2Cl2, ee 70%); m/z (EI) 225 (M+, 0.7%), 166 (25), 105 (100), 77
(28); 225.0639 (M+), C10H11NO5 requires 225.0637; dH (300 MHz,
CDCl3) 7.61–7.58 (2H, m, Ph), 7.41–7.26 (3H, m, Ph), 5.26 (1H,
d, J 14.1, CH2NO2), 4.69 (1H, d, J 14.1, CH2NO2), 4.29 (1H, br s,
OH), 3.90 (3H, s, MeO); dC (75 MHz, CDCl3) 172.2 (s), 136.2 (s),
129.1 (d), 128.9 (d), 125.2 (d), 80.7 (t), 76.1 (s), 54.0 (q).


(−)-Isopropyl 2-hydroxy-3-nitro-2-phenylpropanoate (Table 4,
entry 3)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (62%) determined by HPLC (Chiral-
pak AD-H), hexane-i-PrOH 95 : 5, 1 mL min−1, major enantiomer
(−) tR 17.2, minor enantiomer (+) tR 15.5; [a]25


D −2.3 (c 1.07 in
CH2Cl2, ee 62%); m/z (EI) 253 (M+, 0.1%), 166 (15), 105 (100), 77
(26); 253.0945 (M+), C12H15NO5 requires 253.0950; dH (300 MHz,
CDCl3) 7.63–7.60 (2H, m, Ph), 7.44–7.37 (3H, m, Ph), 5.24 (1H,
d, J 13.8, CH2NO2), 5.19 (1H, m, J 6.3, OCHMe2), 4.67 (1H, d, J
13.8, CH2NO2), 4.24 (1H, br s, OH), 1.35 (3H, d, J 6.3, OCHMe2),
1.29 (3H, d, J 6.3, OCHMe2); dC (75 MHz, CDCl3) 171.1 (s), 136.6
(s), 129.0 (d), 128.8 (d), 125.2 (d), 80.7 (t), 75.9 (s), 71.9 (d), 21.5 (q),
21.4 (q).


(+)-tert-Butyl 2-hydroxy-3-nitro-2-phenylpropanoate (Table 4,
entry 4)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (69%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(+) tR 8.9, minor enantiomer (−) tR 7.4; [a]25


D +4.9 (c 0.59 in
CH2Cl2, ee 69%); m/z (EI) 267 (M+, 0.1%), 166 (31), 120 (36),
105 (100), 77 (23), 57 (72); 267.1113 (M+), C13H17NO5 requires
267.1107; dH (300 MHz, CDCl3) 7.55–7.51 (2H, m, Ph), 7.36–7.28
(3H, m, Ph), 5.13 (1H, d, J 14.1, CH2NO2), 4.58 (1H, d, J 14.1,
CH2NO2), 4.17 (1H, br s, OH), 1.44 (9H, s, Me3C); dC (75 MHz,
CDCl3) 170.5 (s), 137.0 (s), 129.9 (d), 128.9 (d), 125.2 (d), 85.0 (s),
80.8 (t), 75.9 (s), 27.7 (q).


(−)-Trichloroethyl 2-hydroxy-3-nitro-2-phenylpropanoate
(Table 4, entry 5)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (64%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(−) tR 17.0, minor enantiomer (+) tR 10.9; [a]25


D −9.4 (c 0.96 in


CH2Cl2, ee 64%); m/z (EI) 341 (M+, 0.2%), 166 (75), 123 (66),
105 (100), 91 (46), 77 (60); 340.9639 (M+), C11H10Cl3NO5 requires
340.9625; dH (300 MHz, CDCl3) 7.68–7.65 (2H, m, Ph), 7.43–7.10
(3H, m, Ph), 5.38 (1H, d, J 14.4, CH2NO2), 4.97 (1H, d, J 12.0,
CCl3CH2O), 4.80 (1H, d, J 12.0, CCl3CH2O), 4.75 (1H, d, J 14.4,
CH2NO2), 4.20 (1H, br s, OH); dC (75 MHz, CDCl3) 170.4 (s),
135.2 (s), 129.6 (d), 129.1 (d), 125.4 (d), 93.7 (s), 80.6 (t), 76.2 (s),
75.9 (q).


(−)-Benzyl 2-hydroxy-3-nitro-2-phenylpropanoate (Table 4,
entry 6)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (59%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(−) tR 20.5, minor enantiomer (+) tR 15.3; [a]25


D −26.5 (c 0.91 in
CH2Cl2, ee 59%); m/z (EI) 302 (M+ + 1, 0.2%), 166 (54), 123 (31),
105 (100), 91 (97), 77 (15); 302.1031 (M+ + 1), C16H16NO5 requires
302.1028; dH (300 MHz, CDCl3) 7.58–7.55 (2H, m, Ph), 7.39–7.33
(6H, m, Ph), 7.31–7.25 (2H, m, Ph), 5.29 (2H, s, PhCH2), 5.25 (1H,
d, J 14.1, CH2NO2), 4.67 (1H, d, J 14.1, CH2NO2), 4.25 (1H, br s,
OH); dC (75 MHz, CDCl3) 171.6 (s), 136.2 (s), 134.2 (s), 129.2 (d),
128.9 (d), 128.8 (d), 128.7 (d), 128.5 (d), 125.2 (d), 80.7 (t), 76.1
(s), 69.2 (t).


(R)-(−)-Ethyl 2-hydroxy-3-nitro-2-phenylpropanoate (12a)8,11


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (81%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(R) tR 12.9, minor enantiomer (S) tR 10.2; [a]25


D −15.7 (c 1.06 in
CH2Cl2, ee 81%); dH (300 MHz, CDCl3) 7.62–7.59 (2H, m), 7.44–
7.35 (3H, m, Ph), 5.26 (1H, d, J 14.1, CH2NO2), 4.68 (1H, d, J
14.1, CH2NO2), 4.46–4.29 (2H, CH3CH2O), 4.24 (1H, br s, OH),
1.34 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3) 171.7 (s),
136.4 (s), 129.1 (d), 128.9 (d), 125.2 (d), 80.8 (t), 76.0 (s), 63.6 (t),
13.9 (q).


(R)-(−)-Ethyl 2-hydroxy-3-nitro-2-p-tolylpropanoate (12b)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (74%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(R) tR 13.0, minor enantiomer (S) tR 9.3; [a]25


D −16.6 (c 1.06
in CH2Cl2, ee 74%); m/z (EI) 253 (M+, 0.6%), 119 (100), 91
(28); 253.0954 (M+), C12H15NO5 requires 253.0950; dH (300 MHz,
CDCl3) 7.50–7.46 (2H, m, Ar), 7.21 (2H, d, J 8.1, Ar), 5.24 (1H, d,
J 14.1, CH2NO2), 4.66 (1H, d, J 14.1, CH2NO2), 4.48–4.27 (2H,
m, CH3CH2O), 4.20 (1H, br s, OH), 2.35 (3H, s, Me-Ar), 1.33 (3H,
t, J 7.2, CH3CH2O); dC 75 MHz, CDCl3) 171.8 (s), 139.1 (s), 133.5
(s), 129.5 (d), 125.1 (d), 80.8 (t), 75.9 (s), 63.5 (t), 21.0 (q) 13.9 (q).


(R)-(−)-Ethyl 2-(4-chlorophenyl)-2-hydroxy-3-nitropropanoate
(12c)8,11


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (76%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(R) tR 12.8, minor enantiomer (S) tR 10.5; [a]25


D −25.4 (c 0.83 in
CH2Cl2, ee 76%); dH (300 MHz, CDCl3) 7.56 (2H, d, J 8.7, Ar),
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7.40–7.36 (2H, m, Ar), 5.22 (1H, d, J 14.1, CH2NO2), 4.64 (1H, d,
J 14.1, CH2NO2), 4.44–4.31 (2H, m, CH3CH2O), 4.25 (1H, br s,
OH), 1.34 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3) 171.3 (s),
135.3 (s), 134.9 (s), 129.1 (d), 126.8 (d), 80.6 (t), 75.7 (s), 63.8 (t),
13.9 (q).


(R)-(−)-Ethyl 2-(4-bromophenyl)-2-hydroxy-3-nitropropanoate
(12d)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (74%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(R) tR 15.5, minor enantiomer (S) tR 11.3; [a]25


D −16.3 (c 1.02 in
CH2Cl2, ee 74%); m/z (EI) 319 (2.1%), 317 (M+, 2.1%), 246 (21),
244 (21), 185 (98), 183 (100), 157 (16), 155 (18); 316.9896 (M+),
C11H12BrNO5 requires 316.9899; dH (300 MHz, CDCl3) 7.55–7.47
(4H, m, Ar), 5.22 (1H, d, J 14.1, CH2NO2), 4.64 (1H, d, J 14.1,
CH2NO2), 4.45–4.29 (2H, m, CH3CH2O), 4.25 (1H, br s, OH),
1.34 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3) 171.2 (s),
135.4 (s), 132.0 (d), 127.1 (d), 123.6 (s), 80.5 (t), 75.7 (s), 63.9 (t),
13.9 (q).


(R)-(−)-Ethyl 2-hydroxy-2-(4-methoxyphenyl)-3-nitropropanoate
(12e)8,11


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (48%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major enantiomer
(R) tR 15.7, minor enantiomer (S) tR 14.8; [a]25


D −10.5 (c 0.83 in
CH2Cl2, ee 48%); dH (300 MHz, CDCl3) 7.51 (2H, d, J 9.0, Ar),
6.91 (2H, d, J 9.0, Ar), 5.22 (1H, d, J 14.1, CH2NO2), 4.65 (1H, d,
J 14.1, CH2NO2), 4.44–4.27 (2H, m, CH3CH2O), 4.21 (1H, br s),
3.81 (3H, s, MeO), 1.33 (3H, t, J 7.2, CH3CH2O); dC (75 MHz,
CDCl3) 171.8 (s), 160.1 (s), 128.3 (s), 126.5 (d), 114.2 (d), 80.8 (t),
75.7 (s), 63.4 (t), 55.3 (q), 13.9 (q).


(R)-(−)-Ethyl 2-hydroxy-3-nitro-2-(4-nitrophenyl)propanoate
(12f)8


Purified by column chromatography eluting with hexane–EtOAc
(85 : 15). Enantiomeric excess (71%) determined by HPLC
(Chiralcel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major
enantiomer (R) tR 26.6, minor enantiomer (S) tR 24.5; [a]25


D −12.1
(c 1.07 in CH2Cl2, ee 71%); dH (300 MHz, CDCl3) 8.25 (2H, d, J
9.0, Ar), 7.85 (2H, d, J 9.0, Ar), 5.28 (1H, d, J 14.1, CH2NO2),
4.68 (1H, d, J 14.1, CH2NO2), 4.48–4.31 (2H, m, CH3CH2O), 4.42
(1H, br s, OH), 1.35 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3)
170.5 (s), 148.3 (s), 143.1 (s), 126.7 (d), 123.9 (d), 80.3 (t), 75.9 (s),
64.3 (t), 13.9 (q).


(R)-(−)-Ethyl 2-(4-cyanophenyl)-2-hydroxy-3-nitropropanoate
(12g)11


Purified by column chromatography eluting with hexane–EtOAc
(90 : 10). Enantiomeric excess (63%) determined by HPLC
(Chiralcel OD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major
enantiomer (R) tR 23.8, minor enantiomer (S) tR 22.3; [a]25


D −18.2
(c 1.07 in CHCl3, ee 63%); dH (300 MHz, CDCl3) 7.78 (2H, d, J 8.7,
Ar), 7.72–7.69 (2H, m, Ar), 5.24 (1H, d, J 14.1, CH2NO2), 4.65
(1H, d, J 14.1, CH2NO2), 4.65 (1H, br s, OH), 4.47–4.30 (2H, m,


CH3CH2O), 1.34 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3)
170.6 (s), 141.3 (s), 132.6 (d), 126.3 (d), 118.0 (s), 113.3 (s), 80.3 (t),
75.8 (s), 64.2 (t), 13.9 (q).


(R)-(−)-Ethyl 2-(3,5-difluorophenyl)-2-hydroxy-3-nitropropanoate
(12h)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (76%) determined by HPLC (Chi-
ralcel OD-H), hexane–i-PrOH 90 : 10, 0.5 mL min−1, major
enantiomer (R) tR 17.9, minor enantiomer (S) tR 16.9; [a]25


D −11.8
(c 1.01 in CH2Cl2, ee 76%); m/z (EI) 275 (M+, 0.4%), 141 (100),
113 (26); 275.0604 (M+), C11H11F2NO5 requires 275.0605; dH


(300 MHz, CDCl3) 7.23–7.14 (2H, m, Ar), 6.83 (1H, tt, J 8.7, 2.4,
Ar), 5.17 (1H, d, J 14.1, CH2NO2), 4.63 (1H, d, J 14.1, CH2NO2),
4.49–4.31 (2H, m, CH3CH2O), 4.31 (1H, br s, OH), 1.36 (3H, t,
J 7.2, CH3CH2O); dC (75 MHz, CDCl3) 170.7 (C), 163.2 (d, JC-F


249.9, CF), 163.0 (d, JC-F 249.9, CF), 140.2 (t, JC-F 9.0, C), 109.1–
108.7 (m, 2 × CH), 104.7 (t, JC-F 25.5, CH), 80.3 (CH2), 75.5 (C),
64.2 (CH2), 13.9 (CH3); dF (282 MHz, CDCl3) −107.8.


(R)-(−)-Ethyl 2-(3,5-bis(trifluoromethyl)phenyl)-
2-hydroxy-3-nitropropanoate (12i)


Purified by column chromatography eluting with hexane–diethyl
ether (90 : 10). Enantiomeric excess (52%) determined by HPLC
(Chiralpak AD-H), hexane–i-PrOH 99 : 1, 0.5 mL min−1, major
enantiomer (R) tR 20.6, minor enantiomer (S) tR 16.9; [a]25


D −6.2
(c 1.11 in CH2Cl2, ee 52%); m/z (EI) 375 (M+, 0.1%), 356 (21),
259 (46), 256 (38), 241 (100), 227 (28), 213 (34); 375.0560 (M+),
C13H11F6NO5 requires 375.0541; dH (300 MHz, CDCl3) 8.15 (2H, s,
Ar), 7.92 (1H, s, Ar), 5.26 (1H, d, J 14.1, CH2NO2), 4.68 (1H, d,
J 14.1, CH2NO2), 4.54–4.36 (2H, m, CH3CH2O), 4.47 (1H, br s,
OH), 1.37 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3) 170.3
(C), 139.1 (C), 132.4 (q, JC-F 33.9, C), 126.0 (q, JC-F 3.0, CH),
123.3 (m, JC-F 3.8, CH), 122.9 (q, JC-F 273.3, CF3), 80.4 (CH2),
64.5 (CH2), 13.8 (CH3); dF (282 MHz, CDCl3) −63.4.


(R)-(−)-Ethyl 2-hydroxy-2-(2-naphthyl)-3-nitropropanoate (12j)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (75%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 80 : 20, 1 mL min−1, major enantiomer
(R) tR 34.6, minor enantiomer (S) tR 12.3; [a]25


D −37.7 (c 1.01 in
CHCl3, ee 75%); dH (300 MHz, CDCl3) 8.13 (d, J 1.5, 1H, Ar),
7.89–7.83 (3H, m, Ar), 7.67 (1H, dd, J 9.0, 2.1, Ar), 7.56–7.51
(2H, m, Ar), 5.40 (1H, d, J 14.1, CH2NO2), 4.77 (1H, d, J 14.1,
CH2NO2), 4.48–4.31 (2H, m, CH3CH2O), 4.39 (1H, br s), 1.36
(3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3) 171.6 (s), 133.6
(s), 133.2 (s), 133.0 (s), 128.8 (d), 128.4 (d), 127.6 (d), 127.0 (d),
126.7 (d), 125.1 (d), 122.3 (d), 80.7 (t), 76.2 (s), 63.7 (t), 14.0 (q).


(R)-(−)-Ethyl 2-hydroxy-3-nitro-2-(2-thienyl)propanoate (12k)


Purified by column chromatography eluting with hexane–EtOAc
(92 : 8). Enantiomeric excess (56%) determined by HPLC (Chiral-
cel OD-H), hexane–i-PrOH 95 : 5, 1 mL min−1, major enantiomer
(R) tR 15.6, minor enantiomer (S) tR 14.8; [a]25


D −17.0 (c 0.45 in
CH2Cl2, ee 56%); m/z (EI) 245 (M+, 1.3%), 172 (15), 126 (17), 111
(100); 245.0350 (M+), C9H11NO5S requires 245.0358; dH (300 MHz,


474 | Org. Biomol. Chem., 2008, 6, 468–476 This journal is © The Royal Society of Chemistry 2008







CDCl3) 7.33 (1H, dd, J 4.8, 0.8, Het), 7.14 (1H, dd, J 3.6, 0.8, Het),
7.02 (1H, dd, J 4.8, 3.6, Het), 5.18 (1H, d, J 14.1, CH2NO2), 4.76
(1H, d, J 14.1, CH2NO2), 4.49–4.33 (2H, m, CH3CH2O), 4.46 (1H,
br s, OH), 1.37 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3)
170.6 (s), 140.4 (s), 127.5 (d), 126.8 (d), 125.1 (d), 80.6 (t), 74.8 (s),
63.9 (t), 13.9 (q).


(R)-(+)-Ethyl 2-hydroxy-2-methyl-3-nitropropanoate (12l)8,10,11


Purified by column chromatography eluting with hexane–EtOAc
(80 : 20). Enantiomeric excess (78%) determined by HPLC
(Chiralpak AD-H), hexane–i-PrOH 90 : 10, 0.5 mL min−1, major
enantiomer (R) tR 20.6, minor enantiomer (S) tR 19.4; [a]25


D +15.3
(c 0.54 in CH2Cl2, ee 78%); dH (300 MHz, CDCl3) 4.84 (1H, d, J
13.8, CH2NO2), 4.55 (1H, d, J 13.8, CH2NO2), 4.41–4.25 (2H, m,
CH3CH2O), 3.76 (1H, br s, OH), 1.45 (3H, s, MeCO), 1.34 (3H, t,
J 7.2, CH3CH2O); dC (75 MHz, CDCl3) d 173.4 (s), 80.9 (t), 72.4
(s), 63.1 (t), 23.8 (q), 14.0 (q).


(R)-(+)-Ethyl 2-hydroxy-2-(nitromethyl)dodecanoate (12m)


Purified by column chromatography eluting with hexane–EtOAc
(95 : 5). Enantiomeric excess (78%) determined by HPLC (Chi-
ralcel OD-H), hexane–i-PrOH 98 : 2, 0.5 mL min−1, major
enantiomer (R) tR 14.7, minor enantiomer (S) tR 15.8; [a]25


D +8.4
(c 0.50 in CH2Cl2, ee 78%); m/z (FAB) 304 (M+ + 1, 100%), 289
(12), 154 (95); 304.2112 (M+ + 1), C15H30NO5 requires 304.2124;
dH (300 MHz, CDCl3) 4.81 (1H, d, J 13.5, CH2NO2), 4.55 (1H, d,
J 13.5, CH2NO2), 4.42–4.26 (2H, m, CH3CH2O), 3.70 (1H, br s,
OH), 1.73–1.55 (2H, m), 1.54–1.39 (1H, m), 1.33 (3H, t, J 7.2,
CH3CH2O), 1.24 (14H, m), 1.14–1.03 (1H, m), 0.87 (3H, t, J 6.6,
Me); dC (75 MHz, CDCl3) 172.9 (s), 80.9 (t), 75.2 (s), 63.0 (t),
36.5 (t), 31.8 (t), 29.5 (t), 29.4 (t), 29.3 (t), 29.3 (t), 29.3 (t), 22.6 (t),
22.6 (t), 14.1 (q), 14.1 (q).


(R)-(+)-Ethyl 2-hydroxy-2-(nitromethyl)-4-phenylbutanoate
(12n)8,10,11


Purified by column chromatography eluting with hexane–EtOAc
(90 : 10). Enantiomeric excess (82%) determined by HPLC
(Chiralpak AD-H), hexane–i-PrOH 90 : 10, 1 mL min−1, major
enantiomer (R) tR 14.4, minor enantiomer (S) tR 11.7; [a]25


D +23.8 (c
1.08 in CH2Cl2, ee 82%); dH (300 MHz, CDCl3) 7.32–7.14 (5H, m,
Ph), 4.84 (1H, d, J 13.8, CH2NO2), 4.59 (1H, d, J 13.8, CH2NO2),
4.41–4.24 (2H, m, CH3CH2O), 3.87 (1H, br s, OH), 2.88–2.78
(1H, m, CH2CO), 2.54–2.44 (1H, m, CH2CO), 2.08–1.91 (2H, m,
CH2Ph), 1.34 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3)
172.6 (s), 140.2 (s), 128.5 (d), 128.3 (d), 126.3 (d), 80.8 (t), 75.0 (s),
63.2 (t), 38.2 (t), 29.0 (t), 14.0 (q).


(R)-(+)-Ethyl 2-hydroxy-3-methyl-2-(nitromethyl)butanoate (12o)


Purified by column chromatography eluting with hexane–EtOAc
(80 : 20). Enantiomeric excess (80%) determined by HPLC (2 ×
Chiralpak AD-H), hexane–i-PrOH 99 : 1, 1 mL min−1, major
enantiomer (R) tR 104.9, minor enantiomer (S) tR 110.4; [a]25


D +17.9
(c 0.37 in CH2Cl2, ee 80%); m/z (EI) 206 (M+ + 1, 0.2%), 132 (22),
89 (60), 85 (22), 71 (100); 206.1020 (M+ + 1), C8H15NO5 requires
206.0950; dH (300 MHz, CDCl3) 4.82 (1H, d, J 13.5, CH2NO2),
4.66 (1H, d, J 13.5, CH2NO2), 4.35 (2H, qd, J 7.2, 1.5, CH3CH2O),


3.57 (1H, br s, OH), 1.97 (1H, m, J 6.9, Me2CH), 1.33 (3H, t, J
7.2, CH3CH2O), 0.98 (3H, d, J 6.9, Me2CH), 0.89 (3H, d, J 6.9,
Me2CH); dC (75 MHz, CDCl3) 173.0 (s), 80.1 (t), 77.5 (s), 62.9 (t),
34.0 (d), 16.8 (q), 16.2 (q), 14.0 (q).


(R)-(+)-Ethyl 2-cyclohexyl-2-hydroxy-3-nitropropanoate (12p)


Purified by column chromatography eluting with hexane–EtOAc
(80 :20). Enantiomeric excess (78%) determined by HPLC (Chi-
ralcel OD-H), hexane–i-PrOH 90 : 10, 0.5 mL min−1, major
enantiomer (R) tR 11.6, minor enantiomer (S) tR 12.3; [a]25


D +17.3
(c 1.05 in CH2Cl2, ee 78%); m/z (EI) 246 (M+ + 1, 7%), 172 (46),
129 (57), 117 (30), 111 (41), 83 (100), 55 (43); 246.1344 (M+ + 1),
C11H19NO5 requires 246.1263; dH (300 MHz, CDCl3) 4.81 (1H, d,
J 13.5, CH2NO2), 4.68 (1H, d, J 13.5, CH2NO2), 4.39–4.28 (2H,
m, CH3CH2O), 3.58 (1H, br s, OH), 1.79–1.59 (5H, m), 1.40–1.01
(6H, m), 1.33 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3) 172.9
(s), 79.9 (t), 77.6 (s), 62.9 (t), 43.7 (d), 26.7 (t), 26.2 (t), 26.0 (t),
25.9 (t), 25.8 (t), 14.0 (q).


(R, E)-(−)-Ethyl 2-hydroxy-2-(nitromethyl)pent-3-enoate (12q)8,11


Purified by column chromatography eluting with hexane–EtOAc
(90 : 10). Enantiomeric excess (73%) determined by HPLC
(Chiralpak AD-H), hexane–i-PrOH 90 : 10, 0.8 mL min−1, major
enantiomer (R) tR 10.7, minor enantiomer (S) tR 9.8; [a]25


D −46.7
(c 1.11 in CHCl3, ee 73%); dH (300 MHz, CDCl3) 6.18 (1H,
m, olefinic), 5.44 (1H, d, J 15.3, olefinic), 4.86 (1H, d, J 14.1,
CH2NO2), 4.47 (1H, d, J 14.1, CH2NO2), 4.45–4.25 (2H, m,
CH3CH2O), 3.79 (1H, br s, OH), 1.74 (3H, dt, J 6.6, 1.5, Me-
olefinic), 1.33 (3H, t, J 7.2, CH3CH2O); dC (75 MHz, CDCl3)
171.8 (s), 130.7 (d), 125.7 (d), 79.9 (t), 75.1 (s), 63.2 (t), 17.6 (q),
14.0 (q).


(R, E)-(−)-Ethyl 5-(benzyloxy)-2-hydroxy-2-
(nitromethyl)pent-3-enoate (12r)11


Purified by column chromatography eluting with hexane–EtOAc
(90 : 10). Enantiomeric excess (80%) determined by HPLC
(Chiralpak AD-H), hexane–i-PrOH 90 : 10, 0.8 mL min−1, major
enantiomer (R) tR 20.7, minor enantiomer (S) tR 19.1; [a]25


D −27.1
(c 1.05 in CHCl3, ee 80%); dH (300 MHz, CDCl3) 7.39–7.30 (5H,
m, Ph), 6.25 (1H, dt, J 15.3, 4.8, olefinic), 5.76 (1H, dt, J 15.3,
1.8, olefinic), 4.89 (1H, d, J 13.8, CH2NO2), 4.53 (2H, s, CH2O),
4.49 (1H, d, J 13.8, CH2NO2), 4.42–4.26 (2H, m, CH3CH2O),
3.89 (1H, br s, OH), 1.34 (3H, t, J 7.2, CH3CH2O); dC (75 MHz,
CDCl3) 171.4 (s), 137.7 (s), 131.6 (d), 128.4 (d), 127.8 (d), 127.7 (d),
125.7 (d), 79.8 (t), 75.1 (s), 72.7 (t), 69.0 (t), 63.4 (t), 13.9 (q).
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Predictions from DFT (B3LYP/6-31 G(d))-computed stereoisomer product distributions for
intramolecular Diels–Alder (IMDA) reactions have been successfully replicated in the laboratory.
Benzo-tethered hexadienyl acrylates generally undergo moderately trans-selective IMDA reactions
which, as suggested by DFT calculation, arise from two opposing transition structure (TS) features:
stabilising secondary orbital interactions, which are stronger in the cis-TSs, and stabilising
p-conjugative interactions between the benzo moiety and the 1,3-diene component – which are stronger
in trans-TSs. Substrates carrying a removable substituent (i.e. Br or TMS) at C3 of the diene or C12 of
the aromatic ring are predicted to undergo highly cis-selective thermal IMDA reactions by steric
destabilisation of the trans-TS. A substrate carrying a two atom tether between C3 and C12 is predicted
to undergo a highly trans-selective intramolecular cycloaddition by destabilisation of the cis-TS. These
calculations are borne out experimentally.


Introduction


In a recent paper, we presented experimental and computational
studies of the intramolecular Diels–Alder1 (IMDA) reactions of a
series of hexadienyl acrylates 1 (Scheme 1) bearing substituents at
the dienophile terminus.2 These reactions can furnish two distinct
diastereoisomeric products (P), namely cis-1P and trans-1P, which
differ in the stereochemistry about the ring fusion. Of interest
was the observation that, whereas the IMDA reaction of the cog-
nate system possessing the ethylene tether (–CH2CH2OC(=O)–)
displays strong cis stereoselectivity, the IMDA reactions of
the benzo-tethered systems exhibit moderate trans selectivity.
Moreover, this trans selectivity is not markedly influenced by the
terminal dienophile substituent, an observation in stark contrast
to earlier work with pentadienyl acrylates, which showed a clear
stereochemical dependence upon both the nature of the dienophile
(C9) substituent and the dienophile geometry.3,4


The preference for the trans-isomer was traced – by means of
B3LYP/6-31 + G(d) calculations – to conjugation effects between
the diene and the aromatic ring of the tether, as reflected in the
magnitude of the dihedral angle h between the diene and the
aromatic ring in the cis and trans IMDA TSs for 1. Whereas the
cis-TSs suffer nearly perpendicular diene–arene dihedral angles
of 103–111◦, the trans-TSs benefit from substantially increased
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Scheme 1 Benzo-tethered hexadienyl acrylate IMDA reaction cis- and
trans-B3LYP/6-31 + G(d) transition structures (TS)2 and bicyclic products
(P).
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conjugation between these two groups, with dihedral angles
in the 29–33◦ range.


These markedly different dihedral angles between the aromatic
ring and the C3-C4 double bond in the TSs for the IMDA reaction
of 1 suggested ways of tuning the cis : trans product ratio from
these reactions (Fig. 1). Thus, the placement of a sufficiently
large group at either C3 or C125 should disfavour the trans TS
relative to the cis TS. Furthermore, linking C3 to C12 by a short
tether should disfavour the cis TS, while having only a minor
effect on the trans TS energy. The aims of the present study
are to investigate these predictions, both computationally and
experimentally. Fumarate esters 2–7 (Fig. 1) were selected for
the present study since they represent the more reactive triene
precursors towards heat-promoted cycloadditions.


Fig. 1 IMDA reaction precursors under scrutiny.


Results and discussion


DFT-predicted cis/trans stereoselectivities


Gas phase cis and trans IMDA TSs for the 10-E-CO2Me-
substituted molecules 2, 3, 4, 5, 6 and 7 were computed at
the B3LYP/6-31G(d) level (see Experimental Section) and their
relative enthalpies DH‡


CT [=H‡(cis) − H‡(trans)], free energies
DG‡


CT [=G‡(cis) − G‡(trans)] and cis : trans product ratios
(calculated from the DG‡


CT values) are given in Table 1.
For 2, which lacks substituents at either C3 or C12 positions, the


trans product is moderately preferred, with a predicted cis : trans
ratio of 25 : 75 at 298.15 K which is in accord with the experimental


Table 1 B3LYP/6-31 G(d) relative enthalpies, DH‡
CT, and free energies,


DG‡
CT, for cis and trans IMDA transition structures (kJ mol−1, 298.15 K,


gas phase, 1 atm) and cis : trans product ratios


Reactant DH‡
CT


a DG‡
CT


b cis : trans


2 3.98 2.68 25 : 75
3 −7.29 −7.27 95 : 5
4 −8.77 −13.2 99.5 : 0.5
5 −8.62 −9.88 98 : 2
6 −15.6 −15.6 100 : 0
7 56.5 55.4 0 : 100


a DH‡
CT = H‡(cis) − H‡(trans). b DG‡


CT = G‡(cis) − G‡(trans).


value of 29 : 71 (383 K) and with the earlier B3LYP/6-31 + G(d)
predicted ratio of 31 : 69.2 The dihedral angle, h, in the trans
TS is 29◦, compared to 109◦ in the cis TS. Placement of bulky
substituents at either C3 or C12, should, by dint of destabilising
steric interactions between the C3 and C12 groups in the trans
TS, lead to strong cis selectivity. Indeed, the calculations confirm
this analysis. Thus, greater than 95% cis selectivity is predicted
for 3–6, which possess either Br or TMS at the aforementioned
positions. Despite the presence of a significant steric clash between
the Br/TMS group and the C3/C12 proton, the trans TSs for 3–
6 don’t reveal any marked geometric changes from that for 2,
although there is a 4–7◦ increase in the magnitude of h (Fig. 2). As
expected, connecting C3 and C12 with a two atom oxycarbonyl
bridge, to give 7, leads to a predicted 100% trans selectivity, the
DG‡


CT being a massive 55 kJ mol−1. In this case, the cis-TS must
endure a large energetic penalty to accommodate the oxycarbonyl
tether.


Experimental verification of predicted cis/trans selectivities


IMDA precursors 3 and 4, substituted at C3 of the diene


C3-Diene-substituted precursors were prepared from the
TBS ether of salicylaldehyde, 96 (Scheme 2). Ramirez
dibromoolefination7 of aldehyde 9 gave 1,1-dibromoalkene 10,
which underwent a selective8 Negishi coupling9 with vinylzinc
bromide to give Z-bromodiene 11. Deprotection of the TBS
group with TBAF gave phenol 12, which was esterified with
methyl fumaroyl chloride 13 in the presence of DBU to give
bromotriene IMDA precursor 3. Bromotriene 3 cyclises slowly
at room temperature; the IMDA reaction is complete within 3 h
at 80 ◦C to furnish a mixture rich in the cis-cycloadduct, cis-3P.
Following separation, the identity of the major diastereomer was
confirmed through single crystal X-ray analysis (Table 2).


We initially envisaged a construction of the C3-TMS precursor
4 through lithium–halogen exchange of bromide 11 with n-BuLi
followed by trapping of the 2-lithio-1,3-butadiene intermediate
with TMSCl to give 14 (Scheme 2). In the event, this procedure led
to product 15, in which the TBS and TMS groups are transposed
relative to compound 14. The mechanism for the formation of 15
presumably involves a retro-1,5-Brook rearrangement10,11 of the
TBS group, followed by trapping of the resulting phenoxide with
TMSCl. After some experimentation with unsuccessful routes, we
elected to take advantage of the rearrangement. Following the
conversion of phenol 12 into the corresponding TMS ether 14,
exposure to n-BuLi followed by the addition of methyl fumaroyl
chloride delivered cis-fused tricycle cis-4P directly. Neither the
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Fig. 2 Selected B3LYP/6-31G(d) optimised TSs. Distances are in Å.


triene IMDA precursor 4 nor diastereomeric cycloadduct trans-
4P were detected in the product mixture. The rapid cyclisation
of IMDA precursor 4 can be rationalised on both steric and
electronic grounds: the TMS group would stabilise the s-cis diene
conformer relative to its s-trans congener and silicon’s electropos-
itive characteristic would electronically activate the 1,3-butadiene
towards cycloaddition with electron deficient dienophiles. The
stereochemistry of cis-4P was secured through single crystal X-
ray analysis of the purified product (Table 2).


IMDA precursors 5 and 6, substituted at the aromatic ring


Triene IMDA precursors 5 and 6, carrying bromine and
trimethylsilyl groups at aromatic ring position C12 were prepared
from 3-bromosalicylaldehyde 17,12,13 according to the sequence
depicted in Scheme 3. A Wittig reaction between aldehyde 17
and the ylide derived from allyltriphenylphosphonium bromide
gave diene 18 with high E-selectivity. Esterification with methyl
fumaroyl chloride gave C12-bromo precursor 5 in modest yield.
Lithium–bromine exchange of the lithium phenoxide of 18 with
n-BuLi followed by the introduction of trimethylsilyl chloride and
acidic work-up gave phenol 19, which was esterified to C12-TMS


precursor 6 in a similar yield to the bromine-containing substrate.
IMDA reactions of 5 and 6 proceeded smoothly with complete
stereocontrol – within the limits of detection – to give cis-5P and
cis-6P, respectively. Once again, the identities of these compounds
were secured through single crystal X-ray analyses (Table 2).


The C3–C12 tethered IMDA precursor 7


C3–C12 lactone-tethered IMDA precursor 7 was prepared in four
steps from 20, the mono-MOM ether of 2-formyl resorcinol14


(Scheme 4). The E-crotonyl ester of phenol 20, namely com-
pound 21, was prepared easily but underwent ester hydrolysis
on attempted purification, presumably due to neighbouring
group participation from the aldehyde. Nevertheless, treatment
of unpurified 21 with DBU instigated the desired intramolecular
aldol condensation15 to furnish diene 22. Acidic hydrolysis of
the MOM ether gave phenol 23 cleanly. The limited solubility
of 23 in common organic solvents prompted the use of DMF as
solvent for the esterification to IMDA precursor 7. Interestingly,
intramolecular cycloaddition of 7 required significantly higher
temperatures than the other IMDA precursors examined in this
study. Nevertheless, only one diastereomer, trans-7P, could be
detected upon 1H NMR spectroscopic analysis of the crude
product mixture, the structure and stereochemistry of which was
confirmed by a single crystal X-ray analysis (Table 2).


Concluding remarks


This work has shown that an analysis of the geometries of
transition structures of intramolecular Diels–Alder reactions can
lead to the development of new methods for stereochemical
control. Importantly, this work also demonstrates that IMDA
stereocontrol methods can be confirmed firstly through com-
putational investigations before being subjected to experimental
testing. In the present study, the recognition that the cis- and
trans-IMDA TSs of benzo-tethered trienes 1 (Scheme 1) place the
C3 and C12 hydrogens apart and in close proximity, respectively,
has allowed the development of reactions with very high levels
of selectivity for either diastereomer. Thus, whereas the C3/C12
unsubstituted precursor 2 undergoes a weakly trans-selective
reaction (trans : cis ratio = 71 : 29), precursors carrying a removable
bromine or trimethylsilyl group at one of these positions, namely 3,
4, 5 and 6, undergo strongly cis-selective reactions. In these cases,
the steric clash between the proximate C3 and C12 substituents in
the trans-TSs leads to destabilisation relative to the cis-TS. In
contrast, linking the C3 and C12 positions with a two-atom
tether, as in system 7, places enormous strain on the cis-TS
and consequently, the reaction is completely trans-selective. In
the case of the cis-selective reactions, we emphasise the use of
readily removable C3 or C12 substituents. In the case of the
trans-selective reaction, whereas the C3/C12 tether is not readily
removable, the oxycarbonyl group offers the opportunity for
further elaboration.16


Experimental section


Computational methods


Gas phase transition structures (TSs) for intramolecular Diels–
Alder reactions were optimised using the B3LYP functional17 and
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Scheme 2 Synthesis and IMDA reactions of precursors 3 and 4, substituted at C3 of the diene. Methyl group hydrogens are omitted from X-ray molecular
structures for clarity.


Table 2 X-ray crystallographic data for compounds cis-3P, cis-4P, cis-5P, cis-6P and trans-7P


cis-3P cis-4P cis-5P cis-6P trans-7P


CCDC No. 664829 664830 664831 664832 664833
Formula C15H13BrO4 C18H22O4Si C15H13BrO4 C18H22O4Si C16H12O6


M 337.17 330.46 337.17 330.46 300.27
Crystal system triclinic monoclinic monoclinic triclinic orthorhombic
Space group P1̄ C2/c P21/c P1̄ Pna21


a/Å 6.7091(2) 44.1595(17) 9.3080(2) 9.3794(2) 11.7777(5)
b/Å 8.0770(2) 6.5892(2) 10.1060(2) 9.9026(2) 5.4798(1)
c/Å 13.7233(4) 30.3735(11) 14.4185(3) 10.4159(2) 20.1905(6)
a/◦ 103.9603(17) — — 86.4869(12) —
b/◦ 93.8881(18) 127.2050(11) 95.7272(12) 66.0202(13) —
c /◦ 109.0036(18) — — 79.5571(15) —
V/Å3 673.62(3) 7039.2(4) 1349.53(5) 869.21(3) 1303.08(7)
Z 2 16 4 2 4
T/K 200 200 200 200 200
Measured reflections 11941 48216 29685 19510 14752
Independent reflections 3101 6112 3094 3968 1527
Reflections in refinement 2507 [I>3r(I)] 3703 [I>2r(I)] 1922 [I>3r(I)] 3031 [I>3r(I)] 1370 [I>2r(I)]
R 0.0272 0.039 0.0208 0.0353 0.026
Rw 0.0321 0.041 0.0233 0.0371 0.031
S 1.0615 1.15 1.1202 1.0878 1.15


516 | Org. Biomol. Chem., 2008, 6, 513–522 This journal is © The Royal Society of Chemistry 2008







Scheme 3 Synthesis and IMDA reactions of precursors 5 and 6,
substituted at the aromatic ring. Methyl group hydrogens are omitted
from X-ray molecular structures for clarity.


the 6-31G(d) basis set.18 Harmonic vibrational frequencies (at the
same level of theory) were employed to characterise the TSs as
first order saddle points (one negative Hessian eigenvalue) and to
provide thermal corrections for calculating the enthalpies and free
energies of the TSs at 298.15 K and 1 atm pressure. The Gaussian
0319 program package was used throughout. Optimised geometries
(in Cartesian coordinate form) and their energies are provided as
Electronic Supplementary Information†.


Justification of the theoretical model


The B3LYP functional, in conjunction with either the 6-31G(d) or
6-31 + G(d) basis sets, is known to give acceptable relative energies
and geometries for a broad variety of Diels–Alder reactions.2–4,20–22


Importantly, we have shown that the B3LYP/6-31G(d) method
correctly predicts cis : trans ratios for the IMDA reactions of


Scheme 4 Synthesis and IMDA reaction of C3–C12 tethered precursor
7. Methyl group hydrogens are omitted from X-ray molecular structure for
clarity.


a sizable number of substituted pentadienyl- and hexadienyl-
acrylates, often with an accuracy of 1 kJ mol−1.2–4,22 This level
of theory is, therefore, adequate for this study. Although the
DFT calculations ignored solvent effects, we do not expect such
effects to markedly influence cis : trans product ratios because the
experimental IMDA reactions carried out in this study employed
weakly polar aprotic solvents (benzene and chlorobenzene). This
expectation was confirmed by carrying out a polarised continuum
model (PCM) calculation23 on the IMDA reaction of 2, using
toluene as solvent. The PCM calculation gave a cis : trans product
ratio of 22 : 78, which is similar the gas phase ratio of 25 : 75
(Table 1).


Synthesis – General


NMR spectra were recorded at 298 K using a Varian INOVA 300
or Varian INOVA 500 spectrometer. Residual protio-chloroform
(d 7.26 ppm), benzene (d 7.15 ppm), and methanol (d 3.31 ppm)
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were used as internal references for 1H NMR spectra measured
in these solvents. The 13C NMR resonance of chloroform (d 77.1
ppm), benzene (d 128.1 ppm) and methanol (d 49.0 ppm) were
used as internal references for 13C NMR spectra measured in
these solvents. Assignment of proton signals was assisted by 1H–
1H COSY and NOESY experiments when necessary; assignment
of carbon signals was assisted by DEPT experiments, HSQC and
HMBC experiments were employed when necessary. IR spectra
were recorded on a Perkin-Elmer Spectrum One spectrometer as
neat films on NaCl plates for oils or as KBr disks for solid products.
Mass spectra were recorded by the Mass Spectrometry Facility of
the Research School of Chemistry, Australian National University,
Canberra on a VG Autospec M series sector (EBE) MS for EI, VG
Quattro II triple quadrupole MS for LR ESI and Bruker Apex3
4.7T FTICR-MS for HR ESI. Micro analyses were performed at
the Microanalytical Laboratory, Research School of Chemistry,
Australian National University, Canberra. Melting points were
measured on a Reichert hot stage melting point apparatus or an
Optimelt automated melting point apparatus and are uncorrected.
Analytical TLC was performed with Merck (A.T. 5554) silica gel
60 F254 (0.2 mm) plates, precoated on aluminium sheets. Flash
chromatography employed Merck Kiesegel 60 (230–400 mesh)
silica gel. Reactions were conducted under a positive pressure of
dry argon or nitrogen. Diethyl ether, toluene and THF were dried
over sodium wire and distilled from sodium benzophenone ketyl.
Dichloromethane was distilled from calcium hydride. Commer-
cially available chemicals were purified by standard procedures or
used as purchased.


{2-[2,2-Dibromovinyl]phenoxy}(tert-butyl)dimethylsilane (10)


To a solution of triphenylphosphine (12.4 g, 47.2 mmol, 4 equiv.) in
CH2Cl2 (40 mL) at 0 ◦C was added dropwise over 15 min a solution
of carbon tetrabromide (7.0 g, 23.6 mmol, 2 equiv.) in CH2Cl2


(15 mL). The resulting solution was allowed to warm to rt and
stirred for 30 min before being cooled back to 0 ◦C. To this mixture
was added dropwise a solution of TBS protected salicylaldehyde
(9)6 (2.8 g, 11.8 mmol) in CH2Cl2 (5 mL). The reaction mixture was
stirred for 30 min at 0 ◦C after which time the solution was diluted
slowly (with vigorous stirring) with hexanes (70 mL). Stirring was
continued for a further 15 min then the resulting precipitate was
removed by filtration. The solvent was removed in vacuo to leave a
brown oil which was purified by silica gel chromatography (200 g
silica gel, 1 : 99 EtOAc–hexane) to afford the title compound 10
(3.8 g, 9.8 mmol, 83%) as a pale yellow oil; dH (300 MHz, CDCl3)
7.63 (1H, dm, J = 7.3 Hz), 7.59 (1H, s), 7.24 (1H, ddm, J =
7.4, 7.4 Hz), 7.00 (1H, ddm, J = 8.5, 8.5 Hz), 6.82 (1H, dm, J =
7.2 Hz), 1.05 (9H, s) and 0.22 (6H, s) ppm; dC (75 MHz, CDCl3)
153.0, 134.0, 129.7, 129.2, 127.3, 121.0, 119.5, 89.7, 25.7, 18.2 and
−4.4 ppm; IR (thin film) 2956, 1597, 1479, 1253 cm−1; MS (70 eV,
EI): m/z (%) 392 (23) [M]+, 333 (52), 255 (65), 136 (100); HRMS:
calcd for C14H20O79Br2Si [M]+: 389.9650; found: 389.9653.


{2-[(Z)-2-Bromobuta-1,3-dienyl]phenoxy}(tert-butyl)dimethyl-
silane (11)


To a stirred mixture of anhydrous zinc bromide (4.7 g, 21.0 mmol,
3.3 equiv.) in THF (25 mL) at rt was added dropwise vinyl magne-
sium bromide (22.4 mL, 0.94 M in THF, 21.0 mmol, 3.3 equiv.).


The resulting mixture was stirred for 20 min at rt then cooled to
−78 ◦C before the dropwise addition of a solution of dibromide
10 (2.5 g, 6.4 mmol) and tetrakis(triphenylphosphine)palladium(0)
(737 mg, 0.6 mmol, 0.1 equiv.) in THF (10 mL). The reaction was
stirred at −78 ◦C for 1 h then allowed to warm to −20 ◦C overnight.
The reaction mixture was poured into hexanes (200 mL), filtered
and the solvent was removed in vacuo to leave a yellow oil.
Purification of the residue by silica gel chromatography (200 g
silica gel, hexane) gave the title compound 11 (1.9 g, 5.6 mmol,
87%) as a colourless oil; dH (300 MHz, CDCl3) 7.90 (1H, dd, J =
7.8, 1.2 Hz), 7.22 (1H, ddd, J = 8.0, 8.0, 1.8 Hz), 7.16 (1H, s), 7.02
(1H, ddd, J = 7.4, 7.4, 1.1 Hz), 6.84 (1H, dd, J = 8.1, 1.0 Hz),
6.52 (1H, dd, J = 16.2, 10.3 Hz), 5.73 (1H, d, J = 16.2 Hz),
5.33 (1H, d, J = 10.3 Hz), 1.02 (9H, s) and 0.20 (6H, s) ppm; dC


(75 MHz, CDCl3) 153.9, 137.3, 130.5, 129.6, 129.2, 127.7, 124.6,
120.9, 119.4, 118.7, 25.9, 18.4 and −4.2 ppm; IR (thin film) 2930,
1497, 1251 cm−1; MS (70 eV, EI): m/z (%) 339 (10) [M]+, 281
(36), 136 (100); HRMS: calcd for C16H23O2


81BrSi [M]+: 338.0702;
found: 338.0708.


Synthesis of dienylsilane 15 through retro-1,5-Brook
rearrangement


To a solution of bromodiene 11 (1.00 g, 3.0 mmol) in THF (12 mL)
at −78 ◦C was added n-BuLi (2.2 mL, 1.59 M in hexanes, 3.5 mmol,
1.2 equiv.). The resulting mixture was stirred at this temperature
for 30 min then TMSCl (352 mg, 3.2 mmol, 1.1 equiv.) was added
and the mixture was allowed to warm slowly to rt over 1 h. After
this time Et2O (50 mL) was added and the mixture was washed
with H2O (30 mL), brine (30 mL) and dried (MgSO4). The solvent
was removed in vacuo to afford dienylsilane 15 (950 mg, 2.8 mmol,
93%) as a colourless oil; dH (500 MHz, CDCl3) 7.33 (1H, s), 7.19
(1H, d, J = 7.6 Hz), 7.15 (1H, dd, J = 7.6, 7.6 Hz), 6.87 (1H,
dd, J = 7.6, 7.6 Hz), 6.75 (1H, d, J = 7.6 Hz), 6.62 (1H, dd, J =
16.8, 10.3 Hz), 5.25 (1H, dd, J = 16.8, 2.0 Hz), 4.93 (1H, dd, J =
10.3, 2.0 Hz), 0.93 (9H, s), 0.24 (9H, s) and −0.15 (6H, s) ppm; dC


(125 MHz, CDCl3) 153.6, 144.1, 141.5, 139.8, 131.6, 130.9, 128.8,
120.5, 119.3, 112.8, 27.8, 18.2, 0.7 and −3.5 ppm; IR (thin film)
2957, 1479, 1252 cm−1; MS (70 eV, EI): m/z (%) 332 (5) [M]+,
275 (21), 187 (84), 73 (100); HRMS: calcd for C19H32OSi2 [M]+:
332.1992; found: 332.1987.


2-(2-Bromo-1E,3-butadienyl)phenol (12)


To a solution of bromodiene 11 (0.88 g, 2.59 mmol) in THF
(12 mL) at rt was added TBAF (2.59 mL, 1.0 M in THF, 2.59 mmol,
1 equiv.). The resulting solution was allowed to stir at rt for 1 h
before the addition of saturated aqueous NH4Cl (20 mL). The
mixture was extracted with Et2O (2 × 20 mL) and the ethereal
layers were combined and washed with H2O (15 mL), brine
(15 mL) and dried (MgSO4). The solvent was removed in vacuo to
leave a yellow oil which was purified by silica gel chromatography
(70 g silica gel, 1 : 9 EtOAc–hexane) to give the title compound 12
(0.53 g, 2.54 mmol, 98%) as a pale yellow solid, mp = 42–45 ◦C;
dH (300 MHz, CDCl3) 7.66 (1H, dd, J = 7.7, 1.7 Hz), 7.23 (1H,
dd, J = 8.0, 8.1 Hz), 7.10 (1H, s), 6.97 (1H, dd, J = 7.4, 7.5 Hz),
6.85 (1H, dd, J = 8.1, 1.0 Hz), 6.56 (1H, dd, J = 16.2, 10.3 Hz),
5.76 (1H, d, J = 16.2 Hz), 5.38 (1H, d, J = 10.3 Hz) and 5.16 (1H,
s) ppm; dC (75 MHz, CDCl3) 153.1, 136.6, 130.2, 129.9, 127.4,
127.3, 123.2, 120.6, 119.9 and 115.8 ppm; IR (thin film) 3401,
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1594, 1453, 1247 cm−1; MS (70 eV, EI): m/z (%) 224 (41) [M]+,
145 (100), 127 (35), 115 (66); HRMS: calcd for C10H9O79Br [M]+:
223.9837; found: 223.9842.


Methyl 2-(2-bromo-1E,3-butadienyl)phen-1-yl 2E-butendioate (3)


To a solution of bromodiene 12 (50 mg, 0.24 mmol) in CH2Cl2


(3 mL) at −78 ◦C was added DBU (43, mg, 0.29 mmol, 1.2 equiv.).
The resulting solution was allowed to stir at this temperature for
20 min before the addition of methyl fumaroyl chloride 13 (39 mg,
0.26 mmol, 1.1 equiv.). The reaction mixture was stirred for a
further 1 h at this temperature before being diluted with Et2O
(30 mL) and warmed to rt. The ethereal mixture was washed with
saturated aqueous NaHCO3 (20 mL), water (20 mL), brine (20 mL)
and dried (MgSO4). The solvent was removed in vacuo to leave a
colourless oil which was purified by flash chromatography (5 g
silica gel, 1 : 9 EtOAc–hexane) to give the title compound 3 (60 mg,
0.18 mmol, 75%) as a colourless oil; dH (300 MHz, CDCl3) 7.81
(1H, dd, J = 7.8, 1.8 Hz), 7.38 (1H, ddd, J = 7.8, 7.8, 2.1 Hz), 7.30
(2H, J = 7.5, 7.5, 1.5 Hz), 7.16 (1H, dd, J = 8.1, 1.2 Hz), 7.05 (1H,
s), 6.85 (1H, s), 6.49 (1H, ddd, J = 16.5, 10.7, 0.9 Hz), 5.75 (1H, d,
J = 16.5 Hz), 5.37 (1H, d, J = 10.7 Hz) and 3.85 (3H, s) ppm; dC


(75 MHz, CDCl3) 165.2, 163.0, 148.1, 136.4, 135.3, 132.7, 130.7,
129.5, 128.9, 127.6, 126.5, 126.1, 122.0, 120.4 and 52.6 ppm; IR
(thin film) 1730, 1294, 1141 cm−1; MS (70 eV, EI): m/z (%) 337 (64)
[M]+, 276 (77), 197 (80), 113 (100); HRMS: calcd for C15H13O4


79Br
[M]+: 335.9997; found: 335.9993.


Thermal IMDA reaction of methyl 2-(2-trimethylsilyl-1E,3-
butadienyl)phen-1-yl 2E-butendioate (3)


A solution of the IMDA precursor 3 (50 mg, 0.15 mmol) in C6D6


(2 mL) was heated at reflux for 3 h. After this time the reaction
mixture was cooled to rt and the solvent was removed in vacuo
to leave a yellow oil (cis-3P : trans-3P = 87 : 13 by dH analysis).
Purification by flash chromatography (5 g silica gel, 1 : 1 CH2Cl2–
hexane) gave cis-3P (41 mg, 0.12 mmol, 81%) as a colourless solid
and trans-3P (1 mg, 0.03 mmol, 2%) as a colourless oil.


cis-3P. White solid (EtOAc–hexane); mp = 76–77 ◦C; dH


(300 MHz, CDCl3) 7.41–7.34 (2H, m), 7.18 (1H, ddd, J = 7.3,
7.3, 0.8 Hz), 7.08 (1H, dd, J = 8.1, 0.8 Hz), 6.24–6.20 (1H, m),
3.98 (1H, m), 3.79 (3H, s), 3.63 (1H, dd, J = 5.9, 3.4 Hz), 3.58
(1H, ddd, J = 6.5, 3.4, 3.4 Hz) and 2.72–2.68 (2H, m) ppm; dC


(75 MHz, CDCl3) 173.0, 168.0, 150.3, 131.7, 129.9, 129.5, 124.1,
122.4, 119.6, 116.8, 52.6, 41.0, 39.4, 37.2 and 25.9 ppm; IR (thin
film) 2920, 1762, 1735, 1237, 1148 cm−1; MS (70 eV, EI): m/z (%)
337 (29) [M]+, 276 (100), 197 (87); Anal. Calcd for C15H13O4Br: C
53.43, H 3.89. Found: C 53.61, H 3.95.


trans-3P. Colourless oil; dH (500 MHz, CDCl3) 7.92 (1H, d,
J = 7.8 Hz), 7.33 (1H, dd, J = 7.8, 7.8, Hz), 7.20 (1H, dd, J =
7.8, 7.8 Hz), 7.14 (1H, d, J = 7.8 Hz), 6.45 (1H, ddd, J = 7.2, 2.0,
2.0 Hz), 3.92 (1H, brd, J = 13.9 Hz), 3.76 (3H, s), 3.10 (1H, dd,
J = 11.9, 11.9 Hz), 2.91 (1H, ddd, J = 11.9, 5.0, 5.0 Hz), 2.56–
2.49 (1H, m) and 2.33–2.22 (1H, m) ppm; dC (125 MHz, CDCl3)
174.1, 169.1, 151.2, 132.7, 128.7, 127.2, 125.1, 124.8, 117.9, 117.5,
52.6, 45.9, 41.3, 38.8 and 30.8 ppm; IR (thin film) 2921, 1771,
1735, 1455, 1172, 1105 cm−1; MS (70 eV, EI): m/z (%), 337 (55)


[M]+, 276 (67), 197 (100); HRMS: calcd for C15H13O2
79Br [M]+:


335.9997; found: 335.9993.


Synthesis and thermal IMDA reaction of TMS-diene precursor (4)


To a solution of bromodiene 12 (50 mg, 2.4 mmol) in CH2Cl2


(2 mL) at −78 ◦C was added DBU (47 mg, 3.1 mmol, 1.3
equiv.). The resulting yellow solution was allowed to stir at this
temperature for 30 min before the addition of TMSCl (31 mg,
2.9 mmol, 1.2 equiv.) dropwise via syringe. The reaction was stirred
at this temperature for 1 h before being diluted with Et2O (50 mL)
and warmed to rt. The ethereal solution was washed with H2O
(20 mL), brine (20 mL) and dried (MgSO4). The solvent was
removed in vacuo to leave crude TMS ether 16 as a colourless oil
which was dried via azeotropic removal of THF (3 × 2 mL of THF)
and taken up in THF (1 mL). The solution was cooled to −78 ◦C
and n-BuLi (180 lL, 1.59 M in hexane, 2.9 mmol, 1.2 equiv.) was
added dropwise via syringe. The reaction mixture was allowed
to stir at this temperature for 30 min after which time methyl
fumaroyl chloride (39 mg, 2.6 mmol, 1.1 equiv.) was added. The
reaction mixture was stirred for a further 1 h at this temperature
before being partitioned between a mixture of saturated aqueous
NH4Cl (10 mL) and Et2O (20 mL). The layers were separated and
the ethereal layer was washed with brine and dried (MgSO4). The
solvent was removed in vacuo. The presence of trans-4P could not
be detected by 1H NMR analysis of the residue, which was purified
by flash chromatography (5 g silica gel, 2 : 8 EtOAc–hexane) to
give cis-4P (25 mg, 0.8 mmol, 32%) as a white solid (CH2Cl2–
heptane), mp = 91–93 ◦C; dH (500 MHz, CDCl3) 7.30 (2H, dd,
J = 7.5, 7.5 Hz), 7.14 (1H, ddd, J = 7.5, 7.5, 1.0 Hz), 7.05 (1H, d,
J = 7.5 Hz), 6.11 (1H, dd, J = 6.3, 3.0 Hz), 3.75 (3H, s), 3.70 (1H,
ddd, J = 5.0, 5.0, 2.5 Hz), 3.44 (1H, dd, J = 5.0, 4.0 Hz), 3.33
(1H, dd, J = 5.5, 5.0 Hz), 2.65 (2H, ddd, J = 6.3, 6.3, 3.0 Hz) and
0.21 (9H, s) ppm; dC (125 MHz, CDCl3) 174.2, 169.7, 151.6, 137.6,
136.8, 129.5, 129.0, 126.7, 124.5, 117.2, 52.5, 41.2, 37.2, 36.0, 25.2,
and −0.9 ppm; IR (thin film) 2952, 1766, 1735, 1139 cm−1; MS (70
eV, EI): m/z (%) 330 (82) [M]+, 269 (100), 73 (98); Anal. Calcd for
C18H22O4Si: C 65.42, H 6.71. Found: C 65.09, H 6.84.


2-(1E,3-Butadienyl)-3-bromophenol (18)


To a vigorously stirred suspension of allyl triphenylphosphonium
bromide24 (2.10 g, 5.49 mmol, 2.2 equiv.) in THF (15 mL) at −18 ◦C
under Ar was added dropwise a solution of n-BuLi (1.56 M in
hexanes, 3.35 mL, 5.23 mmol, 2.1 equiv.). After stirring for 30 min,
a solution of 3-bromosalicylaldehyde 1712 (0.50 g, 2.49 mmol)
in THF (5 mL) at −18 ◦C under Ar was added dropwise via
cannula and the resulting mixture stirred at this temperature for
1 h. The solution was warmed to rt and stirring was continued for
a further 3 h. Saturated aqueous NH4Cl (15 mL) was added and
the reaction mixture was concentrated in vacuo. The residue was
extracted with CH2Cl2 (3 × 20 mL) and the organic layers were
combined, washed with brine (20 mL) and dried (MgSO4). The
solvent was removed in vacuo to leave an orange oil which was
purified by flash chromatography (200 g silica gel, 1 : 9 EtOAc–
hexane) to give 18 (0.37 g, 1.67 mmol, 67%) as a colourless oil;
dH (300 MHz, CDCl3) 7.16 (1H, dd, J = 4.5, 0.6 Hz), 7.00 (1H,
dd, J = 5.0, 5.0 Hz), 6.86 (1H, d, J = 5.0 Hz), 6.73 (1H, dd, J =
10.2, 6.0 Hz), 6.62–6.53 (2H, m), 5.41 (1H, s), 5.40 (1H, d, J =
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10.2 Hz) and 5.29 (1H, d, J = 6.0 Hz) ppm; dC (75 MHz, CDCl3)
154.0, 136.8, 136.2, 129.3, 128.2, 125.0, 124.5, 124.4, 119.8, and
115.1 ppm; IR (thin film) 3258, 1569, 1443, 1009 cm−1; MS (70 eV,
EI): m/z (%) 224 (32) [M]+, 209 (29), 145 (100); HRMS: calcd for
C10H9O79Br [M]+: 223.9837; found: 223.9838.


Methyl 2-(1E,3-butadienyl)-3-bromophen-1-yl 2E-butendioate (5)


To a solution of phenol 18 (50 mg, 0.22 mmol) in CH2Cl2 (1 mL)
at −78 ◦C was added DBU (47 mg, 0.31 mmol, 1.4 equiv.).
The resulting solution was allowed to stir at this temperature for
20 min before the addition of methyl fumaroyl chloride (36 mg,
0.24 mmol, 1.1 equiv.). The reaction mixture was stirred for a
further 1 h at this temperature before being diluted with Et2O
(30 mL) and warmed to rt. The ethereal mixture was washed
with saturated aqueous NaHCO3 (20 mL), water (20 mL), brine
(20 mL) and dried (MgSO4). The solvent was removed in vacuo to
leave a colourless oil which was purified by flash chromatography
(5 g silica gel, 1 : 9 EtOAc–hexane) to give the title compound 5
(33 mg, 0.12 mmol, 53%) as a colourless oil; dH (500 MHz, C6D6)
7.14 (1H, dd, J = 8.0, 1.0 Hz), 6.92 (1H, d, J = 15.8 Hz), 6.87 (1H,
d, J = 15.8 Hz), 6.71 (1H, d, J = 8.0 Hz), 6.57–6.44 (3H, m), 6.19
(1H, ddd, J = 17.2, 10.0, 10.0 Hz), 5.02 (1H, d, J = 17.2 Hz), 4.89
(1H, d, J = 10.0 Hz) and 3.18 (3H, s) ppm; dC (125 MHz, C6D6)
164.4, 162.6, 148.8, 137.1, 137.0, 135.1, 132.2, 131.4, 130.9, 128.5,
127.0, 124.9, 122.2, 119.3 and 51.7 ppm; IR (thin film) 1727, 1319,
1299, 1145 cm−1; MS (70 eV, EI): m/z (%) 337 (13) [M]+, 144 (35),
113 (100); HRMS: calcd for C15H13O4


79Br [M]+: 335.9997; found:
336.0000.


Thermal IMDA reaction of 2-(1E,3-butadienyl)-3-bromophen-1-yl
2E-butendioate (5)


A solution of 5 (35 mg, 0.10 mmol) in C6D6 (3 mL) was heated
to 60 ◦C for 5.5 h. After this time the reaction was allowed to
cool to rt and the solvent was removed in vacuo. The presence
of trans-5P could not be detected by 1H NMR analysis of the
residue, which was purified by flash chromatography (3 g silica
gel, 1 : 9 EtOAc–hexane) to give cis-5P (30 mg, 0.09 mmol,
86%) as a white solid. Recrystallisation from CH2Cl2–heptane gave
colourless cubes, mp = 148–150 ◦C; dH (300 MHz, CDCl3) 7.38
(1H, dd, J = 8.0, 1.2 Hz), 7.15 (1H, dd, J = 8.0, 8.0 Hz), 7.01
(1H, dd, J = 8.0, 1.2 Hz), 5.80–5.75 (1H, m), 5.53 (1H, dm, J =
10.1 Hz), 4.12–4.07 (1H, m), 3.77 (3H, s), 3.62 (1H, ddd, J = 6.8,
1.8, 1.8 Hz), 3.49 (1H, dd, J = 6.8, 2.7 Hz) and 2.74–2.50 (2H, m)
ppm; dC (75 MHz, CDCl3) 173.4, 168.1, 151.1, 129.4, 128.9, 127.2,
124.6, 124.0, 123.5, 116.3, 52.4, 38.3, 37.4, 33.8 and 22.5 ppm; IR
(thin film) 2950, 1765, 1726, 1450, 1221, 1147 cm−1; MS (70 eV,
EI): m/z (%) 337 (20) [M]+, 278 (100), 197 (75), 115 (43); Anal.
Calcd for C15H13O4Br: C 53.43, H 3.89. Found: C 53.47, H 3.92.


2-(1E,3-Butadienyl)-3-trimethylsilylphenol (19)


To a stirred solution of 2-(1E,3-butadienyl)-3-bromophenol 18
(0.16 g, 0.69 mmol) in THF (5 mL) at −78 ◦C under Ar was
added dropwise n-BuLi (1.06 mL, 1.57 M in hexanes, 1.66 mmol,
2.4 equiv.) and the resulting solution was stirred for 30 min.
Chlorotrimethylsilane (165 mg, 1.52 mmol, 2.2 equiv.) was added
and the mixture allowed to warm to rt over 1 h. Aqueous HCl
(5.0 mL, 1 M) was added and the resulting mixture was stirred


for a further 1 h. The reaction mixture was diluted with diethyl
ether (15 mL), washed with water (10 mL) and brine (10 mL)
and dried (MgSO4). The solvent was removed in vacuo and the
residue was purified by flash chromatography (10 g silica gel, 5 : 95
EtOAc–hexane) to give the title compound 19 (0.12 g, 0.57 mmol,
82%) as a colourless oil; dH (500 MHz, CDCl3) 7.17 (1H, dd, J =
7.5, 7.5 Hz), 7.09 (1H, dd, J = 7.5, 1.0 Hz), 6.95 (1H, dd, J =
7.5, 1.0 Hz), 6.69 (1H, d, J = 15.5 Hz), 6.63–6.51 (2H, m), 5.41
(1H, s), 5.35 (1H, dm, J = 10.5 Hz), 5.28 (1H, dm, J = 8.5 Hz)
and 0.28 (9H, s) ppm; dC (125 MHz, CDCl3) 152.7, 140.7, 136.7,
136.1, 129.6, 129.0, 128.2, 126.6, 119.2, 116.8 and 0.23 ppm; IR
(thin film) 3524, 2955, 1249 cm−1; MS (70 eV, EI): m/z (%) 218
(84) [M]+, 203 (61), 187 (64), 144 (77), 73 (100); HRMS: calcd for
C13H18OSi [M]+: 218.1127; found: 218.1131.


Methyl 2-(1E,3-butadienyl)-3-trimethylsilylphen-1-yl
2E-butendioate (6)


To a solution of phenol 19 (20 mg, 0.09 mmol) in CH2Cl2 (1 mL)
at −78 ◦C was added DBU (20 mg, 0.13 mmol, 1.4 equiv.).
The resulting solution was allowed to stir at this temperature for
20 min before the addition of methyl fumaroyl chloride (16 mg,
0.11 mmol, 1.2 equiv.). The reaction mixture was stirred for a
further 1 h at this temperature before being diluted with Et2O
(20 mL) and warmed to rt. The ethereal mixture was washed
with saturated aqueous NaHCO3 (10 mL), water (10 mL), brine
(10 mL) and dried (MgSO4). The solvent was removed in vacuo to
leave a colourless oil which was purified by flash chromatography
(1 g silica gel, 5 : 95 EtOAc–hexane) to give the title compound 6
(17 mg, 0.05 mmol, 56%) as a colourless oil; dH (500 MHz, CDCl3)
7.43 (1H, dd, J = 7.6, 1.3 Hz), 7.27 (1H, dd, J = 7.6, 7.6 Hz), 7.08
(1H, dd, J = 7.6, 1.3 Hz), 7.05 (1H, d, J = 15.5 Hz), 7.00 (1H, d,
J = 15.5 Hz), 6.55 (1H, d, J = 15.3 Hz), 6.46–6.37 (2H, m), 5.24
(1H, d, J = 15.3 Hz), 5.17 (1H, d, J = 9.5 Hz), 3.85 (3H, s) and
0.30 (9H, s) ppm; dC (125 MHz, CDCl3) 165.4, 163.6, 147.7, 141.9,
137.0, 136.1, 135.9, 134.8, 133.1, 132.7, 128.7, 127.6, 123.2, 118.7,
52.6 and 0.36 ppm; IR (thin film) 2954, 1732, 1295, 1139 cm−1;
MS (70 eV, EI): m/z (%) 330 (29) [M]+, 113 (79), 73 (100); HRMS:
calcd for C18H22O4Si [M]+: 330.1287; found: 330.1287.


Thermal IMDA reaction of methyl 2-(1E,3-butadienyl)-3-
trimethylsilylphen-1-yl 2E-butendioate (6)


A solution of IMDA precursor 6 (16 mg, 0.05 mmol) in C6D6


(2 mL) was heated to 60 ◦C for 5 h. After this time the reaction
mixture was allowed to cool to rt and the solvent was removed
in vacuo. The presence of trans-6P could not be detected by
1H NMR analysis of the residue, which was purified by flash
chromatography (2 g silica gel, 5 : 95 EtOAc–hexane) to give cis-
6P (14 mg, 0.04 mmol, 84%) as a white solid. Recrystallisation
from CH2Cl2–heptane gave colourless cubes mp = 103–104 ◦C; dH


(300 MHz, CDCl3) 7.32 (1H, dd, J = 7.4, 1.5 Hz), 7.26 (1H, dd,
J = 7.4, 7.4 Hz), 7.06 (1H, dd, J = 7.4, 1.5 Hz), 5.76 (1H, ddd, J =
10.1, 6.9, 3.6 Hz), 5.45 (1H, dm, J = 10.1 Hz), 3.95–3.88 (1H, m),
3.76 (3H, s), 3.62 (1H, ddd, J = 5.5, 1.6, 1.6 Hz), 3.44 (1H, ddd,
J = 5.5, 2.9, 0.8 Hz), 2.72–2.54 (2H, m) and 0.33 (9H, s) ppm; dC


(75 MHz, CDCl3) 173.8, 168.2, 150.9, 139.5, 131.1, 130.6, 128.0,
127.2, 126.2, 118.1, 52.3, 39.3, 37.7, 32.9, 22.8 and 0.3 ppm; IR
(KBr disk) 2953, 1766, 1739, 1179, 1140 cm−1; MS (70 eV, EI):
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m/z (%) 330 (90) [M]+, 255 (96), 211 (87), 73 (100); Anal. Calcd
for C18H22O4Si: C 65.42, H 6.71. Found: C 65.50, H 6.83%.


2-Hydroxy-6-(methoxymethoxy)benzaldehyde (20)


2,6-Bis(methoxymethoxy)benzaldehyde25 (110 mg, 0.49 mmol)
was dissolved in a solution of 3% HCl in THF (1 mL). The resulting
mixture was stirred at rt under N2 for 12 h before being diluted
with Et2O (10 mL) and washed with H2O (2 × 5 mL) and brine
(5 mL). The ethereal solution was dried (MgSO4) and the solvent
was removed in vacuo to leave a yellow oil which was purified by
flash chromatography (10 g silica gel, 1 : 9 EtOAc–hexane) to give
the title compound 20 (76 mg, 0.42 mmol, 86%) as a white solid,
mp = 50–51 ◦C; dH (300 MHz, CDCl3) 11.89 (1H, s), 10.36 (1H,
s), 7.38 (1H, dd, J = 8.3, 8.3 Hz), 6.57 (2H, dd, J = 8.3, 8.3 Hz),
5.25 (2H, s) and 3.50 (3H, s) ppm; dC (75 MHz, CDCl3) 194.3,
163.3, 160.0, 138.3, 111.2, 110.6, 104.0, 94.5 and 56.5 ppm; IR
(KBr Disk) 3111, 2906, 1642, 1613, 1459 cm−1; MS (70 eV, EI):
m/z (%) 182 (59) [M]+, 45 (100); Anal. Calcd for C9H10O4: C 59.34,
H 5.53. Found: C 59.55, H 5.71%.


5-(Methoxymethoxy)-3-vinyl-2H-chromen-2-one (22)


To a solution of 2-hydroxy-6-(methoxymethoxy)benzaldehyde 20
(1.0 g, 5.5 mmol) in CH2Cl2 (20 mL) at −78 ◦C was added DBU
(1.0 g, 6.6 mmol, 1.2 equiv.). The resulting yellow solution was
allowed to stir at this temperature for 15 min before the addition
of crotonyl chloride (630 mg, 6.0 mmol, 1.1 equiv.) dropwise via
syringe. The reaction mixture was stirred at −78 ◦C for 1.5 h after
which time Et2O (100 mL) was added, the mixture was warmed
to rt and H2O (50 mL) was added immediately. The layers were
separated and the aqueous was extracted with Et2O (50 mL). The
ethereal layers were combined and washed with H2O (2 × 80 mL)
and brine (80 mL), dried (MgSO4) and the solvent was removed
in vacuo. The crude crotonate product 21 was taken up in THF
(20 mL) and the solution was cooled to 0 ◦C before the addition
of DBU (1.0 g, 6.6 mmol, 1.2 equiv.). The resulting mixture was
allowed to warm slowly to rt and stirred at this temperature
for 14 h. The reaction mixture was diluted with Et2O (100 mL)
and washed with aqueous HCl (2 × 50 mL, 2M), H2O (50 mL)
and brine (50 mL) before being dried (MgSO2). The solvent was
removed in vacuo to leave a yellow oil which was purified by flash
chromatography (80 g silica gel 5 : 95 to 2 : 8 EtOAc–hexane)
to give recovered phenol 20 (340 mg, 1.9 mmol, 35%) as a white
solid and the title compound 22 (630 mg, 2.7 mmol, 49%) as a
white solid, mp = 250 ◦C (decomp.); dH (500 MHz, CDCl3) 8.10
(1H, s), 7.39 (1H, dd, J = 7.8, 7.8 Hz), 6.96 (2H, d, J = 7.8 Hz),
6.74 (1H, dd, J = 17.5, 11.5 Hz), 6.20 (1H, dd, J = 17.5 Hz),
5.47 (1H, d, J = 11.5 Hz), 5.32 (2H, s) and 3.53 (3H, s) ppm; dC


(125 MHz, CDCl3) 160.3, 154.1, 153.9, 132.9, 132.0, 130.9, 123.6,
119.2, 110.9, 109.9, 108.6, 95.0 and 56.7 ppm; IR (thin film) 2917,
1726, 1605, 1053 cm−1; MS (70 eV, EI): m/z (%) 232 (60) [M]+, 45
(100); HRMS: calcd for C13H12O4 [M]+: 232.0736; found: 232.0737.


5-Hydroxy-3-vinyl-2H-chromen-2-one (23)


MOM ether 22 (20 mg, 0.9 mmol) was dissolved in a solution of
7% concentrated aqueous HCl in THF (1 mL) and the resulting
solution was stirred at rt under N2 for 14 h. The mixture was
diluted with EtOAc (60 mL) and washed with H2O (20 mL) and


brine (20 mL) then dried (MgSO4). The solvent was removed in
vacuo to give the title compound 23 (17 mg, 0.9 mmol, 99%) as
a white solid, mp = 230 ◦C (decomp.); dH (500 MHz, CD3OD)
8.18 (1H, s), 7.33 (1H, dd, J = 8.3, 8.3 Hz), 6.77–6.67 (3H, m),
6.16 (1H, d, J = 17.7 Hz), 5.41 (1H, d, J = 11.3 Hz) and 4.93
(1H, brs) ppm; dC (125 MHz, CD3OD) 161.0, 155.3, 154.2, 134.1,
132.3, 131.0, 122.0, 117.5, 109.6, 109.3 and 106.6 ppm; IR (KBr
disk) 3209, 2392, 1672, 1608, 1472 cm−1; MS (70 eV, EI): m/z (%)
188 (100) [M]+; HRMS: calcd for C11H8O3 [M]+: 188.0473; found:
188.0474.


Methyl 2-oxo-3-vinyl-2H-chromen-5-yl fumarate (7)


To a solution of phenol 23 (17 mg, 0.9 mmol) in DMF (2 mL)
at 0 ◦C under N2 was added DBU (16 mg, 1.0 mmol, 1.2 equiv.).
The resulting bright orange solution was allowed to stir at this
temperature for 15 min before the addition of methyl fumaroyl
chloride (14 mg, 0.95 mmol, 1.1 equiv.) dropwise via syringe. The
reaction mixture was immediately quenched by the addition of a
mixture of Et2O (30 mL) and saturated aqueous NaHCO3 (10 mL).
The layers were separated and ethereal layer was washed with brine
(10 mL) and dried (MgSO4). The solvent was removed in vacuo to
leave a colourless oil which was purified by flash chromatography
(2 g silica gel, 2 : 8 EtOAc–hexane) to afford the title compound 7
(17 mg, 0.57 mmol, 66%) as a white solid, mp = 137–176 ◦C; dH


(500 MHz, CDCl3) 7.65 (1H, s), 7.50 (1H, dd, J = 8.3, 8.3 Hz),
7.23 (1H, d, J = 8.3 Hz), 7.16–7.09 (3H, m), 6.68 (1H, dd, J = 17.6,
11.4 Hz), 6.21 (1H, d, J = 17.6 Hz), 5.51 (1H, d, J = 11.4 Hz) and
3.87 (3H, s) ppm; dC (125 MHz, CDCl3) 164.8, 162.7, 159.2, 153.5,
146.2, 136.1, 131.7, 131.1, 130.9, 130.3, 125.4, 120.7, 117.3, 114.4,
113.0 and 52.6 ppm; IR (KBr disk) 3073, 1725, 1324, 1159 cm−1;
MS (70 eV, EI): m/z (%) 300 (62) [M]+, 188 (33), 113 (100); Anal.
Calcd for C16H12O6: C 64.00, H 4.03. Found: C 63.79, H 4.14%.


Thermal IMDA reaction of methyl 2-oxo-3-vinyl-2H-chromen-5-yl
fumarate (7)


A solution of IMDA precursor 7 (40 mg, 0.13 mmol) and BHT
(3 mg, 0.01 mmol, 0.1 equiv.) in PhCl (60 mL) under N2 was heated
to reflux for 25 h. The reaction mixture was cooled to rt and the
solvent was removed in vacuo to leave a colourless oil. The presence
of cis-7P could not be detected by 1H NMR analysis of the residue,
which was purified by flash chromatography (2 g silica gel, 1 : 99
EtOAc–CH2Cl2) to give trans-7P (24 mg, 0.80 mmol, 61%) as a
white solid. Recrystallisation from EtOAc–CH2Cl2 gave colourless
needles, mp = 186–198 ◦C; dH (300 MHz, CD3CN) 7.40 (1H, ddd,
J = 9.4, 8.3, 1.0 Hz), 7.16 (1H, dd, J = 7.0, 3.7 Hz), 6.98–6.91
(2H, m), 4.05 (1H, dm, J = 13.1 Hz), 3.76 (3H, s), 3.18–2.91 (3H,
m) and 2.59–2.45 (1H, m) ppm; dC (75 MHz, CDCl3–CD3OD)
173.5, 166.7, 160.0, 150.6, 149.1, 142.1, 130.2, 122.7, 112.5, 112.3,
107.6, 52.3, 41.1, 38.3, 30.5 and 30.2 ppm; IR (KBr disk) 2950,
1769, 1745, 1725, 1473 cm−1; MS (70 eV, EI): m/z (%) 300 (100)
[M]+, 240 (74), 113 (59); Anal. Calcd for C16H12O6: C 64.00, H
4.03. Found: C 64.27, H 3.35%.
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Structure-based design of alkyl sugar-1-phosphates provides an efficient nucleotidylyltransferase-c
atalyzed synthesis of a series of new lipophilic sugar nucleotides possessing long or branched alkyl
chains, thereby demonstrating the utility of nucleotidylyltransferases to catalyze the synthesis of sugar
nucleotides with potential applications in lipopolysaccharide and lipoglycopeptide biosynthesis.


Sugar nucleotides play pivotal roles in glycobiology studies as
substrates for glycosyltransferases and other sugar nucleotide
processing enzymes involved in controlling a myriad of biolog-
ical processes.1–4 One key step in bacterial growth includes the
processing of sugar nucleotides into the O-antigen5 and lipid A6


components of gram negative bacterial cells. Inhibition of the
enzymes responsible for lipopolysaccharide biosynthesis offers
a potential route for new antibiotic therapy distinct to current
clinical antibiotics.7 Some natural products contain lipophilic
sugars, and in the case of teicoplanin, a lipoglycopeptide, the
N-decanoyl glucosamine component may explain the improved
activity relative to vancomycin, a glycopeptide, towards type B
strains of vancomycin-resistant enterococci.8 The glycosyltrans-
ferase responsible for attaching glucosamine is also able to transfer
N-decanoyl glucosamine,9 indicating that attachment of lipophilic
sugars onto natural products using glycosyltransferases is feasible.
Directed evolution has been used to significantly broaden the
substrate specificity of glycosyltransferases and may improve
catalytic efficiencies with lipophilic sugar nucleotides.10,11 The
synthetic approaches towards the prerequisite sugar nucleotides
that are involved in lipopolysaccharide or natural product biosyn-
thesis, or structurally related enzyme inhibitor synthesis, remain
challenging due to a variety of reasons. Some difficulties arise
from the lipophilic nature of the sugar nucleotides, the need to
develop more efficient phosphate–phosphate coupling procedures
to supersede classical morpholidate-mediated methodology12,13 or
the challenges associated with control of anomeric stereocontrol
observed in general carbohydrate synthesis.14–17


One enzymatic approach to sugar nucleotide synthesis requires
nucleotidylyltransferases to efficiently couple sugar-1-phosphates
and nucleoside triphosphates (Scheme 1a).18 As a result of high
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yields and lack of anomeric stereochemical control required
using this enzymatic approach to sugar nucleotide synthesis, the
substrate specificities of several homologous nucleotidylyltrans-
ferases have been explored with respect to both substrates.19–25


The enzymes studied from primary metabolic pathways accept
a variety of primarily a-D-sugar-1-phosphate analogues and a
variety of nucleoside triphosphates. Site-specific mutagenesis has
also been used to alter the sugar-1-phosphate specificity26,27 and
the base specificity28 of the nucleoside triphosphate to provide
enzymatic access to a variety of sugar nucleotides. Recently, three
homologous wild-type thymidylyltransferases (RmlA, Cps2L
and RmlA3) from different gram positive organisms (Strepto-
coccus mutans, Streptococcus pneumoniae and Aneurinibacillus
thermoaerophilus, respectively)29 were described to have broad
substrate specificity with a variety of nucleoside triphosphates,
pyranose-1-phosphates30 and furanose-1-phosphates.31 Herein, we
provide insight into a new aspect of the substrate specificity of
these recombinant wild-type enzymes. Based on an analysis of the
crystal structure of a homologous nucleotidylyltransferase, RmlA
from Pseudomonas aeruginosa, bound to the product a-D-glucose
thymidine diphosphate (Fig. 1),32 we observed a pocket adjacent to


Fig. 1 A cut-away view of the structure of RmlA from Pseudomonas
aeruginosa (pdb: 1G1L) showing dTDP-a-D-glucose (ball-and-stick repre-
sentation) bound to the solvent accessible enzyme surface. Only residues
forming a pocket surrounding the glucose moiety are shown for clarity.
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Scheme 1 (a) Physiological reaction catalyzed by a-D-glucopyranosyl-1-phosphate thymidylyltransferases, and (b) synthesis of 3-O-alkyl-a-D-
glucopyranosyl phosphates: (a) RBr, NaH, DMF, 17–76%; (b) (i) Amberlite 120 H+, 5 : 1 MeOH–H2O, 60 ◦C; (ii) Ac2O, py, 32–100%; (c) (i) hydrazine
acetate, DMF; (ii) ClPO(OPh)2, DMAP, CH2Cl2, 23–61%; (d) (i) H2, PtO2, 1 : 1 EtOAc–EtOH; (ii) 2 : 2 : 1 MeOH–H2O–NEt3, 50 ◦C; (iii) Amberlite
120 H+, NH4OH, 42–100%.


the enzyme active site and anticipated binding of substrates with
chemical functionality extending from the C3-OH of the glucose
moiety into this pocket. A similar pocket was also observed in the
crystal structure of the enzyme with the inhibitor b-L-rhamnose
thymidine diphosphate (Fig. 2).


Fig. 2 A cut-away view of the structure of RmlA from Pseudomonas
aeruginosa (pdb: 1G3L) showing dTDP-b-L-rhamnose (ball-and-stick
representation) bound to the solvent accessible enzyme surface. Only
residues forming a pocket surrounding the rhamnose moiety are shown
for clarity.


This pocket is directed away from the centre of catalysis where
the new phosphoryl bond is formed and would, therefore, still
enable formation of a productive ternary enzyme complex.32 These
results would provide the first support for nucleotidylyltrans-
ferases to affect the synthesis of lipophilic sugar nucleotides of
relevance to lipopolysaccharide or lipoglycopeptide biosynthesis.


The synthetic strategy employed in the chemical preparation
of the 3-O-alkyl-a-D-glucopyranosyl phosphates is outlined in
Scheme 1b. 1,2:5,6-Di-O-isopropylidene-a-D-glucofuranose (1)
was treated with sodium hydride and an appropriate alkyl bromide
to furnish the alkylated furanoses.33 Good yields were obtained
for all products except the branched derivatives 2g and 2h
where the steric bulk likely decreased reactivity. Acid hydrolysis
of the diacetonides followed by acetylation of the 3-O-alkyl
glucopyranoses afforded 4a–h,33 with the exception of compound
4a, which was acetylated directly from commercially available 3-
O-methyl-D-glucopyranose. The beta anomer was isolated in all
cases except for that of compound 4a. Selective deacetylation at
the anomeric centre was accomplished using hydrazine acetate,34


and after column chromatography, access to the fully protected 3-
O-alkyl-a-D-glucopyranosyl-1-phosphates (6a–h) was provided by
stereoselective phosphorylation using diphenyl chlorophosphate.35


Deprotection of the phenyl phosphate esters was effected using
platinum(IV) oxide-mediated catalytic hydrogenolysis,35 followed
by deacetylation in 2 : 2 : 1 MeOH–H2O–NEt3 resulting in the
triethylammonium salt of the target sugar-1-phosphates (7a–h).36


After cation ion exchange chromatography on Amberlite 120 H+


resin, the ammonium salts (8a–h) were isolated by titration to
pH 9–10 with ammonium hydroxide and lyophilized to remove
any residual ammonium acetate. The 1JC1,H1 coupling constants for
8a–8h were in the range 171–174 Hz, confirming the configuration
at the anomeric centre as alpha.37


Enzyme assays were performed as described previously30 and
results are presented in Fig. 3 for Cps2L (for RmlA3 see ESI†).
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Fig. 3 Nucleotidylyltransferase-catalyzed conversion of sugar-1-phos-
phates (8a–h) to (a) dTDP-sugars (9a–h) and (b) UDP-sugars (10a–h) by
Cps2L. Products 9c and 10a co-eluted with dTTP and UDP, respectively.


Product formation was confirmed by ESI-MS/MS (ESI†).38


Both Cps2L and RmlA3 afforded quantitative conversion of all
eight synthesized sugar-1-phosphates to the corresponding dTDP-
sugars over 48 h with the exception of 8f. In general, the longer
alkyl chain derivatives were converted to product more slowly than
the shorter chain derivatives. The two branched chain analogues
(8g, 8h) were also converted readily, indicating that within the
extended substrate binding pocket it is possible to accommodate
more bulky substrate analogues. The significant surfactant-like
properties and the limited solubility, in addition to the longer
alkyl chain, may be contributing factors to explain why 8f was
a particularly poor substrate. In otherwise identical reaction
conditions, neither enzyme was able to match the quantitative
conversion observed with dTTP when using UTP as the nucleoside
triphosphate substrate. RmlA3 obtained the highest conversion
with UTP and 8b (30% over the 48 h). This is in contrast to the high
level of activity of these enzymes with various commercial sugar-
1-phosphates,30 but consistent with the catalysis observed with
furanosyl-1-phosphates.31 We observed no GDP-sugar formation
on incubation of 8a–8h with GTP. The second ionization constant
of the phosphate (pKa2) may influence the ability of the phosphate
to act as a nucleophile in the enzymatic reaction. We observed
an increase of + 0.6 units in the pKa2 over the series 8b, 8d,
8g to 8e, consistent with an inductively donating effect of the
alkyl substituent upon the sugar-1-phosphate. The decrease in the
acidity of the phosphate as indicated by an increase in pKa2 does
not appear to significantly affect catalysis.


An alternative representation of the crystal structure (Fig. 4)
indicated to us that the observed pocket described in Fig. 1 is
formed primarily by the side-chains of the bc sheet and the a8
helix. Thus, the lipophilic functionality of the dodecyl- (8e) and
branched analogues (8g, 8h), may fit between the side-chains of
these two secondary structural elements, since the size of the
pocket is likely too small to accommodate these larger substrates
without a significant steric clash. The acceptance of the alkyl
sugar-1-phosphates by the nucleotidylyltransferases is potentially
aided by an ordered Bi–Bi catalytic reaction mechanism where
glucose-1-phosphate binds after dTTP, as has been observed for
homologous enzymes.26,39 Substrate binding and protein engineer-
ing studies are underway to substantiate these hypotheses.


Fig. 4 RmlA from Pseudomonas aeruginosa (pdb: 1G1L) as a cartoon
representation showing dTDP-a-D-glucose (ball-and-stick representation)
with the glucose C3 hydroxyl pointing between the side-chains of the bc
sheet and the a8 helix.


In conclusion, structure-based substrate design of a series of
alkyl sugar-1-phosphates has demonstrated a remarkably diverse
new activity for thymidylyltransferases. This is the first report of
the enzymatic preparation of lipophilic sugar nucleotides. Thus,
these catalysts will likely be of significant importance in providing
access to more elaborate sugar nucleotides for glycobiology studies
involving lipopolysaccharide or lipoglycopeptide biosynthesis.


Experimental


General methods


Dichloromethane and THF were dried over alumina (Innovative
Technology) and stored over 3 Å molecular sieves. All other
reagents and solvents were purchased and used without fur-
ther purification. All reactions were monitored by thin layer
chromatography (TLC) using Silicycle precoated silica gel plates
(250 lm thickness). The TLC plates were visualized with a potas-
sium permanganate solution (3 g potassium permanganate, 20 g
potassium carbonate, 5 mL 5% aqueous sodium hydroxide, 300 mL
distilled water), a phenol solution (10 g phenol, 5 mL H2SO4,
95 mL ethanol), or ultraviolet light (k = 254 nm). Unless otherwise
specified, flash chromatographic purification was performed on a
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Biotage SP1 HPFC. 1H, 13C and 31P NMR spectra were obtained
on a Bruker AVANCE-500 NMR Spectrometer operating at
frequencies of 500.13 MHz, 125.76 MHz, and 202.45 MHz,
respectively. Assignments are based on COSY and HSQC 2D
NMR experiments. For chloroform-d, 1H NMR chemical shifts
are reported as d in units of parts per million (ppm) downfield
from tetramethylsilane (d 0.0) and 13C NMR chemical shifts are
reported as d in units of parts per million (ppm) relative to the
residual solvent signal of chloroform-d (d 77.16). For methanol-
d4, 1H and 13C NMR chemical shifts are reported as d in units of
parts per million (ppm) relative to the residual solvent signal of
methanol-d4 (d 3.31 and d 49.00, respectively). 31P NMR chemical
shifts are reported as d in units of parts per million (ppm) relative
to 85% H3PO4. Enzymatic reactions were monitored by HPLC
performed on a Hewlett Packard Series 1050 instrument with
an Agilent Zorbax 5 lm Rx-C18 column (150 mm × 4.6 mm).
Compounds with a nucleotide base chromophore were monitored
using a UV detector (k = 254 nm). The linear gradient used was 90 :
10 A–B to 40 : 60 A–B over 8.0 min, followed by a plateau at 40 : 60
A–B from 8.0 to 10.0 min at 1.0 mL min−1 where A is an aqueous
buffer containing 12 mM NBu4Br, 10 mM KH2PO4, and 5% HPLC
grade CH3CN (pH 4.9) and B is HPLC grade CH3CN except for
assays containing compound 8f, whereby the gradient was run to
80% CH3CN instead of 60%. High resolution mass spectra were
recorded on a micrOTOF instrument (Bruker Dalton) running
in negative ion mode (ESI). Low resolution mass spectra were
recorded on an LCQDuo ion trap instrument (Thermo Finnigan)
running in positive ion mode (ESI).


An Agilent 1100 LC system was coupled to an Applied
Biosystems-MDS SCIEX hybrid triple quadrupole linear ion trap
(4000QTRAP) mass spectrometer equipped with a Turbo V source
for electrospray ionization for the ESI-MS/MS experiments. The
sample was analyzed by flow-injection analysis in 75 : 25 (v/v)
acetonitrile–de-ionized water using a flow-rate of 200 lL min−1.
Precursor ion scanning of m/z 323 ([UMP − H]−) and m/z
383 ([TDP − H]−) were used initially to selectively detect for
uridine- and thymidine-linked sugar nucleotides, respectively, in
the sample. ESI-MS/MS analysis in the enhanced product ion
(EPI) mode was then performed to confirm the presence of
the expected synthetic sugar nucleotide. The mass spectrometer
settings for precursor ion scanning were: ionspray voltage 4.5 kV;
mass range Q1 m/z 300–800; scan time 5 sec, Q1 and Q3 set
to unit resolution. For the ESI-MS/MS experiments: ionspray
voltage 4.5 kV; Q3 m/z 100–800; scan speed 1000 amu per sec;
trap fill time was set to dynamic; Q1 and Q3 set to unit resolution.
All acquisitions were made in the negative ion mode.


pKa values were measured in the following way: using an IQ
Scientific Instruments IQ150 fitted with an ISFET probe, a 0.01 M
solution of the diammonium salt was adjusted to pH 10 with 0.2 M
NaOH. Titration was done with 5 lL aliquots of 0.2 M HCl until
pH 2, and the pKa values were determined by plotting in GraFit
5.0.4 (Erithacus Software Limited).


General procedure for selective deacetylation and phosphorylation
(5a–h and 6a–h, respectively). To a stirring solution of the
acetylated glucopyranoside (4a–h) (2.41 mmol) in anhydrous
DMF (10 mL) was added hydrazine acetate (0.33 g, 3.62 mmol)
and the solution was subsequently heated to 60 ◦C for 15 min.
The mixture was then stirred for 1 h at rt before being diluted with


H2O (20 mL) and extracted with dichloromethane (2 × 20 mL).
The combined organic layers were washed with brine (10 mL)
and dried (Na2SO4), filtered and concentrated. The major product
was purified by flash chromatography to forge the selectively
deacetylated pyranose (5a–h). Under a nitrogen atmosphere, a
solution of the selectively deacetylated product (5a–h) (1.49 mmol)
and 4-dimethylaminopyridine (438 mg, 3.58 mmol) in anhydrous
dichloromethane (8 mL) was stirred for 15 min at rt. The flask was
cooled to −10 ◦C and charged with diphenyl chlorophosphate
(464 lL, 2.24 mmol). After 1.5 h, the mixture was diluted with
H2O (20 mL) and extracted with dichloromethane (2 × 15 mL).
The combined organic extracts were washed with brine (10 mL)
and dried (Na2SO4), filtered and concentrated. Purification by
flash chromatography afforded the title compounds (6a–g).


Diphenyl 2,4,6-tri-O-acetyl-3-O-methyl-a-D-glucopyranosyl-1-
phosphate (6a). Compound 5a (RF = 0.28 (hexanes–EtOAc, 60 :
40)), a colorless liquid, was provided by silica gel chromatography
(hexanes–EtOAc, 60 : 40) (556 mg, 72%) and immediately
carried onto the subsequent phosphorylation. Chromatographic
purification (hexanes–EtOAc, 72 : 28) furnished compound 6a as
a colorless liquid (552 mg, 67%); RF = 0.36 (hexanes–EtOAc, 67 :
33); 1H NMR (CDCl3) d 7.38–7.20 (m, 10H, Ph × 2), 6.06 (dd, 1H,
1JC,H = 180 Hz, J1,P = 6.5 Hz, J1,2 = 3.3 Hz, H-1), 5.07 (dd, 1H,
J4,5 = 10.2 Hz, J3,4 = 9.6 Hz, H-4), 4.90 (ddd, 1H, J2,3 = 10.0 Hz,
J1,2 = 3.1 Hz, 4J1,P = 3.1 Hz, H-2), 4.14 (dd, 1H, 2J6a,6b = 12.5 Hz,
J5,6a = 4.3 Hz, H-6a), 4.02 (ddd, 1H, J4,5 = 10.4 Hz, J5,6a = 4.2 Hz,
J5,6b = 2.1 Hz, H-5), 3.90 (dd, 1H, J6a,6b = 12.2 Hz, J5,6b = 2.2 Hz,
H-6b), 3.73 (dd, 1H, J2,3 = 9.7 Hz, J3,4 = 9.7 Hz, H-3), 3.45 (s, 3H,
CH3), 2.10, 2.00, 1.94 (s, 9H, C(O)CH3 × 3); 13C NMR (CDCl3)
d 170.8, 170.0, 169.4 (C(O)CH3 × 3), 150.6–120.1 (12C, Ph × 2),
95.6 (d, 2J1,P = 6.3 Hz, C-1), 77.9 (C-3), 71.9 (d, 3J1,P = 7.1 Hz,
C-2), 70.3 (C-5), 68.7 (C-4), 61.5 (C-6), 60.6 (CH3), 20.9, 20.8, 20.7
(C(O)CH3 × 3); 31P NMR (CDCl3) d −13.98 (s, 1P, P-1); LRMS
m/z calcd for C25H29O12P [M + Na]+: 575.1. Found 575.0.


Diphenyl 2,4,6-tri-O-acetyl-3-O-butyl-a-D-glucopyranosyl-1-
phosphate (6b). Compound 5b (RF = 0.43 (hexanes–EtOAc, 67 :
33)), a colorless liquid, was provided by silica gel chromatography
(hexanes–EtOAc, 72 : 28) (690 mg, 79%) and immediately
carried onto the subsequent phosphorylation. Chromatographic
purification (hexanes–EtOAc, 78 : 22) furnished compound 6b as
a colorless liquid (602 mg, 68%); RF = 0.26 (hexanes–EtOAc, 75 :
25); 1H NMR (CDCl3) d 7.38–7.20 (m, 10H, Ph × 2), 6.06 (dd,
1H, 1JC,H = 183 Hz, J1,P = 6.6 Hz, J1,2 = 3.3 Hz, H-1), 5.08 (dd,
1H, J4,5 = 10.0 Hz, J3,4 = 10.0 Hz, H-4), 4.90 (ddd, 1H, J2,3 =
10.0 Hz, J1,2 = 3.2 Hz, 4J1,P = 3.2 Hz, H-2), 4.14 (dd, 1H, 2J6a,6b =
12.5 Hz, J5,6a = 4.2 Hz, H-6a), 4.01 (ddd, 1H, J4,5 = 10.3 Hz,
J5,6a = 4.1 Hz, J5,6b = 2.1 Hz, H-5), 3.89 (dd, 1H, J6a,6b = 12.5 Hz,
J5,6b = 2.2 Hz, H-6b), 3.79 (dd, 1H, J2,3 = 9.8 Hz, J3,4 = 9.8 Hz,
H-3), 3.56 (m, 2H, OCH2), 2.08, 2.00, 1.92 (s, 9H, C(O)CH3 × 3),
1.46 (m, 2H, OCH2CH2), 1.30 (m, 2H, OCH2CH2CH2), 0.89 (t,
3H, J = 7.5 Hz, (CH2)3CH3); 13C NMR (CDCl3) d 170.7, 169.9,
169.3 (C(O)CH3 × 3), 150.5–120.1 (12C, Ph × 2), 95.7 (d, 2J1,P =
6.0 Hz, C-1), 76.5 (C-3), 73.0 (OCH2), 72.1 (d, 3J1,P = 7.1 Hz, C-2),
70.3 (C-5), 68.9 (C-4), 61.5 (C-6), 32.3 (OCH2CH2), 20.8, 20.7,
20.6 (C(O)CH3 × 3), 19.1 (OCH2CH2CH2), 13.9 ((CH2)3CH3);
31P NMR (CDCl3) d −14.00 (s, 1P, P-1); LRMS m/z calcd for
C28H35O12P [M + Na]+: 617.2. Found 617.2.
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Diphenyl 2,4,6-tri-O-acetyl-3-O-hexyl-a-D-glucopyranosyl-1-
phosphate (6c). Diethyl ether was used instead of dichloro-
methane as an extraction solvent en route to compound 5c (RF =
0.30 (hexanes–EtOAc, 70 : 30)), a colorless liquid, which was
provided by silica gel chromatography (hexanes–EtOAc, 63 : 37)
(772 mg, 82%) and immediately carried onto the subsequent
phosphorylation. Diethyl ether was again used instead of
dichloromethane as an extraction solvent for compound 6c,
a colorless liquid, which was isolated by chromatographic
purification (hexanes–EtOAc, 75 : 25) (538 mg, 58%); RF = 0.29
(hexanes–EtOAc, 75 : 25); 1H NMR (CDCl3) d 7.38–7.20 (m,
10H, Ph × 2), 6.06 (dd, 1H, 1JC,H = 180 Hz, J1,P = 6.5 Hz, J1,2 =
3.4 Hz, H-1), 5.08 (dd, 1H, J4,5 = 10.0 Hz, J3,4 = 10.0 Hz, H-4),
4.90 (ddd, 1H, J2,3 = 9.9 Hz, J1,2 = 3.0 Hz, 4J1,P = 3.0 Hz, H-2),
4.14 (dd, 1H, 2J6a,6b = 12.5 Hz, J5,6a = 4.2 Hz, H-6a), 4.01 (ddd,
1H, J4,5 = 10.4 Hz, J5,6a = 4.1 Hz, J5,6b = 2.0 Hz, H-5), 3.89 (dd,
1H, J6a,6b = 12.6 Hz, J5,6b = 2.1 Hz, H-6b), 3.79 (dd, 1H, J2,3 =
9.7 Hz, J3,4 = 9.7 Hz, H-3), 3.55 (m, 2H, OCH2), 2.08, 2.00, 1.92
(s, 9H, C(O)CH3 × 3), 1.47 (m, 2H, OCH2CH2), 1.28 (m, 6H,
OCH2CH2(CH2)3CH3), 0.88 (t, 3H, J = 6.8 Hz, O(CH2)5CH3);
13C NMR (CDCl3) d 170.8, 169.9, 169.3 (C(O)CH3 × 3), 150.5–
120.1 (12C, Ph × 2), 95.7 (d, 2J1,P = 6.0 Hz, C-1), 76.5 (C-3), 73.4
(OCH2), 72.1 (d, 3J1,P = 7.3 Hz, C-2), 70.4 (C-5), 68.9 (C-4), 61.5
(C-6), 31.7, 25.8, 22.7 (OCH2CH2(CH2)3CH3), 30.3 (OCH2CH2),
20.9, 20.8, 20.6 (C(O)CH3 × 3), 14.2 (O(CH2)5CH3); 31P NMR
(CDCl3) d −14.00 (s, 1P, P-1); LRMS m/z calcd for C30H39O12P
[M + Na]+: 645.2. Found 645.1.


Diphenyl 2,4,6-tri-O-acetyl-3-O-octyl-a-D-glucopyranosyl-1-
phosphate (6d). Diethyl ether was used instead of dichloro-
methane as an extraction solvent en route to compound 5d
(RF = 0.27 (hexanes–EtOAc, 67 : 33)), a colorless liquid which
was provided by silica gel chromatography (hexanes–EtOAc,
63 : 37) (625 mg, 62%) and immediately carried onto the
subsequent phosphorylation. Chromatographic purification
(hexanes–EtOAc, 81 : 19) furnished compound 6d as a colorless
liquid (717 mg, 74%); RF = 0.45 (hexanes–EtOAc, 67 : 33); 1H
NMR (CDCl3) d 7.38–7.20 (m, 10H, Ph × 2), 6.06 (dd, 1H,
1JC,H = 181 Hz, J1,P = 6.6 Hz, J1,2 = 3.4 Hz, H-1), 5.08 (dd, 1H,
J4,5 = 10.2 Hz, J3,4 = 10.2 Hz, H-4), 4.90 (ddd, 1H, J2,3 = 10.1 Hz,
J1,2 = 3.2 Hz, 4J1,P = 3.2 Hz, H-2), 4.14 (dd, 1H, 2J6a,6b = 12.5 Hz,
J5,6a = 4.2 Hz, H-6a), 4.01 (ddd, 1H, J4,5 = 10.2 Hz, J5,6a = 3.9 Hz,
J5,6b = 2.0 Hz, H-5), 3.89 (dd, 1H, J6a,6b = 12.6 Hz, J5,6b = 2.1 Hz,
H-6b), 3.78 (dd, 1H, J2,3 = 9.8 Hz, J3,4 = 9.8 Hz, H-3), 3.55 (m,
2H, OCH2), 2.08, 2.00, 1.92 (s, 9H, C(O)CH3 × 3), 1.47 (m, 2H,
OCH2CH2), 1.34–1.19 (m, 10H, OCH2CH2(CH2)5CH3), 0.88 (t,
3H, J = 7.1 Hz, (CH2)7CH3); 13C NMR (CDCl3) d 170.8, 169.9,
169.3 (C(O)CH3 × 3), 150.6–120.1 (12C, Ph × 2), 95.7 (d, 2J1,P =
6.1 Hz, C-1), 76.5 (C-3), 73.5 (OCH2), 72.1 (d, 3J1,P = 7.2 Hz,
C-2), 70.4 (C-5), 68.9 (C-4), 61.5 (C-6), 32.0, 29.5, 29.4, 26.1, 22.8
(OCH2CH2(CH2)5CH3), 30.3 (OCH2CH2(CH2)5CH3), 20.9, 20.8,
20.6 (C(O)CH3 × 3), 14.2 ((CH2)7CH3); 31P NMR (CDCl3) d
−14.00 (s, 1P, P-1); LRMS m/z calcd for C32H43O12P [M + Na]+:
673.2. Found 673.3.


Diphenyl 2,4,6-tri-O-acetyl-3-O-dodecyl-a-D-glucopyranosyl-1-
phosphate (6e). Diethyl ether was used instead of dichloro-
methane as an extraction solvent en route to compound 5e (RF =
0.29 (hexanes–EtOAc, 67 : 33)), a colorless liquid, which was
not purified by silica gel chromatography (675 mg, 59%). For


the phosphorylation, diethyl ether was again used instead of
dichloromethane as an extraction solvent, which was isolated by
chromatographic purification (hexanes–EtOAc, 80 : 20) to furnish
compound 6e as a colorless liquid (463 mg, 44%); RF = 0.38
(hexanes–EtOAc, 75 : 25); 1H NMR (CDCl3) d 7.38–7.20 (m,
10H, Ph × 2), 6.05 (dd, 1H, 1JC,H = 180 Hz, J1,P = 6.6 Hz, J1,2 =
3.4 Hz, H-1), 5.08 (dd, 1H, J4,5 = 10.3 Hz, J3,4 = 9.7 Hz, H-4),
4.90 (ddd, 1H, J2,3 = 10.0 Hz, J1,2 = 3.1 Hz, 4J1,P = 3.1 Hz, H-2),
4.14 (dd, 1H, 2J6a,6b = 12.5 Hz, J5,6a = 4.2 Hz, H-6a), 4.01 (ddd,
1H, J4,5 = 10.4 Hz, J5,6a = 4.1 Hz, J5,6b = 2.1 Hz, H-5), 3.89 (dd,
1H, J6a,6b = 12.5 Hz, J5,6b = 2.1 Hz, H-6b), 3.79 (dd, 1H, J2,3 =
9.8 Hz, J3,4 = 9.8 Hz, H-3), 3.55 (m, 2H, OCH2), 2.08, 2.00, 1.92 (s,
9H, C(O)CH3 × 3), 1.47 (m, 2H, OCH2CH2), 1.33–1.19 (m, 18H,
OCH2CH2(CH2)9CH3), 0.88 (t, 3H, J = 6.7 Hz, O(CH2)11CH3);
13C NMR (CDCl3) d 170.8, 169.9, 169.3 (C(O)CH3 × 3), 150.6–
120.1 (12C, Ph × 2), 95.7 (d, 2J1,P = 6.1 Hz, C-1), 76.6 (C-3),
73.5 (OCH2), 72.1 (d, 3J1,P = 7.3 Hz, C-2), 70.4 (C-5), 68.9 (C-
4), 61.5 (C-6), 32.1, 29.8, 29.8, 29.8, 29.8, 29.6, 29.5, 26.1, 22.8
(OCH2CH2(CH2)9CH3), 30.4 (OCH2CH2(CH2)9CH3), 20.9, 20.8,
20.7 (C(O)CH3 × 3), 14.2 (O(CH2)11CH3); 31P NMR (CDCl3) d
−14.00 (s, 1P, P-1); LRMS m/z calcd for C36H51O12P [M + Na]+:
729.3. Found 729.1.


Diphenyl 2,4,6-tri-O-acetyl-3-O-hexadecyl-a-D-glucopyranosyl-
1-phosphate (6f). Chloroform was used instead of dichloro-
methane as an extraction solvent en route to compound 5f (RF =
0.21 (hexanes–EtOAc, 67 : 33)), a white solid, which was provided
by silica gel chromatography (hexanes–EtOAc, 67 : 33) (524 mg,
41%) and immediately carried onto the subsequent phosphory-
lation. Chromatographic purification (hexanes–EtOAc, 80 : 20)
furnished compound 6f as a colorless liquid (625 mg, 55%); RF =
0.25 (hexanes–EtOAc, 80 : 20); 1H NMR (CDCl3) d 7.39–7.18 (m,
10H, Ph × 2), 6.06 (dd, 1H, 1JC,H = 180 Hz, J1,P = 6.6 Hz, J1,2 =
3.3 Hz, H-1), 5.08 (dd, 1H, J4,5 = 10.0 Hz, J3,4 = 10.0 Hz, H-4),
4.90 (ddd, 1H, J2,3 = 10.0 Hz, J1,2 = 3.0 Hz, 4J1,P = 3.0 Hz, H-2),
4.14 (dd, 1H, 2J6a,6b = 12.6 Hz, J5,6a = 4.3 Hz, H-6a), 4.01 (ddd,
1H, J4,5 = 10.3 Hz, J5,6a = 3.9 Hz, J5,6b = 2.1 Hz, H-5), 3.89 (dd,
1H, J6a,6b = 12.5 Hz, J5,6b = 2.2 Hz, H-6b), 3.79 (dd, 1H, J2,3 =
9.8 Hz, J3,4 = 9.8 Hz, H-3), 3.54 (m, 2H, OCH2), 2.08, 2.00, 1.92 (s,
9H, C(O)CH3 × 3), 1.47 (m, 2H, OCH2CH2), 1.33–1.19 (m, 26H,
OCH2CH2(CH2)13CH3), 0.88 (t, 3H, J = 7.1 Hz, O(CH2)15CH3);
13C NMR (CDCl3) d 170.8, 169.9, 169.3 (C(O)CH3 × 3), 150.6–
120.1 (12C, Ph × 2), 95.7 (d, 2J1,P = 6.2 Hz, C-1), 76.5 (C-3), 73.4
(OCH2), 72.1 (d, 3J1,P = 7.2 Hz, C-2), 70.4 (C-5), 68.9 (C-4), 61.5
(C-6), 32.0, 29.8, 29.8, 29.8, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5,
26.1, 22.8 (OCH2CH2(CH2)13CH3), 30.3 (OCH2CH2(CH2)13CH3),
20.9, 20.7, 20.6 (C(O)CH3 × 3), 14.2 (O(CH2)15CH3); 31P NMR
(CDCl3) d −14.00 (s, 1P, P-1); LRMS m/z calcd for C40H59O12P
[M + Na]+: 785.4. Found 785.4.


Diphenyl 2,4,6-tri-O-acetyl-3-O-(2-methylpropyl)-a-D-gluco-
pyranosyl-1-phosphate (6g). Compound 5g (RF = 0.23 (hexanes–
EtOAc, 67 : 33)), a colorless liquid, was provided by silica gel
chromatography (hexanes–EtOAc, 60 : 40) (341 mg, 39%)
and immediately carried onto the subsequent phosphorylation.
Chromatographic purification (hexanes–EtOAc, 71 : 29) furnished
compound 6g as a colorless liquid (585 mg, 66%); RF = 0.36
(hexanes–EtOAc, 66 : 33); 1H NMR (CDCl3) d 7.39–7.18 (m,
10H, Ph × 2), 6.05 (dd, 1H, 1JC,H = 180 Hz, J1,P = 6.5 Hz, J1,2 =
3.2 Hz, H-1), 5.10 (dd, 1H, J4,5 = 10.0 Hz, J3,4 = 10.0 Hz, H-4),
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4.92 (ddd, 1H, J2,3 = 9.9 Hz, J1,2 = 3.0 Hz, 4J1,P = 3.0 Hz, H-2),
4.14 (dd, 1H, 2J6a,6b = 12.6 Hz, J5,6a = 4.2 Hz, H-6a), 4.01 (ddd,
1H, J4,5 = 10.4 Hz, J5,6a = 4.2 Hz, J5,6b = 2.3 Hz, H-5), 3.90 (dd,
1H, J6a,6b = 12.5 Hz, J5,6b = 2.2 Hz, H-6b), 3.78 (dd, 1H, J2,3 =
9.8 Hz, J3,4 = 9.8 Hz, H-3), 3.37 (dd, 1H, J = 6.2 Hz, 2J = 8.4 Hz,
OCH2a), 3.28 (dd, 1H, J = 6.4 Hz, 2J = 8.8 Hz, OCH2b), 2.08,
2.00, 1.92 (s, 9H, C(O)CH3 × 3), 1.75 (nonet, 1H, J = 6.6 Hz,
OCH2CH), 0.84 (d, 6H, J = 6.6 Hz, OCH2CH(CH3)2); 13C
NMR (CDCl3) d 170.8, 170.0, 169.3 (C(O)CH3 × 3), 150.6–120.2
(12C, Ph × 2), 95.8 (d, 2J1,P = 6.1 Hz, C-1), 80.3 (OCH2), 76.7
(C-3), 72.1 (d, 3J1,P = 7.2 Hz, C-2), 70.4 (C-5), 68.9 (C-4), 61.5
(C-6), 29.0 (OCH2CH), 20.9, 20.8, 20.6 (C(O)CH3 × 3), 19.2,
19.2 (OCH2CH(CH3)2); 31P NMR (CDCl3) d −14.00 (s, 1P, P-1);
LRMS m/z calcd for C28H35O12P [M + Na]+: 617.2. Found 617.2.


Diphenyl 2,4,6-tri-O-acetyl-3-O-(2-ethylbutyl)-a-D-gluco-
pyranosyl-1-phosphate (6h). Compound 5h (RF = 0.23
(hexanes–EtOAc, 67 : 33)), a white solid, was provided by silica
gel chromatography (hexanes–EtOAc, 61 : 39) (612 mg, 65%)
and immediately carried onto the subsequent phosphorylation.
Chromatographic purification (hexanes–EtOAc, 78 : 22) furnished
compound 6h as a colorless liquid (724 mg, 78%); RF = 0.24
(hexanes–EtOAc, 78 : 22); 1H NMR (CDCl3) d 7.39–7.17 (m, 10H,
Ph × 2), 6.05 (dd, 1H, 1JC,H = 180 Hz, J1,P = 6.6 Hz, J1,2 = 3.4 Hz,
H-1), 5.09 (dd, 1H, J4,5 = 10.2 Hz, J3,4 = 9.5 Hz, H-4), 4.91 (ddd,
1H, J2,3 = 10.0 Hz, J1,2 = 3.2 Hz, 4J1,P = 3.2 Hz, H-2), 4.13 (dd,
1H, 2J6a,6b = 12.6 Hz, J5,6a = 4.4 Hz, H-6a), 4.01 (ddd, 1H, J4,5 =
10.4 Hz, J5,6a = 4.2 Hz, J5,6b = 2.1 Hz, H-5), 3.89 (dd, 1H, J6a,6b =
12.5 Hz, J5,6b = 2.2 Hz, H-6b), 3.78 (dd, 1H, J2,3 = 9.7 Hz, J3,4 =
9.7 Hz, H-3), 3.52 (dd, 1H, J = 4.6 Hz, 2J = 9.0 Hz, OCH2a),
3.42 (dd, 1H, J = 4.4 Hz, 2J = 8.8 Hz, OCH2b), 2.08, 2.00, 1.92
(s, 9H, C(O)CH3 × 3), 1.28 (m, 5H, OCH2CH(CH2CH3)2), 0.83
(t, 6H, J = 7.0 Hz, OCH2CH(CH3)2); 13C NMR (CDCl3) d 170.8,
170.0, 169.3 (C(O)CH3 × 3), 150.5–120.2 (12C, Ph × 2), 95.7 (d,
2J1,P = 6.1 Hz, C-1), 76.6 (C-3), 75.4 (OCH2), 72.3 (d, 3J1,P =
7.3 Hz, C-2), 70.4 (C-5), 69.0 (C-4), 61.5 (C-6), 42.0 (OCH2CH),
23.2, 23.2 (OCH2CH(CH2CH3)2), 20.9, 20.8, 20.6 (C(O)CH3 ×
3), 11.3, 11.3 (OCH2CH(CH2CH3)2); 31P NMR (CDCl3) d −13.99
(s, 1P, P-1); LRMS m/z calcd for C30H39O12P [M + Na]+: 645.2.
Found 645.2.


General procedure for deprotection and ion exchange (7a–h and
8a–h, respectively). A solution of phosphorylated pyranoside
(0.384 mmol) and platinium(IV) oxide (0.242 mmol) in 1 : 1 EtOH–
EtOAc (4 mL) was shaken under H2 in a Parr apparatus at 54
PSI for 2 h. The reaction mixture was filtered through Celite and
concentrated. The residue was taken up in 2 : 2 : 1 MeOH–H2O–
NEt3 (10 mL) and stirred at 50 ◦C for 36 h. Again, the mixture
was concentrated and the residue was partitioned between H2O
(10 mL) and EtOAc (10 mL). The aqueous layer containing the
triethyl ammonium salt (7a–h) was passed through Amberlite IR-
120 PLUS(H) ion exchange resin. The resulting acidic aqueous
fraction was immediately adjusted to pH 8 with NH4OH 0.1 M,
concentrated to 5 mL, and lyophilized. Titration with NH4OH
0.1 M and lyophilization was repeated twice more to remove
NH4OAc and isolate the ammonium salt (8a–h).


3-O-Methyl-a-D-glucopyranosyl phosphate diammonium salt
(8a)40. Deacetylation was performed at rt and compound 8a was
isolated as a colorless foam (50 mg, 42%); 1H NMR (D2O) d 5.35


(dd, 1H, 1JC,H = 176 Hz, J1,P = 7.2 Hz, J1,2 = 3.0 Hz, H-1), 3.80
(ddd, 1H, J4,5 = 9.6 Hz, J5,6b = 4.7 Hz, J5,6a = 2.0 Hz, H-5), 3.75
(dd, 1H, 2J6a,6b = 12.2 Hz, J5,6a = 2.0 Hz, H-6a), 3.65 (dd, 1H,
J6a,6b = 12.4 Hz, J5,6b = 4.9 Hz, H-6b), 3.52 (s, 3H, CH3), 3.47 (m,
1H, H-2), 3.44 (m, 1H, H-3), 3.39 (m, 1H, H-4); 13C NMR (D2O) d
94.2 (d, 2J1,P = 5.7 Hz, C-1), 82.8 (C-3), 72.3 (C-5), 71.4 (d, 3J1,P =
7.5 Hz, C-2), 69.0 (C-4), 60.5 (C-6), 60.0 (CH3); 31P NMR (D2O)
d 0.77 (s, 1P, P-1); HRMS m/z calcd for C7H13O9P2− [M + H]−:
273.0386. Found 273.0390.


3-O-Butyl-a-D-glucopyranosyl phosphate diammonium salt (8b).
Compound 8b was obtained as a colorless foam (63 mg, 47%);
1H NMR (D2O) d 5.33 (dd, 1H, 1JC,H = 172 Hz, J1,P = 7.4 Hz,
J1,2 = 3.4 Hz, H-1), 3.79 (ddd, 1H, J4,5 = 10.1 Hz, J5,6b = 5.0 Hz,
J5,6a = 2.2 Hz, H-5), 3.75 (dd, 1H, 2J6a,6b = 12.5 Hz, J5,6a =
2.2 Hz, H-6a), 3.72 (t, 2H, J = 6.7 Hz, OCH2), 3.63 (dd, 1H,
J6a,6b = 12.5 Hz, J5,6b = 5.2 Hz, H-6b), 3.50 (dd, 1H, J2,3 =
9.5 Hz, J3,4 = 9.2 Hz, H-3), 3.42 (ddd, 1H, J2,3 = 9.6 Hz, J1,2 =
3.3 Hz, 4J2,P = 2.0 Hz, H-2), 3.33 (dd, 1H, J3,4 = 9.6 Hz, J4,5 =
9.6 Hz, H-4), 1.49 (p, 2H, J = 7.0 Hz, OCH2CH2), 1.26 (sextet,
2H, J = 7.5 Hz, O(CH2)2CH2CH3), 0.79 (t, 3H, J = 7.8 Hz,
O(CH2)3CH3); 13C NMR (D2O) d 94.1 (d, 2J1,P = 5.5 Hz, C-1),
81.5 (C-3), 73.1 (OCH2), 72.3 (C-5), 71.8 (d, 3J1,P = 7.4 Hz, C-2),
69.3 (C-4), 60.7 (C-6), 31.5 (OCH2CH2), 18.5 (OCH2CH2CH2),
13.1 (O(CH2)3CH3); 31P NMR (D2O) d 1.32 (s, 1P, P-1); HRMS
m/z calcd for C10H19O9P2− [M + H]−: 315.0856. Found 315.0856.


3-O-Hexyl-a-D-glucopyranosyl phosphate diammonium salt (8c).
Compound 8c was obtained as a colorless foam (110 mg, 76%);
1H NMR (D2O) d 5.34 (dd, 1H, 1JC,H = 173 Hz, J1,P = 6.9 Hz,
J1,2 = 3.0 Hz, H-1), 3.78 (m, 1H, H-5), 3.74 (m, 1H, H-6a), 3.70
(t, 2H, J = 6.6 Hz, OCH2), 3.64 (dd, 1H, J6a,6b = 12.0 Hz, J5,6b =
4.5 Hz, H-6b), 3.49 (dd, 1H, J2,3 = 9.3 Hz, J3,4 = 9.3 Hz, H-3), 3.44
(ddd, 1H, J2,3 = 9.7 Hz, H-2), 3.35 (dd, 1H, J3,4 = 9.5 Hz, J4,5 =
9.5 Hz, H-4), 1.50 (p, 2H, J = 7.0 Hz, OCH2CH2), 1.22 (m, 6H,
OCH2CH2(CH2)3CH3), 0.76 (m, 3H, O(CH2)5CH3); 13C NMR
(D2O) d 94.4 (d, 2J1,P = 5.7 Hz, C-1), 81.4 (C-3), 73.4 (OCH2),
72.4 (C-5), 71.6 (d, 3J1,P = 7.7 Hz, C-2), 69.1 (C-4), 60.6 (C-6),
30.9, 24.8, 22.0 (OCH2CH2(CH2)3CH3), 29.2 (OCH2CH2), 13.4
(O(CH2)5CH3); 31P NMR (D2O) d 0.41 (s, 1P, P-1); HRMS m/z
calcd for C12H23O9P2− [M + H]−: 343.1169. Found 343.1176.


3-O-Octyl-a-D-glucopyranosyl phosphate diammonium salt (8d).
Diethyl ether was used instead of ethyl acetate as an extraction
solvent en route to compound 8d, a colorless foam (66 mg, 42%);
1H NMR (D2O) d 5.36 (dd, 1H, 1JC,H = 173 Hz, J1,P = 7.2 Hz,
J1,2 = 3.2 Hz, H-1), 3.78 (ddd, 1H, J4,5 = 9.8 Hz, J5,6b = 5.0 Hz,
J5,6a = 2.1 Hz, H-5), 3.75 (m, 1H, H-6a), 3.72 (t, 2H, J = 7.0 Hz,
OCH2), 3.66 (dd, 1H, J6a,6b = 12.3 Hz, J5,6b = 4.9 Hz, H-6b), 3.50
(m, 1H, H-3), 3.45 (m, 1H, H-2), 3.37 (dd, 1H, J3,4 = 9.4 Hz, J4,5 =
9.4 Hz, H-4), 1.50 (p, 2H, J = 7.2 Hz, OCH2CH2), 1.30–1.12 (m,
10H, OCH2CH2(CH2)5CH3), 0.77 (t, 3H, J = 7.0 Hz, (CH2)7CH3);
13C NMR (D2O) d 94.6 (d, 2J1,P = 5.9 Hz, C-1), 81.4 (C-3), 73.5
(OCH2), 72.5 (C-5), 71.5 (d, 3J1,P = 7.7 Hz, C-2), 69.1 (C-4), 60.5
(C-6), 31.1, 28.5, 28.4, 25.1, 22.0 (OCH2CH2(CH2)5CH3), 29.3
(OCH2CH2), 13.4 (O(CH2)7CH3); 31P NMR (D2O) d 0.12 (s, 1P, P-
1); HRMS m/z calcd for C14H28O9P2− [M + H]−: 371.1482. Found
371.1490.


3-O-Dodecyl-a-D-glucopyranosyl phosphate diammonium salt
(8e). Deacetylation was performed at 70 ◦C instead of 50 ◦C
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and diethyl ether was used instead of ethyl acetate as an extraction
solvent. Triethylamine (1 mL) was added before rotary evaporation
to suppress the surfactant-like behavior of the salt. After the
third NH4OAc sublimation, the residue was dissolved in water
and filtered through a short pad of Bio-Rad Chelex 100. The
solution was then passed through Amberlite IR-120 PLUS(H) ion
exchange resin, titrated with NH4OH 0.1 M, and lyophilized to
forge compound 8e as a colorless foam (103 mg, 58%); 1H NMR
(MeOD) d 5.48 (dd, 1H, 1JC,H = 173 Hz, J1,P = 6.9 Hz, J1,2 =
3.3 Hz, H-1), 3.85 (ddd, 1H, J4,5 = 9.8 Hz, J5,6b = 5.7 Hz, J5,6a =
2.1 Hz, H-5), 3.81 (m, 2H, OCH2), 3.80 (m, 1H, H-6a), 3.63 (dd,
1H, J6a,6b = 11.6 Hz, J5,6b = 5.5 Hz, H-6b), 3.47 (dd, 1H, J2,3 =
9.0 Hz, J3,4 = 9.0 Hz, H-3), 3.42 (ddd, 1H, J2,3 = 9.6 Hz, J1,2 =
3.0 Hz, 4J1,P = 3.0 Hz, H-2), 3.32 (m, 1H, H-4), 1.62 (p, 2H, J =
7.3 Hz, OCH2CH2), 1.41–1.23 (m, 18H, OCH2CH2(CH2)9CH3),
0.90 (t, 3H, J = 7.0 Hz, (CH2)11CH3); 13C NMR (MeOD) d 96.6
(d, 2J1,P = 6.2 Hz, C-1), 83.6 (C-3), 74.6 (OCH2), 74.5 (C-5),
74.0 (d, 3J1,P = 7.5 Hz, C-2), 71.4 (C-4), 62.8 (C-6), 33.1, 30.8,
30.8, 30.8, 30.8, 30.7, 30.5, 27.1, 23.7 (OCH2CH2(CH2)9CH3), 31.4
(OCH2CH2), 14.4 (O(CH2)11CH3); 31P NMR (MeOD) d −1.86 (s,
1P, P-1); HRMS m/z calcd for C18H35O9P2− [M + H]−: 427.2108.
Found 427.2115.


3-O-Hexadecyl-a-D-glucopyranosyl phosphate diammonium salt
(8f). Deacetylation was performed at 70 ◦C instead of 50 ◦C
and diethyl ether was used instead of ethyl acetate as an extraction
solvent. Triethylamine (1 mL) was added before rotary evaporation
to suppress the surfactant-like behavior of the salt. After the
third NH4OAc sublimation, the residue was dissolved in water
and filtered through a short pad of Bio-Rad Chelex 100. The
solution was then passed through Amberlite IR-120 PLUS(H) ion
exchange resin, titrated with NH4OH 0.1 M, and lyophilized to
forge compound 8f as a colorless foam (179 mg, 90%). Coupling
constants are omitted from the 1H NMR spectrum since the
compound’s insolubility in a variety of NMR solvents led to
significant line-broadening; 1H NMR (D2O) d 5.44 (d, 1H, 1JC,H =
174 Hz, H-1), 3.86 (m, 1H, H-5), 3.86 (m, 1H, H-6a), 3.74 (m,
2H, OCH2), 3.69 (m, 1H, H-6b), 3.56 (m, 1H, H-2), 3.52 (m,
1H, H-3), 3.39 (m, 1H, H-4), 1.58 (m, 2H, OCH2CH2), 1.42–1.15
(m, 26H, OCH2CH2(CH2)13CH3), 0.84 (m, 3H, (CH2)15CH3); 13C
NMR (D2O) d 94.9 (d, 2J1,P = 5.1 Hz, C-1), 81.0 (C-3), 72.7 (C-5),
72.2 (OCH2), 71.1 (d, 3J1,P = 7.3 Hz, C-2), 69.4 (C-4), 61.0 (C-6),
32.1, 30.3, 30.3, 30.3, 30.3, 30.3, 30.3, 30.3, 30.1, 30.1, 30.0, 29.7,
26.2, 22.7 (OCH2(CH2)14CH3), 13.8 (O(CH2)15CH3); 31P NMR
(D2O) d −0.57 (s, 1P, P-1); HRMS m/z calcd for C22H43O9P2−


[M + H]−: 483.2734. Found 483.2708.


3-O-(2-Methylpropyl)-a-D-glucopyranosyl phosphate diammo-
nium salt (8g). Compound 8g was obtained as a colorless foam
(69 mg, 51%); 1H NMR (D2O) d 5.29 (dd, 1H, 1JC,H = 171 Hz,
J1,P = 7.3 Hz, J1,2 = 3.3 Hz, H-1), 3.76 (ddd, 1H, J4,5 = 10.0 Hz,
J5,6b = 4.8 Hz, J5,6a = 1.8 Hz, H-5), 3.72 (dd, 1H, 2J6a,6b = 12.3 Hz,
J5,6a = 1.9 Hz, H-6a), 3.60 (dd, 1H, J6a,6b = 12.1 Hz, J5,6b = 5.2 Hz,
H-6b), 3.47 (dd, 1H, J2,3 = 9.8 Hz, J3,4 = 9.4 Hz, H-3), 3.46 (d, 2H,
J = 6.1 Hz, OCH2), 3.41 (m, 1H, H-2), 3.31 (dd, 1H, J3,4 = 9.5 Hz,
J4,5 = 9.5 Hz, H-4), 1.74 (nonet, 1H, J = 6.5 Hz, OCH2CH), 0.81,
0.81 (d, 3H, J = 6.7 Hz, OCH2CH(CH3)2); 13C NMR (D2O) d 94.0
(d, 2J1,P = 5.6 Hz, C-1), 81.7 (C-3), 80.1 (OCH2), 72.2 (C-5), 71.8
(d, 3J1,P = 7.2 Hz, C-2), 69.3 (C-4), 60.7 (C-6), 28.2 (OCH2CH),
18.6, 18.6 (OCH2CH(CH3)2); 31P NMR (D2O) d 1.76 (s, 1P, P-1);


HRMS m/z calcd for C10H19O9P2− [M + H]−: 315.0856. Found
315.0869.


3-O-(2-Ethylbutyl)-a-D-glucopyranosyl phosphate diammonium
salt (8h). Compound 8h was obtained as a colorless foam
(145 mg, 76%); 1H NMR (D2O) d 5.32 (dd, 1H, 1JC,H = 172 Hz,
J1,P = 4.6 Hz, J1,2 = 3.0 Hz, H-1), 3.79 (m, 1H, H-5), 3.75
(d, 1H, 2J6a,6b = 12.6 Hz, H-6a), 3.63 (m, 1H, H-6b), 3.61
(m, 2H, OCH2), 3.49 (dd, 1H, J2,3 = 9.2 Hz, J3,4 = 9.2 Hz,
H-3), 3.42 (d, 1H, J2,3 = 9.6 Hz, H-2), 3.33 (dd, 1H, J3,4 =
9.2 Hz, J4,5 = 9.2 Hz, H-4), 1.39 (m, 1H, OCH2CH(CH2CH3)2),
1.25 (m, 4H, OCH2CH(CH2CH3)2), 0.76 (t, 6H, J = 6.7 Hz,
OCH2CH(CH2CH3)2); 13C NMR (D2O) d 94.1 (d, 2J1,P = 5.6 Hz,
C-1), 81.7 (C-3), 75.7 (OCH2), 72.3 (C-5), 71.8 (d, 3J1,P =
7.3 Hz, C-2), 69.3 (C-4), 60.7 (C-6), 41.0 (OCH2CH), 22.5,
22.4 (OCH2CH(CH2CH3)2), 10.2, 10.2 (OCH2CH(CH2CH3)2); 31P
NMR (D2O) d 1.62 (s, 1P, P-1); HRMS m/z calcd for C12H23O9P2−


[M + H]−: 343.1169. Found 343.1159.


General procedure for nucleotidylyltransferase-catalyzed syn-
thesis of sugar nucleotides (9a–h, 10a–h). Enzymatic reactions
were performed according to the method of Timmons (MgCl2,
1.0 mM NTP, 2.0 mM S1P, 0.5EU inorganic pyrophosphatase,
2EU nucleotidylyltransferase in Tris-HCl buffer-total 50 lL)30


except that MgCl2 was used at a final concentration of 5.5 mM
and incubations were performed at 41 ◦C. Sugar nucleotides were
characterized by ESI-MS/MS (ESI†).
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The optical resolution of 2-amino-1-phenylethanol (2-APE) by the solvent switch method was
investigated using dehydroabietic acid (DAA), a natural chiral acid obtained as one of the main
components of disproportionated rosin. The solvent dependency of optical rotation measurements of
2-APE, DAA and the diastereomeric salts suggested solvent control of optical resolution. Both (R)- and
(S)-2-APE were resolved, as the first success for aminoalcohols, only by changing the resolving solvents:
(S)-2-APE was obtained in high optical purity by a single crystallization operation with polar solvents
(e > 50), whereas the efficiency was lower for (R)-2-APE using less polar solvents (20 < e < 40). The
results were compared and discussed with reference to the crystal structures of the diastereomeric salts.


Introduction


Preparation of enantiomerically pure compounds is becoming
increasingly important for various industries and has been widely
studied.1 Optical resolution by the diastereomeric salt formation
method remains one of the most useful methods for obtaining a
target chiral substrate, especially on an industrial scale.2,3 In order
to separate both enantiomers of a target racemate, the method
usually requires both enantiomers of a resolving agent. Thus, most
resolving agents derived from natural products are expected to
resolve either enantiomer of a racemate.


Sakai et al. recently reported a new technique, the dielectrically
controlled optical resolution (DCR) method, as a practical and
convenient diastereomeric salt formation method.4 This method
allows both enantiomers of a racemate to precipitate as their
less soluble salts using a single enantiomer of a resolving agent.
So far, however, only limited amine–acid systems are known as
successful examples,4 because the controlling factors of the DCR
phenomenon are as yet unclear. It is thus interesting and important
to apply the DCR method to other kinds of chiral compounds and
to investigate the effect of solvents from not only an industrial but
also an academic viewpoint. In a previous paper, we reported that
optical rotation study of diastereomeric salts provides an instant
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and simple clue to the combination of possible amine–carboxylic
acids for DCR.5


Chiral 1,2-aminoalcohols are seen in many natural and phar-
maceutical products6 and are well known to be useful as chiral
ligands for asymmetric synthesis.7 2-Amino-1-phenylethanol,8,9 2-
APE 1 (Fig. 1), is an important basic skeleton in many adrenergic
drugs.10 We recently reported the optical resolution of 1 with
dehydroabietic acid, DAA 2, obtained as a single enantiomer from
disproportionated rosin11, by the conventional diastereomeric
salt formation method.12 In this study, we tried to resolve both
enantiomers of 1 as less soluble salts with 2 through inspection of
the relationship between solvent dependency of optical rotation
and the DCR phenomenon. We also investigated single crystals of
the diastereomeric salts and discuss the resolution data.


Fig. 1 Structures of 2-amino-1-phenylethanol (2-APE, 1) and dehydroa-
bietic acid (DAA, 2).


Results and discussion


Optical rotation measurement


The optical rotation of 1, 2, the diastereomeric salts and the chiral
salts with achiral compounds, AcOH for 1 and 2-PrNH2 and 2-
aminoethanol for 2, was investigated. The solvents used to control
the polarity included CHCl3, 2-PrOH, EtOH, MeOH, and water.
All optical rotation data were presented as molar rotations [φ] for
comparison between compounds of different molecular weights.
The values of the dielectric constants of mixed solvents were
calculated as the weighted average of the mixture components.
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2-APE, DAA and achiral salts


The [φ] values of 1 decreased with the increase of e,4a and
some solvent dependency (D[φ] = 77) was observed (Fig. S1).
Large solvent dependency was expected to be the result of
conformational change due to the flexible structure.13,14 The molar
rotation of chiral (R)-1/AcOH salt was determined in order to
study the effect of salt formation. A much smaller change (D[φ] =
14) was observed, although the solvent dependency was similar
to that of the free amine, 1. These results demonstrated that
salt formation with small and achiral acids decreases the solvent
dependency of the conformational change to a large extent.5,13a


The solvent dependency of 2 and its chiral salt was evaluated
(Fig. S2). The resolving agent 2 showed a large [φ] but the solvent
dependency, slightly concave to the axis, was much smaller (D[φ] =
21) than that of 1. This result seems reasonable considering the
rigid fused three-ring structure of 2.15 However, a much larger
solvent dependency (D[φ] = 78), convex to the axis, was observed
for the chiral salt with 2-aminoethanol, 2-AE. Salt formation
seemed to induce a chiral nature around the flexible 2-AE.


In a previous study, either acids or amines showed a large
solvent dependency of [φ] for DCR-successful systems while their
counterparts did not.5 Corresponding results were obtained for
1 and 2 (D[φ]2 > D[φ]1). The optical rotation data for the chiral
salts also showed a difference between 1/AcOH and 2/2-AE. The
present behaviour appeared to be similar for the DCR-successful
system 1-phenyl-2-(4-methylphenyl)ethylamine/mandelic acid
(PTE/MA),5 even though the solvent dependencies of the amine
and the acid were opposite.


2-APE/DAA


The optical rotation properties of the (1 : 1) diastereomeric salts
of 1 and 2 were examined in various solvents and the results are
shown in Fig. 2. The difference in optical rotation values of the
diastereomeric salts was large ([φ](R)-1/2–[φ](S)-1/2 = 126–166). On
the other hand, both diastereomeric salts showed a change of [φ]
in the range of e < 10 (D[φ] = 61 for (S)-1/2 and D[φ] = 53 for (R)-
1/2) while almost constant [φ] was obtained for higher e (e > 18).
Again the results appeared similar to the behavior of the previous
system5 and the present system was therefore considered to be a
new example of the DCR phenomenon.


Fig. 2 Solvent dependence of molar rotation of (R)- and (S)-1, 2, and
the diastereomeric salts (R)-1/2 and (S)-1/2. (R)-1 (�), (S)-1 (�), 2 (�),
(R)-1/2 (♦), (S)-1/2 (�).


Optical resolution of 2-APE with DAA


Optical resolution of 1 with 2 was carried out in various solvents,
mostly alcohol–water mixtures up to e = 63, because of the low
solubility of 2 in water. The data summarized in Table 1 and Fig. 3
are the results of a single crystallization in each solvent. It was
clearly shown that both (S)- and (R)-1 were obtained as less soluble
salts depending on the solvents. This is the first report of the DCR
phenomenon for an aminoalcohol. The use of 2, easily obtained
from a natural compound, should be an economical advantage
from an industrial standpoint.


Fig. 3 Relationship between the enantiomeric excess of the less soluble
diastereomeric salt and the dielectric constant (e) of the solvent used
in the resolution. 2-PrOH–H2O (�), EtOH–H2O (�), MeOH–H2O (×),
chloroform (�), 90% MeOH–2-PrOH (+).


A clear feature seen in Fig. 3 is the tendency that the (S)-1 rich
salt is obtained in higher purity as the water content increases.
For example, 25% 2-PrOH (e = 60) gave (S)-1/2 salt of high
optical purity, 82% ee, at high efficiency (49.7%). The optical purity
increased to the highest level of 87% ee with 35% MeOH (e = 59.7)
but with lower efficiency. On the other hand, in the middle e range
(25 < e < 40), the less soluble diastereomeric salt gave a (R)-1-rich
salt of 40% optical purity. The solvent dependency appears to be
similar to that of PTE/MA.4a


As a second feature, a large solvent effect was observed; both
EtOH and MeOH gave (R)-2-rich salt as the less soluble salt and
(S)-1-rich salt with increase of water content. However, a linear
change was seen for EtOH–water mixtures while for MeOH–water
mixtures the change was very sharp at approximately e = 45. On
the other hand, from 2-PrOH–H2O mixtures, only the (S)-1-rich
salts were obtained over the entire e range studied. Therefore, the
resolution may be the effect of ‘solvent switch’.4b,c


It should be mentioned here that NMR analysis showed that
most of the (S)-1/2 salt resolved had the (1 : 2) composition.
Only from a 25% 2-PrOH solution was the (1 : 1) salt obtained,
but slow recrystallization from the same solvent yielded the (1 : 2)
salts. These results suggest that the (S)-1/2 (1 : 2) salt is more stable
than the (1 : 1) salt. On the other hand, (R)-1 was always resolved
as the (R)-1/2 (1 : 1) salt. As far as we know, such an optical
resolution has not been observed for the DCR phenomenon and
further investigation is needed to rationalize the cause.


The solvent dependency of the optical rotation for the (1 : 2)
salt species in various solvents was almost the same as that of the
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Table 1 Resolution of (RS)-1 with 2 in various solvents


Solvent


Compositiona e Solvent volumeb ml g−1 Yieldc (%) [a]25
D opd (% ee) Absolute config. Resolution efficiencye


2-PrOH 18.0 12.5 16.3 36.2 5.9 S 1.9
2-PrOH 18.0 13.0 8.9 35.1 3.3 S 0.6
76% 2-PrOH 32.5 6.8 3.9 37.7 6.7 S 0.5
44% 2-PrOH 48.4 6.5 18.8 41.4 14.0 S 5.3
34% 2-PrOH 57.4 13.8 13.7 57.4 77.5 S 21.2
25% 2-PrOH 62.9 12.7 13.9 37.1 82.0 S 22.8
EtOH 24.0 12.9 8.4 — 34.8 R 5.9
EtOH 24.0 4.9 7.8 44.3 26.9 R 4.2
88% EtOH 30.6 6.8 4.3 28.9 32.4 R 2.8
65% EtOH 43.0 3.4 3.5 51.7 31.1 S 2.2
65% EtOH 43.0 6.5 22.6 39.9 15.1 R 6.8
65% EtOH 43.0 6.6 10.6 40.7 35.1 S 7.4
54% EtOH 48.7 9.2 6.4 44.0 40.6 S 5.2
44% EtOH 54.1 32.0 9.9 52.8 71.5 S 14.2
MeOH 32.6 12.5 20.4 29.2 39.8 R 16.2
MeOH 32.6 4.4 17.9 32.9 14.2 R 5.1
MeOH 32.6 10.2 16.5 38.0 9.3 R 3.1
88% MeOH 38.2 9.7 20.7 31.2 37.4 R 15.5
76% MeOH 43.5 12.7 4.0 35.8 34.7 R 2.7
76% MeOH 43.5 6.8 20.1 35.8 34.7 R 13.9
65% MeOH 48.5 13.4 11.1 52.5 71.1 S 15.8
54% MeOH 53.3 13.0 6.5 53.3 74.0 S 9.6
35% MeOH 62.2 107.7 18.5 60.6 87.0 S 32.2
Chloroform 5.0 6.4 4.6 46.2 13.8 S 1.3
90% MeOH–2-PrOH 31.1 6.4 9.1 32.9 7.5 R 1.4


a wt%. b vs. (RS)-1/(S)-2. c Based on (RS)-1. d Optical purity (op) determined by chiral HPLC analysis using CHIRALCEL OD-H. e Yield × 2 × op/100.


(1 : 1) salt species (Fig. S3). As a result, an optical rotation study
of the (1 : 1) amine–acid salt combination would be effective for
estimation of the DCR phenomenon.


Crystal structure analysis‡


Kinbara et al.16 studied the crystal structures of diastereomeric
salts which were effectively resolved by a diastereomeric salt
formation method, and showed that the hydrogen-bond network
forming a 21-column and van der Waals interactions are important
for a less soluble crystal. Recently, Sakai et al. have shown a crystal
structure difference in the hydrogen-bond network due to a water
molecule in one of the diastereomeric salts4a,c to which the DCR
method is applicable. In this study, structural analysis for the DCR
phenomenon was also pursued with the present diastereomeric
system, 1/2.


As is well known, the X-ray analysis provides the relative
stereochemistry, between 1 and 2 in the present system, but
it is useful enough to obtain information on the hydrogen-
bond network The crystals used for this study were inde-
pendently grown in suitable solvents with commercially avail-
able and optically pure (R)- and (S)-1 and natural compound
2 ((1R,4aS,10aR)-1,2,3,4,4a,9,10,10a-octahydro-1,4a-dimethyl-7-
(1-methylethyl)-1-phenanthrenecarboxylic acid),17 the structure of
which was also analyzed previously.15


(R)-2-APE/DAA


Single crystals of (R)-1/2 were prepared from AcOEt solution
after salt formation in EtOH. As shown in Fig. 4, the crystals
include EtOH, drawn by a ball-and-stick model, between 1 and
2. Three components connect with each other through hydrogen


Fig. 4 Crystal structure of (R)-1/2.


bonding to form the 21-column along the b axis. This is the first
structure resolved by the DCR method that contains alcohol, not
water, in the diastereomeric salt.4


(S)-2-APE/DAA (1 : 2) salt


The crystal formed the 21-column of P212121 along the a axis and
included no solvent (Fig. 5). However one 2 molecule, drawn by a
ball-and-stick model, connects 1 and another 2, so that it plays the
same role as that of EtOH in the hydrogen-bond network of the
(R)-1/2 salt. The (1 : 2) salt consists of more hydrogen bonds than
the (1 : 1) salt described below, making the crystal more stable
after slow crystallization.


(S)-2-APE/DAA (1 : 1) salt


The single crystal of the (S)-1/2 (1 : 1) salt was also obtained and
analyzed. The crystal structure showed the 21-column expanding
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Fig. 5 Crystal structure of (S)-1/2(2).


a one-dimensional network along the b axis in the same way as
(R)-2-APE/DAA (1 : 1), but no solvent was included (Fig. 6). The
P21 structure with less hydrogen bonds seemed less stable than the
(1 : 2) salt.


Fig. 6 Crystal structure of (S)-1/2.


Comparison of diastereomeric (R)-1/2 (1 : 1) and (S)-1/2 (1 : 2)
salts


The stability of the diastereomeric crystals of (R)-1/2 (1 : 1) salt
and (S)-1/2 (1 : 2) salt appears to be almost the same, because
the arrangements of the molecules and the number of hydrogen
bonds are quite similar (Tables S1 & S2). The largest difference is
the hydrogen bonding between the hydroxyl group of 1 and the
carbonyl group of 2 found in the (S)-1/2 salt, but not in (R)-1/2.
In (R)-1/2, the O–O length between the OH of 1 and C=O of 2 is
4.78 Å (O3–O2), and that of the corresponding groups in (S)-1/2
(1 : 2) is 3.59 Å (O1–O2). These are a little too long to form a
normal hydrogen bond. As a result, EtOH is included in (R)-1/2
to fill the space between the acid and amine [EtOH · · · (R2)COOH
(2): 2.71 Å (O4–O2); EtO(H) · · · HO(R1) (1): 2.71 Å (O4–O3)].


In the case of (S)-1/2 (1 : 2), the second 2 connects 1 and 2
through hydrogen bonds with the hydroxyl group of the first 2
[(R2CO)OH (1st 2) · · · (R2)CO(OH) (2nd 2): 2.58 Å (O2–O5)] and
with the hydroxyl group of 1 [(HO)OC(R2) (2nd 2) · · · HOR1 ((S)-
1): 2.70 Å (O4–O1)] (Tables S1–S3). The comparison of crystal
structures indicates features common to the present system and
previous ones:4a,c,d,5,18 the diastereomeric salts contained a third
component, that is, EtOH for (R)-1/2 and H2O4a,c as previously


reported. The third molecule seems to be important to fill the space
due to the chirality difference between the diastereomeric salts or
due to conformational change.


Relationship between the DCR phenomenon and optical rotation,
and the crystal structures of diastereomeric salts


The racemate 1 showed significant solvent dependency of optical
rotation while the resolving agent 2 showed little in the present
system. Between the two diastereomeric salts, (R)-1/2 (1 : 1) and
(S)-1/2 (1 : 1), the optical rotation values were largely different
(Fig. 2). The combination of the structural rigidity and flexibility
of a resolving agent and a racemate seems to cause the difference
in [φ]. This result corresponds to the previous systems for which
the DCR phenomenon was observed.4a,c,5


The comparison of the crystal structures of the diastereomeric
salts showed a clear difference in the hydrogen-bond network.
Both diastereomeric salts contained a third component, that is,
EtOH for (R)-1/2 or a second 2 for (S)-1/2 (1 : 2) in the present
system. The third molecule is necessary to fill the space due to the
large structural difference between the diastereomeric salts. Such
a difference has not been observed before since one of the two
diastereomeric salts contained H2O for all previous systems.4a,c


For the DCR phenomenon, the contribution or incorporation
of a solvent molecule through hydrogen bonding appears neces-
sary. As a result, solvent or polarity dependence of [φ] can be
a quick and easy probe for the DCR phenomenon, providing
information to aid in the selection of resolving agents and solvent
systems.


Experimental


General


Optically pure (R)- and (S)-2-amino-1-phenylethanol (1) were
used without further purification. 1H NMR spectra were recorded
in CDCl3 at 400 MHz (Bruker DRX400, Molecular Analysis and
Life Science Center (MALS) of Saitama University). Chemical
shifts are expressed in parts per million (ppm) relative to (CH3)4Si
and coupling constants in Hertz (Hz). Single crystal X-ray analysis
was performed on a CCD system (Bruker Smart Apex, MALS).
Specific rotations were measured with a polarimeter (JASCO DIP-
370) and the optical rotation value reported was the mean of at
least three measurements. HPLC analysis was performed at rt.
Melting points are reported uncorrected.


Optical rotation measurement


The solution (10 mL) of a salt, an acid, or an amine was prepared
at a concentration of 0.1 g per 100 mL (c 0.1) with a solvent
incubated in a thermostatted bath at 25.0 ± 0.2 ◦C for 1 h. Optical
rotation was measured using a water-jacketed cell by the Na D line
at 25.0 ± 0.2 ◦C.19 A solvent mixture was prepared by mixing two
kinds of solvents in a certain weight ratio at 25.0 ◦C. The e value
of the mixed solvent was calculated as the weighted average of
the mixture components based on the following equation: e(mix) =
(wt%(solvent 1) × e(solvent 1)) + (wt%(solvent 2) × e(solvent 2)), where e(solvent) is the
dielectric constant at 20 ◦C of a pure solvent.4a
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Purification of 1


Dehydroabietic acid (2) supplied in ∼75% purity (Arakawa
Chemical Ind., Ltd.) was purified according to the literature.12


[a]20
D 62.5 (c 2.0, 95% ethanol)


Preparation of 2-PrNH2/2, 2-AE/2, (R)-1/AcOH and
(S)-1/AcOH salts


After dissolving 2 (1.0 mmol) in methanol (10 mL), 2-PrNH2


or 2-AE (1.0 mmol) was added. After concentration, the residue
was recrystallized from ethanol to obtain 2-PrNH2/2 and 2-AE/2
salts. In the same way, (R)-1/AcOH and (S)-1/AcOH salts were
prepared from (R)- or (S)-1 (1.0 mmol) and AcOH (1.0 mmol),
respectively.


Preparation of optically pure (R)-1/2 salt


Commercially available (R)-1 (137.2 mg, 1.0 mmol) and 2
(300.4 mg, 1.0 mmol) were dissolved in ethanol (10 ml), and the
solvent was removed under reduced pressure to afford the salt (R)-
1/2. Mp 160.0–161.5 ◦C, [a]20


D 13.5 (c 0.1, methanol), 1H NMR
(400 MHz, CD3OD): d = 7.42–7.35 (m, 4H), 7.32–7.26 (m, 1H),
7.13 (d, J = 8.1 Hz, 1H), 6.92 (d, J = 8.1 Hz, 1H), 6.82 (s, 1H),
4.80 (dd, J = 9.2, 3.6 Hz, 1H), 3.04 (dd, J = 12.9, 3.6 Hz, 1H),
2.96–2.72 (m, 4H), 2.30 (d, J = 13.1 Hz, 1H), 2.20 (dd, J = 12.4,
2.3 Hz, 1H), 1.89–1.41 (m, 7H), 1.22 (s, 3H), 1.19 (br, 3H × 3).


Preparation of optically pure (S)-1/2 (1 : 2) salt


The optically pure (S)-1/2 (1 : 2) salt was prepared by recrystal-
lization of the (S)-1/2 (1 : 1) salt resolved from 35% 2-PrOH. Mp
164.5–165.5 ◦C, [a]20


D 61.6 (c 0.1, methanol), 1H NMR (400 MHz,
CD3OD): d = 7.42–7.35 (m, 4H), 7.33 (m, 1H), 7.14 (d, J = 8.1 Hz,
1H), 6.93 (dd, J = 2.8, 7.1 Hz, 2H), 6.83 (s, 2H), 4.81 (d, J = 4.0 Hz,
2H), 3.07 (dd, J = 12.5, 3.6 Hz, 8H), 2.32 (d, J = 10.6 Hz, 2H),
2.18 (dd, J = 12.2, 2.2 Hz, 2H), 1.87–1.4 (m, 14H), 1.24 (s, 6H),
1.19 (d, J = 4.0 Hz, 12H), 1.18 (s, 6H).


Preparation of optically pure (S)-1/2 (1 : 1) salt


The (S)-1/2 (1 : 1) salt was prepared from (S)-1 (137.2 mg,
1.0 mmol) and 2 (300.4 mg, 1.0 mmol) by the same procedure
as for (R)-1/2. Mp 154.5–156.0 ◦C, [a]20


D 82.5 (c 0.1, methanol), 1H
NMR (400 MHz, CD3OD): d = 7.42–7.37 (m, 4H), 7.32–7.30 (m,
1H), 7.14 (d, J = 8.1 Hz, 1H), 6.92 (d, J = 8.1 Hz, 1H), 6.82 (s,
1H), 4.85 (d, J = 8.8 Hz, 1H), 3.09 (d, J = 8.2 Hz, 1H), 2.97–2.84
(m, 4H), 2.30 (d, J = 12.6 Hz, 1H), 2.21 (d, J = 12.2 Hz, 1H),
1.88–1.43 (m, 7H), 1.23 (s, 3H), 1.19 (br, 3H × 3).


Optical resolution of 2-APE with DAA


(RS)-1 (137.2 mg, 1.0 mmol) and 2 (300.4 mg, 1.0 mmol) were
dissolved in EtOH (20 mL). After concentration, the residue was
recrystallized from various solvents. The conventional recrystal-
lization procedure is as follows: MeOH (5.5 mL) solution of (RS)-
1/2 salt was warmed to 80 ◦C to give a clear solution. Cooling
to room temperature, the resulting crystals were separated and
washed with MeOH to afford the (R)-1/2 (1 : 1) salt (89.3 mg,
0.204 mmol, 20.4%, 39.8% de).


Recrystallization from 25% 2-PrOH gave the (S)-1/2 (1 : 1) salt
(60.9 mg, 0.139 mmol, 13.9%, 82.0% de).


Optical purity determination


The optical purity of 1 was determined from its N-dinitrophenyl
derivative by chiral HPLC analysis.5 Chiral HPLC analysis was
performed using CHIRALCEL OD-H (φ 4.6 mm × 250 mm,
detection wavelength: 254 nm, flow rate: 0.4 ml min−1, eluent: 50%
2-PrOH in hexane).


Crystal structure analysis of (R)-APE/DAA, and (S)-APE/DAA
(1 : 2 & 1 : 1) salts


It should be mentioned that the X-ray analyses established the
relative stereochemistry to compare the hydrogen-bond networks
in the diastereomeric salts prepared from optically pure 1 and
2 [(1R,4aS,10aR)-1,2,3,4,4a,9,10,10a-octahydro-1,4a-dimethyl-7-
(1-methylethyl)-1-phenanthrenecarboxylic acid].11,17


The pure diastereomeric salts, (R)-1/2 and (S)-1/2 (1 : 1),
described above, were used for the preparation of the crystals
for X-ray analysis. Single crystals of both (R)-1/2 and (S)-1/2
(1 : 1) were obtained by recrystallization from AcOEt solution
while that of (S)-1/2 (1 : 2) was from the CH3CN solution of (S)-
1/2 (1 : 1). X-Ray intensities were measured up to 2hmax = 55.0◦


using graphite-monochromated MoKa radiation (k = 0.71069
Å). The crystal structure was determined by direct methods with
SHELXS97 and refined by the full-matrix least-squares method
using SHELXL97.20


(R)-1/2


C30H45NO4; formula weight 483.67; monoclinic; P21; a = 12.595(3)
Å, b = 6.1165(12) Å, c = 18.862(4) Å, b = 106.42(3)◦, V =
1393.8(5) Å3 (123(2) K), Z = 2, Dcalcd = 1.152 g cm−3, l (MoKa) =
0.075 mm−1, R1 = 0.0672 and wR2 = 0.1642 for 7017 observed re-
flections with I > 2r with 3349 unique reflections. Crystallographic
data have been deposited with the Cambridge Crystallographic
Data Center: deposition number CCDC 655808.‡


(S)-1/2 (1 : 2)


C48H67NO5; formula weight 738.03; orthorhombic; P212121; a =
6.3023(8) Å, b = 19.070(2) Å, c = 35.095(4) Å, V = 4218.0(9) Å3


(123(2) K), Z = 4, Dcalcd = 1.162 g cm−3, l (MoKa) = 0.074 mm−1,
R1 = 0.0927 and wR2 = 0.1999 for 29325 observed reflections
with I > 2r with 5487 unique reflections. Crystallographic data
have been deposited with the Cambridge Crystallographic Data
Center: deposition number CCDC 655810.‡


(S)-1/2 (1 : 1)


C28H39NO3; formula weight 437.60; monoclinic; P21; a = 10.981(2)
Å, b = 6.1913(12) Å, c = 17.850(4) Å, b = 90.37(3)◦, V =
1213.5(4) Å3 (123(2) K), Z = 2, Dcalcd = 1.198 g cm−3, l (MoKa) =
0.076 mm−1, R1 = 0.0536 and wR2 = 0.1332 for 8383 observed re-
flections with I > 2r with 3042 unique reflections. Crystallographic
data have been deposited with Cambridge Crystallographic Data
Center: deposition number CCDC 655809.‡
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Conclusions


Both enantiomers of 2-amino-1-phenylethanol 1 were efficiently
resolved using dehydroabietic acid 2, a natural chiral acid. The
solvent dependency of [φ] of 1, 2, and their diastereomeric salts
indicated that this was feasible. It was demonstrated, not only from
the resolution results but also from the single crystal X-ray analysis
of the diastereomeric salts, that optical rotation measurements
were effective for screening the DCR phenomenon. This is the
first successful application of the DCR method or solvent switch
to an aminoalcohol. The present system is a good example to
show the versatility of the method from an industrial viewpoint
considering that 2 is an inexpensive compound easily obtained
from rosin.
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Dialkyl heteroaroylphosphonates based on thiophene, pyrrole or furan have been prepared and their
reactions with trimethyl phosphite investigated. Deoxygenation of the carbonyl groups in these
heteroaroylphosphonates occurs to give carbene intermediates, which then undergo further reaction. In
the case of the furan-3-oylphosphonates and those systems containing a thiophene or pyrrole ring, the
major reaction pathway involves intermolecular trapping of the carbene intermediates by the trimethyl
phosphite, leading to the formation of ylidic phosphonates that can be readily converted into the
corresponding 1,1-bisphosphonates. However, in some furan-2-oylphosphonates the carbenes
generated undergo ring-opening to initially give acyclic alkynylphosphonates which may react further
to give other novel phosphorus compounds. The effects of substituents on the extent to which
intermolecular trapping of the initially formed carbene competes with intramolecular rearrangement
has been investigated. The latter process appears to be suppressed by a substituent at the 5-position of
the furan ring, the resulting ylidic phosphonates being a rare example of an efficient intermolecular
trapping of a furan-2-yl carbene.


Introduction


The reactions of 2-substituted dialkyl benzoylphosphonates with
trialkyl phosphites have proved to be a fruitful area for research
and have led to the formation of some novel compounds, often
via the intramolecular cyclisation of initially formed carbene
intermediates.1–5 In an attempt to broaden the scope of this
research and to investigate their synthetic potential, we have
now investigated the preparation and reactions of a range of
heterocyclic analogues of the benzoylphosphonates. In this paper
we report some of our studies on the reactions of trimethyl
phosphite with ‘electron-rich’ heteroaroylphosphonates based on
thiophene, pyrrole and furan.


Results and discussion


The heteroaroylphosphonates 1a–1g and 2a–2c were prepared
by the action of trimethyl phosphite on the corresponding acid
chlorides, sometimes in the presence of an inert solvent. In general
these reactions were carried out at room temperature, but, as
discussed later, in some cases it was desirable to cool the reaction to
avoid side reactions. Unfortunately, it proved to be very difficult to
prepare the parent pyrrole-based aroylphosphonate 1h in sufficient
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quantities for a meaningful study due to the tendency of the
pyrrole-2-carbonyl chloride to decompose during its reaction with
trimethyl phosphite. However, this problem did not arise with the
N-substituted analogues 1f and 1g.


The heteroaroylphosphonates all gave a characteristic low-field
large doublet in their 13C NMR spectra for the carbonyl carbon
adjacent to the phosphonate group and a 31P NMR chemical shift
around dP 0 ppm, although it is interesting to note that the 31P
NMR chemical shifts for the pyrrole systems 1f–h were about
1.5–2 ppm downfield of those for the other aroylphosphonates
studied to date. It is also interesting to note that some of the
heteroaroylphosphonates were sufficiently stable to enable them
to be purified by chromatography on silica. This contrasts with
the behaviour of the benzoylphosphonates we have studied which
usually readily hydrolyse and are thus difficult to purify if they
cannot be distilled.


Moreover, although the deoxygenation reactions of the dialkyl
benzoylphosphonates with trimethyl phosphite usually required
heating before they proceeded at a reasonable rate, there was much
greater variability in the reactivities of the heteroaroyl systems.
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Thus, for example, while the reaction of the thiophene system
2a with trimethyl phosphite still required heating at 100 ◦C, that
involving the isomeric thiophene system 1a required cooling to
avoid overheating and charring.


However, providing the reaction of the aroylphosphonate 1a
with trimethyl phosphite was kept cool, it proceeded cleanly to
give the ylidic phosphonate 5a [dP 52.4 and 29.3 ppm, JPP 96 Hz]
and trimethyl phosphate as the major products. Since such ylidic
phosphonates have been shown to arise from the intermolecular
trapping of the corresponding carbene intermediates by trimethyl
phosphite,5 this indicates that the reaction follows the deoxy-
genation pathway shown in Scheme 1 which is analogous to that
previously observed for the benzoylphosphonates.


Scheme 1


Decomposition of the ylidic phosphonate 5a in water pro-
duced a 2 : 1 mixture of the bisphosphonate 6a and the
monophosphonate 7a. The route by which this occurs has been
discussed previously for those ylidic phosphonates generated from
benzoylphosphonates.6


If moisture is not rigorously excluded during the reaction of the
aroylphosphonate 1a with trimethyl phosphite, two other products
are formed in addition to the ylidic phosphonate 5a. The first of
these is the novel bisphosphonate 10 (Scheme 2). The presence of a
methylene unit in this molecule clearly indicates the involvement of
a proton donor in its formation and this was confirmed by adding
a small quantity of water to the aroylphosphonate 1a immediately
prior to its reaction with trimethyl phosphite. This resulted in the
formation of the bisphosphonate 10 as the major reaction product.


The likely route to the bisphosphonate 10 is that shown in
Scheme 2. Under the reaction conditions it would seem that the
quasiphosphonium salt 8a, formed from the protonation of the
initially formed anionic intermediate 3a, preferentially undergoes
attack on the heterocyclic ring and that the resulting system 9 then
undergoes re-aromatisation and dealkylation to give the observed
bisphosphonate 10.


Scheme 2 X = S and R′ = R′′ = H shown to simplify structures.


The direct dealkylation of the quasiphosphonium salt 8a to give
the phosphate-phosphonate 11a [dP 2.3 and 18.7 ppm (d, JPP 32)]
(Scheme 3) was also observed in the presence of moisture, although
this was less favoured than the formation of 10 under the reaction
conditions used.


Scheme 3


In contrast, the 3-substituted thiophene system 2a behaved more
like the benzoylphosphonates in that it had to be heated with
trimethyl phosphite before the reaction proceeded at a reasonable
rate. Once again the reaction proceeded via a carbene intermediate
(Scheme 4) to give initially the ylide 14a, although prolonged
heating caused this material to rearrange to the bisphosphonate
15a. Attempts to purify the ylide 14a by chromatography led to
its decomposition and the isolation of its hydrolysis products, the
bisphosphonate 16a and the monophosphonate 17a.


If moisture is not fully excluded, the reaction of 2a with trimethyl
phosphite also generates some of the phosphate-phosphonate 18a.


Although the pyrrole-based heteroaroylphosphonates 1f and
1g both required heating with the trimethyl phosphite to achieve
deoxygenation, they behaved similarly to the thiophene system 1a
giving the ylidic phosphonates 5f and 5g as the major products.
There was no evidence for an intramolecular carbene insertion
reaction into the N-phenyl ring following the formation of the
carbene 4g. The ylidic phosphonates 5f and 5g were isolated as
their hydrolysis products, the corresponding bisphosphonates 6
and monophosphonates 7. A similar pathway appears to occur
with the parent system 1h.


In contrast, the furan-2-oylphosphonate 1b showed quite dif-
ferent behaviour in its reaction with trialkyl phosphites to the
thiophene- and pyrrole-based aroylphosphonates.
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Scheme 4


Firstly, the reaction needed to be carried out at low temperature
since at room temperature an exothermic reaction occurred
leading to extensive charring. Secondly, at low temperature and in
toluene, the reaction proceeded cleanly to give one major product,
a triphosphorus compound 19b [dP −48.3 (d, JPP 41), −3.4 (s) and
19.0 (d, JPP 41)] that can be seen to arise from two molecules of the
furanoylphosphonate 1b and one of the trimethyl phosphite. This
was confirmed by repeating the reaction using triethyl phosphite
which gave the corresponding triphosphorus compound 19b′


[dP −51.4 (d, JPP 41), −3.4 (s) and 19.0 (d, JPP 41)]. A small quantity
of the ylidic phosphonate 5b was also produced under these
conditions [dP 28.9 (d, JPP 89) and 52.6 (d, JPP 89)] together with
other minor components including one [dP −4.9] later identified
as the aldehyde 20b.


The presence of the alkynylphosphonate portion of 19b was
confirmed from the high field shift of this phosphonate resonance
[dP −3.4 ppm] and by the exceptionally large coupling (JPC 298 Hz)
between the phosphonate group and the adjacent carbon atom.
A similar large coupling has been seen in related structures7 and
reflects the high degree of s character in this P–C bond. To explain
the formation of 19b we propose that the initially formed carbene
intermediate 4b undergoes ring opening to give the aldehyde 20b
(Scheme 5).


Scheme 5


The formation of analogous aldehydes has been observed
previously when attempts have been made to prepare other furan-
2-yl carbenes.8 Computational studies9 support the concept of a
spontaneous ring-opening of the furan-2-yl carbenes leading to
these aldehydes rather than the involvement of an intermediate
such as 21b. Furthermore, no experimental evidence has yet
been obtained to support the formation of such cyclopropene
intermediates.10


The reaction of the anionic intermediate 3b, initially formed
from the reaction of 1b with trimethyl phosphite, with the aldehyde
20b then explains the formation of the observed triphosphorus
compound 19b (Scheme 6).


Scheme 6 X = O and R′′ = H shown to simplify structures.


In an effort to obtain support for the involvement of the
intermediate aldehyde 20b in the formation of 19b, the reaction
of furan-2-oyl chloride with trimethyl phosphite was investigated
under a variety of conditions to see if the quantity of this aldehyde
in the reaction mixture could be increased. Fortunately, by using
low temperatures with acetonitrile as the solvent and by restricting
the quantity of trimethyl phosphite used, it was possible to obtain
a reaction mixture that contained a significant quantity of a
component [dP −4.9] that gave NMR spectra consistent with the
aldehyde 20b. This component was isolated from the reaction
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mixture as its 2,4-dinitrophenylhydrazone derivative, the structure
of which was determined using X-ray crystallography (Fig. 1).11


Fig. 1 X-ray structure of the 2,4-dinitrophenylhydrazone derivative
of 20b.


It is interesting to note that while the aldehyde 20b is initially
produced with a Z-configuration at the alkene (CH=CH, 3JHH


11.2) it slowly isomerises under the reaction conditions to give the
corresponding E-configuration 22b (CH=CH, 3JHH 16.2) as the
major component.


We have also investigated the influence of placing substituents
at the 3- and 5-positions on the furan ring. In particular we were
interested to see how this might affect the ease of ring opening of
the furan-2-yl carbenes 4c–e. We were also interested to see if it
might be possible to achieve an intramolecular insertion reaction
into a substituent at the 3-position on the ring as an alternative
reaction pathway for the carbene 4c.


Interestingly, with the 3-benzyl-substituted system 1c there
was no evidence for the formation of any of the triphosphorus
compound analogous to 19b when it was reacted with trimethyl
phosphite, even though formation of the aldehyde 20c was
the major reaction pathway following carbene formation. The
benzyl substituent had thus clearly inhibited further reaction
of the aldehyde 20c with the anionic intermediate 3c. Some
intermolecular trapping of the carbene 4c by the trialkyl phosphite
to give the ylidic phosphonate 5c was also observed, suggesting
that this carbene intermediate is slightly longer-lived than that for
the unsubstituted system, but there was no evidence for products
arising from an interaction between the carbene centre and the
benzyl substituent in 4c.


We also observed that if a proton donor was present in the
reaction mixture the initially formed aldehyde could react with
further trimethyl phosphite to give a product giving two singlets
in the 31P NMR spectrum at dP −1.9 and 17.3 ppm. This product
was identified as the novel allene 23, the formation of which
can be rationalised as shown in Scheme 7. This allene showed a
characteristic resonance in the 13C NMR spectrum at dC 215.7 ppm
for the sp-hybridised carbon in an allene and a broad band in the
IR spectrum at mmax 1940 cm−1 typical of an allene.


Two other components were also produced small quantities
which arose as a result of traces of moisture in the reaction mixture,
the phosphate-phosphonate 11c and the bisphosphonate 25.


Although we earlier proposed that the formation of thiophene-
based bisphosphonate 10 involved attack by phosphite on the
quasiphosphonium salt 8a (Scheme 2), we believe that the forma-
tion of the furan-based system 25 is more likely to be derived from
the alternative mechanism shown in Scheme 8. This is supported by
the observation that treatment of the aldehyde 20c with trimethyl
phosphite without the rigorous exclusion of moisture leads to
cyclisation and formation of the bisphosphonate 25.


Scheme 7


Scheme 8


Although the ring opening of thiophen-2-yl carbenes has been
reported12 we saw no evidence for this occurring with the thiophen-
2-yl carbene intermediate 4a generated by the action of trialkyl
phosphite on the aroylphosphonate 1a. We have therefore ruled
out a pathway analogous to that shown in Scheme 8 to explain
the formation of the corresponding thiophene-based bisphos-
phonate 10.


To investigate the influence of a substituent at the 5-position
on the furanyl carbenes 4 (X = O), we prepared the methyl- and
phenyl-substituted furanoylphosphonates 1d and 1e.


The reaction of the 5-methyl substituted system 1d with
trimethyl phosphite in toluene gave largely the ylidic phosphonate
5d, subsequently isolated as its decomposition products 6d and
7d, although a small quantity of the ring-opened ketone 20d
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(ca. 2%) was also produced. As with the aldehyde 20b previously
discussed, the ketone was initially produced as the Z-isomer
20d [CH=CH, 3JHH 12 Hz] but subsequently isomerised under
the reaction conditions to give the corresponding E-form 22d
[CH=CH, 3JHH 16.3 Hz] as the major isomer.


The ability of substituents at the 5-position on the furan ring
to affect the ease of ring-opening of the corresponding furanyl
carbene 4 was even more marked in the case of the 5-phenyl-
substituted furan-2-yl carbene 4e where no ring-opening to give
phenyl ketones analogous to 20d or 22d was observed under
the conditions used. In this case only intermolecular trapping
of the carbene intermediate 4e by the trialkyl phosphite was
observed leading to the formation of the ylidic phosphonate 5e.
It is interesting to note that early studies had concluded that
the presence of alkyl or aryl groups at the 5-position of some
simpler furan-2-yl carbenes had not had a significant effect on
the efficiency of ring opening although they had seen a marked
effect if an electron-withdrawing group was placed at the 5-
position.12 It is also interesting to note that it has proved extremely
difficult to intercept furan-2-yl carbene intermediates before ring
opening occurs.13 The formation of the ylidic phosphonate 5e in
the presence of trimethyl phosphite is therefore a rare example
of the efficient intermolecular trapping of such a carbene inter-
mediate.14


The effect of moving the ketophosphonate group to the 3-
position on the furan ring was also investigated. Whereas the
reaction the furan-2-oylphosphonates 1b and 1e with trialkyl
phosphites had required cooling to avoid side reactions, the furan-
3-oylphosphonates 2b and 2c required heating with trimethyl
phosphite before the reaction occurred at any significant rate.
However, under these conditions both 2b and 2c reacted to give
the corresponding ylidic phosphonates 14b and 14c together with
trimethyl phosphate, indicating that these reactions too were
proceeding via carbene intermediates as had been observed with
the analogous thiophene system 2a (Scheme 4). In the case of the
parent furan system 2b, the initially formed ylidic phosphonate 14b
showed a tendency to rearrange to the corresponding bisphospho-
nate 15b if the reaction mixture was heated for an extended period,
but this was not observed with the 2-substituted system 14c. This
is consistent with the behaviour of the ylidic phosphonates from
benzoylphosphonates where the analogous rearrangement was
inhibited by the presence of an ortho substituent.5 Both ylidic
phosphonates could be readily converted into the corresponding
bisphosphonates 16b and 16c by the action of a suitable proton
donor such as hydrogen chloride. There was no evidence for
any interaction between the carbene centre and the adjacent
substituent in 13c.


Summary


The reactions of trimethyl phosphite with heteroaroylphospho-
nates 1a–h and 2a–c have been shown to proceed via deoxygenation
of the carbonyl group to give carbene intermediates 4a–h and
13a–c whose subsequent reactions depend on the nature of the
heterocyclic ring. With those 2-heteroaroyl systems 1a, 1f–h that
contained the more aromatic thiophene and pyrrole heterocyclic
systems, and with all the 3-heteroaroyl systems 2a–c studied,
the major reaction pathway involves the intermolecular trapping
of the carbene intermediates by the trimethyl phosphite in the


reaction mixture. The resulting ylidic phosphonates 5 and 14
can be used as precursors for the preparation of some novel 1,1-
bisphosphonates. In contrast, the major reaction pathway with the
furan-2-yl systems 1b and 1c, where there is no substituent on the
5-position of the furan ring, involves ring opening of the carbene
intermediates 4b,c to give novel alkynylphosphonates 20b,c and
22b. There was no evidence for any reaction between the benzyl
substituent in 4c and the carbene centre.


In the case of the unsubstituted furan-2-oylphosphonate 1b, the
initially formed anionic intermediate 3b reacts with the aldehyde
portion of the subsequently formed alkynylphosphonate 20b to
give the triphosphorus system 19b. However, with the benzyl-
substituted alkynylphosphonate 20c such a subsequent reaction
is inhibited. In contrast, the presence of a substituent at the
5-position on the furan ring in the carbene intermediates 4d
and 4e appears to discourage ring-opening, and trapping of the
carbene by trimethyl phosphite to give the ylidic phosphonates 5d
and 5e becomes the dominant reaction pathway. Indeed, in the
case of the 5-phenyl substituted carbene 4e this intermolecular
trapping pathway was the only carbene decomposition pathway
observed under the conditions used and as such it is a rare
example of a successful intermolecular trapping of a furan-2-yl
carbene.8


Finally, these studies have shown that some unexpected products
can be generated when the reaction of trimethyl phosphite with the
heteroaroylphosphonates occurs in the presence of a proton donor
such as moisture. Thus, for example, in the presence of moisture the
alkynylphosphonate 20c reacts with trimethyl phosphite to give the
novel allene 23 while the reaction of 1a with trimethyl phosphite
in the presence of moisture gave the unexpected bisphosphonate
10. Other reactions of this type will be the subject of a future
publication.15


Experimental


General details21


NMR spectra were recorded on JEOL EX-270, Bruker AMX400
and Bruker AV600 spectrometers. 31P NMR spectra are referenced
to 85% phosphoric acid, 1H NMR spectra to Me4Si, and 13C NMR
spectra to CDCl3 at 77.23 ppm. J values are given in Hz; ‘J’
indicates the apparent coupling in a second order spectrum.


The carboxylic acids used were either available commercially
or prepared by literature methods. 3-Benzylfuran-2-carboxylic
acid16 was prepared from 3-benzylfurfural,16 and 5-methylfuran-
2-carboxylic acid17 by the oxidation of 5-methylfurfural.17 5-Phe-
nylfuran-2-carboxylic acid18 was prepared from furan-2-carbo-
xylic acid, 1-phenylpyrrole-2-carboxylic acid19 from 1-phenyl-
pyrrole, and 2-(prop-2-ynyloxymethyl)furan-3-carboxylic acid20


from methyl 2-methylfuran-3-carboxylate.


Typical procedure for the preparation of the aroylphosphonates
1a–h and 2a–c.21


The aroylphosphonates 1a–h and 2a–c were prepared by the action
of trimethyl phosphite on the corresponding acid chlorides, which
were usually prepared in situ by the action of thionyl chloride or
oxalyl chloride on the carboxylic acid.
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Dimethyl thiophene-2-carbonylphosphonate 1a


The phosphonate 1a was obtained as a pale yellow oil in essentially
quantitative yield; dP(109.3 MHz, CDCl3) 0.1; dC(67.9 MHz,
CDCl3) 188.6 (d, 1JPC 182, C=O).21


Dimethyl furan-2-carbonylphosphonate 1b


The phosphonate 1b (4.0 g, 58%) was isolated as a pale yellow
oil; dP(109.3 MHz, CDCl3) −0.1; dC(67.9 MHz, CDCl3) 183.7
(d, JPC 190, C=O).21


Dimethyl 3-benzylfuran-2-carbonylphosphonate 1c


A sample of the pure phosphonate 1c (1.2 g, 63%) was isolated as a
pale yellow oil; dP(109.3 MHz, CDCl3) 0.9; dC(67.9 MHz, CDCl3)
186.2 (d, JPC 186, C=O).21


Dimethyl 5-methylfuran-2-carbonylphosphonate 1d


The phosphonate 1d (5.1 g, 60%) was obtained as a pale yellow
oil; dP(109.3 MHz, CDCl3) 0.6; dC(67.9 MHz, CDCl3) 182.3
(d, JPC 189, C=O).21


Dimethyl 5-phenylfuran-2-carbonylphosphonate 1e


The phosphonate 1e (0.09 g, 20%) was isolated as a pale yellow
oil, bp 130 ◦C at 0.005 mmHg; dP(109.3 MHz, CDCl3) 0.6;
dC(67.9 MHz, CDCl3) 183.0 (d, JPC 189, C=O).21


Dimethyl 1-methylpyrrole-2-carbonylphosphonate 1f


The phosphonate ester 1f (1.04 g, 60%) was isolated as a pale
yellow oil, bp 137 ◦C at 0.005 mmHg; dP(109.3 MHz, CDCl3) 2.5;
dC(67.9 MHz, CDCl3) 184.2 (d, JPC 183, C=O).21


Dimethyl 1-phenylpyrrole-2-carbonylphosphonate 1g


The phosphonate ester 1g was isolated as a pale yellow oil;
dP(109.3 MHz, CDCl3) 2.1; dC(100.63 MHz, CDCl3) 183.6
(d, JPC 184, C=O).21


Dimethyl thiophene-3-carbonylphosphonate 2a


The phosphonate 2a was isolated in essentially quantitative yield
as a pale yellow oil; dP(109.3 MHz, CDCl3) 0.75; dC (67.9 MHz,
CDCl3) 191.0 (d, JPC 178, C=O).21


Dimethyl furan-3-carbonylphosphonate 2b


The phosphonate 2b (12.4 g, 68%) was obtained as a pale yellow
oil; dP(109.3 MHz, CDCl3) −0.4; dC(67.9 MHz, CDCl3) 192.0
(d, JPC 183, C=O).21


Dimethyl 2-(prop-2-ynyloxymethyl)furan-3-carbonylphospho-
nate 2c


The phosphonate ester 2c was obtained as a pale yellow oil
in essentially quantitative yield; dP(109.3 MHz, CDCl3) 0.2;
dC(67.9 MHz, CDCl3) 193.9 (d, JPC 185, C=O).21


Reaction of dimethyl thiophene-2-carbonylphosphonate 1a with
trimethyl phosphite


Trimethyl phosphite (2.23 g, 18 mmol) was added slowly to a
stirred sample of the phosphonate 1a (1.32 g, 6 mmol) at 0 ◦C. The
solution was then allowed to warm to room temperature and after


a period of 12 h 31P NMR spectroscopy showed the formation
of trimethyl phosphate, the ylidic phosphonate 5a [dP 29.3 and
52.4 ppm (d, JPP 96)] and a small quantity of the bisphosphonate
6a. Volatile components were then removed in vacuo (50 ◦C at
0.005 mmHg). Decomposition of the ylide 5a by the addition
of water resulted in the formation of the bisphosphonate 6a
and the monophosphonate 7a in a 5 : 1 ratio. Pure samples of
products in the residue were isolated by a combination of column
chromatography on silica gel using ethyl acetate as the eluent
and reverse-phase HPLC on a C18 column using water–methanol
mixtures as the eluent.


Tetramethyl thiophen-2-ylmethane-1,1-bisphosphonate 6a was
isolated as a pale yellow oil; dP(109.3 MHz, CDCl3) 19.7;
dH(400 MHz, CDCl3) 4.12 (1 H, t, JPH 25.0, a-CH); dC(100.63 MHz,
CDCl3) 39.5 (t, JPC 136, a-C); m/z (EI) 314.0143 (M+. C9H16O6P2S
requires 314.0143).21


Dimethyl thiophen-2-ylmethylphosphonate 7a was isolated as a
pale yellow oil; dP(109.3 MHz, CDCl3) 27.3; dH(400 MHz, CDCl3)
3.37 (2 H, d, JPH 20.8, CH2); dC(100.63 MHz, CDCl3) 27.1 (d, JPC


144, CH2); m/z (ESI) 229.0059 (M + Na+. C7H11O3PSNa requires
229.0064).21


Dimethyl 5-(dimethoxyphosphorylmethyl)thiophen-2-ylphos-
phonate 10, was isolated as a pale yellow oil; dP(109.3 MHz,
CDCl3) 15.2 (d, JPP 3) and 26.3 (d, JPP 3); dH(400 MHz, CDCl3)
3.34 (2 H, d, JPH 21.2, CH2); dC(100.63 MHz, CDCl3) 26.3 (d, JPC


143, CH2), 124.7 (dd, JPC 211 and 4, C-2); m/z (EI) 314.0143 (M+.
C9H16O6P2S requires 314.0143).21


Reaction of dimethyl furan-2-carbonylphosphonate 1b with
trimethyl phosphite


Trimethyl phosphite (1.8 g, 14.7 mmol) was added dropwise to a
solution of the phosphonate 1b (1.0 g, 4.9 mmol) in dry toluene
(3 cm3) at −48 ◦C under an atmosphere of dry nitrogen. This
mixture was then allowed to warm to room temperature and
stirred for a further 16 h. Volatile components were then removed
in vacuo (55 ◦C at 0.005 mmHg). The NMR spectra of the
product confirmed the formation of the triphosphorus compound
19b, dP(109.3 MHz, CDCl3) −48.3 [d, JPP 41, P(OMe)3], −3.4
[s, CCP(O)(OMe)2] and 19.0 [d, JPP 41, P(O)(OMe)2],21 as the
major compound (ca. 90%) although small quantities of the ylidic
phosphonate 5b [dP 28.9 ppm (d, JPP 90) and 52.6 ppm (d, JPP


90)] and the aldehydes 20b and 22b [dP −4.8 and −4.9 ppm]
were also present. Attempts to obtain a pure sample of the
triphosphorus compound 19b by chromatography on silica led
to its decomposition.


The reaction can also be carried out in the absence of a solvent
without any significant change in product.


Use of triethyl phosphite rather than trimethyl phosphite led
to the formation of 19b′in a good state of purity; dP(109.3 MHz,
CDCl3) 19.0 (d, JPP 41), −3.4 (s) and −51.4 (d, JPP 41).21


Dimethyl (Z)-5-oxo-pent-3-en-1-ynylphosphonate 20b


A solution of furan-2-carbonyl chloride (1.82 g, 14 mmol) in dry
acetonitrile (2 cm3) was cooled to −78 ◦C and trimethyl phosphite
(2.10 g, 16 mmol) added under an atmosphere of dry nitrogen. The
mixture was then allowed to warm to room temperature over a
period of 12 h. 31P NMR spectroscopy indicated that the reaction
had proceeded to form two products, the aroylphosphonate 1b
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(ca. 60%) and the aldehyde 20b (ca. 40%). 20b: dP(109.3 MHz,
CDCl3) −4.9; dH(400 MHz, CDCl3) 3.85 (6 H, d, JHH 12.4, POMe),
6.47 (1 H, ddd, JHH 11.2 and 7.6, JPH 1.2, 4-H), 6.62 (1 H, dd, JHH


11.2, JPH ∼4, 3-H), 10.07 (1 H, d, JHH 7.6, CHO); dC(100.63 MHz,
CDCl3) 53.5 (x2)(d, JPC 6, POMe), 87.5 (d, JPC 293, C-1), 92.2
(d, JPC 51, C-2), 124.0 (d, JPC 6, C-3), 142.2 (d, JPC 3, C-4) and
189.8 (C-5). Under the reaction conditions 20b slowly isomerises
to give the (E)-isomer 22b as the major component (ca. 70%). 22b:
dP(109.3 MHz, CDCl3) −4.8 ppm; dH(400 MHz, CDCl3) 3.84 (6 H,
d, JHH 12.4, POMe), 6.56 (1 H, dd, JHH 16.2, JPH 3.2, 3-H), 6.62
(1 H, ddd, JHH 16.2 and 7.0, JPH 0.8, 4-H), 9.58 (1 H, d, JHH 7.0,
CHO); dC(100.63 MHz, CDCl3) 53.6 (x2)(d, JPC 6, POMe), 88.9
(d, JPC 294, C-1), 94.0 (d, JPC 51, C-2), 127.1 (d, JPC 6, C-3), 143.2
(d, JPC 3, C-4) and 191.8 (C-5).


Reaction of the initially formed aldehyde 20b with methanolic
2,4-dinitrophenylhydrazine solution gave an orange brown pre-
cipitate of the corresponding hydrazone which was purified by
chromatography on silica gel using ethyl acetate–petroleum ether
(bp 60–80 ◦C) as the eluent. Recrystallisation of this product
from hot methanol gave orange brown crystals suitable for X-
ray structure analysis;11 mp 151–153 ◦C; m/z (ESI) 391.0414 (M +
Na+. C13H13N4O7PNa requires 391.0419).21


Reaction of dimethyl 3-benzylfuran-2-carbonylphosphonate 1c with
trimethyl phosphite


To a solution of 3-benzylfuran-2-carbonyl chloride (1 g, 4.5 mmol)
in deuterochloroform (2.5 cm3) cooled to −78 ◦C was added
trimethyl phosphite (0.56 g, 4.5 mmol). The mixture was then
allowed to warm to room temperature and 31P NMR spectroscopy
showed the formation of the phosphonate 1c (dP 0.9). A further
quantity of trimethyl phosphite (1.12 g, 9 mmol) was then
added and the reaction mixture left at room temperature until
the reaction was complete (ca. 1 h). Volatile components were
then removed from the reaction mixture in vacuo (40 ◦C at
0.005 mmHg). The 31P NMR spectrum of the residue showed the
formation of several components subsequently identified as the
ylidic phosphonate 5c [dP 28.5 ppm (d, JPP 102) and 53.7 ppm (d,
JPP 102)] (ca. 31%), the bisphosphonate 6c (ca. 16%), the allene 23
(ca. 33%), the bisphosphonate 25 (ca. 11%) and some aldehyde 20c
(ca. 9%).22 The major components in this residue were isolated by
chromatography on silica gel using mixtures of dichloromethane,
ethyl acetate and methanol of increasing polarity as the eluent.


Dimethyl (Z)-3-benzyl-5-oxo-pent-3-en-1-ynylphosphonate 20c
was isolated as a pale yellow oil; dP(109.3 MHz, CDCl3) −4.5;
dH(400 MHz, CDCl3) 6.34 (1 H, dq, J 8 and 1.2, CH=), and 10.05
(1 H, d, JHH 8, CHO); dC(100.63 MHz, CDCl3) 88.2 (d, JPC 291,
C-1), 94.1 (d, JPC 50, C-2), and 191.1 (s, C-5); m/z (ESI) 279.0781
(M + H+. C14H16O4P requires 279.0786).21


Tetramethyl 3-benzylfuran-2-ylmethane-1,1-bisphosphonate 6c
was isolated as a pale yellow oil; dP(109.3 MHz, CDCl3) 19.5;
dH(400 MHz, CDCl3) 4.03 (1 H, t, JPH 25.7, a-H); dC(100.63 MHz,
CDCl3) 37.5 (t, JPC 136, a-CH)); m/z (ESI) 411 (M + Na+.
C16H22O7P2Na requires 411).21


Dimethyl (Z)-3-benzyl-5-(dimethoxyphosphoryloxy)penta-1,2,
4-trienylphosphonate 23 was isolated as a pale yellow oil;
dP(109.3 MHz, CDCl3) −1.9 and 17.3; dH(400 MHz, CDCl3) 4.82
(1 H, ddt, JHH 6.4 and 1.6, JPH 2.7, 4-H), 5.35 (1 H, tddd, JHH


2.7, 1.6 and 1.6, JPH 1.4, 1-H), 6.46 (1 H, dddd, JHH 6.4 and 1.6,


JPH 6.6 and 3.2, 5-H); dC(100.63 MHz, CDCl3) 80.0 (d, JPC 199,
C-1), 100.3 (d, JPC 17.5, C-3), 107.1 (dd, JPC 10.2 and 9.8, C-
4), 137.7 (dd, JPC 5.3 and 5.1, C-5), 137.7 (d, JPC 4, C-1′), 215.7
(d, JPC 3, C-2); m/z (ESI) 389.0912 (M + H+. C16H23O7P2 requires
389.0919).21


Dimethyl 4-benzyl-5-(dimethoxyphosphorylmethyl)furan-2-yl-
phosphonate 25 was isolated as a pale yellow oil; dP(109.3 MHz,
CDCl3) 7.6, (d, JPP 4) and 25.1 (d, JPP 4); dH(400 MHz, CDCl3)
3.26 (2 H, d, JPH 21, PCH2); dC(100.63 MHz, CDCl3) 25.0 (d, JPC


143, PCH2), 141.6 (dd, JPC 245 and 4, C-2); m/z (EI) 388.0836
(M+. C16H22O7P2 requires, 388.0841).21


Reaction of (Z)-3-benzyl-5-oxo-pent-3-en-1-ynylphosphonate 20c
with trimethyl phosphite without the rigorous exclusion of moisture


Trimethyl phosphite (0.09 g, 0.72 mmol) was added to a solution
of dimethyl (Z)-3-benzyl-5-oxo-pent-3-en-1-ynylphosphonate 20c
(0.20 g, 0.72 mmol) in toluene (4 cm3) at −78 ◦C and the mixture
then allowed to warm to room temperature and monitored by
NMR spectroscopy. This showed the gradual formation of the
bisphosphonate 25. A sample of this was isolated by chromatog-
raphy and shown to be the same as the sample of 25 prepared and
characterised earlier.


Reaction of dimethyl 5-methylfuran-2-carbonylphosphonate 1d
with trimethyl phosphite


Trimethyl phosphite (6.2 g, 50 mmol) was added to a stirred
sample of the phosphonate 1d (4.36 g, 20 mmol) cooled to −78 ◦C
under an atmosphere of dry nitrogen. The mixture was then
allowed to warm to room temperature and the progress of the
reaction monitored by 31P NMR spectroscopy. When the reaction
of 1d was complete, the volatile components were removed under
reduced pressure (40 ◦C at 0.005 mmHg) to give a residue, which
contained the ylidic phosphonate 5d [dP 53.0 ppm (d, JPP 94) and
29.3 ppm (d, JPP 94)] (ca. 88%), together with its decomposition
products 6d (ca. 8%) and 7d (ca. 2%), and the ketone 20d (ca. 2%).
After decomposing the ylidic phosphonate 5d by the addition
of water, the products in the residue were isolated by column
chromatography on silica gel using petroleum ether (bp 40–60 ◦C)–
ethyl acetate mixtures as the eluent.


Dimethyl 5-oxo-hex-3-en-1-ynylphosphonate was isolated as a
mixture of the E and Z isomers 20d and 22d (60 : 40) as a yellow
oil; m/z (ESI) 203 (M + H+. C8H12O4P requires 203).


(Z)-Isomer 20d dP(109.3 MHz, CDCl3) −3.8; dH(400 MHz,
CDCl3) 2.34 (3 H, s, Me), 3.80 (6 H, d, JPH 12.2, POMe), 6.07
(1 H, dd, JHH 12, JPH 4.4, 3-H) and 6.54 (1 H, dd, JHH 12, JPH


1.2, 4-H); dC(100.63 MHz, CDCl3) 30.5 (Me), 53.9 (x2)(d, JPC 7,
POMe), 87.4 (d, JPC 296, C-1), 95.6 (d, JPC 51, C-2), 116.3 (d, JPC


6, C-3), 142.5 (d, JPC 3, C-4) and 195.9 (C-5);
(E)-Isomer 22d dP(109.3 MHz, CDCl3) −4.0; dH(400 MHz,


CDCl3) 2.25 (3 H, s, Me), 3.77 (6 H, d, JPH 12.2, POMe), 6.55
(1 H, dd, JHH 16.3, JPH 3.7, 3-H) and 6.68 (1 H, dd, JHH 16.3, JPH


1.0, 4-H); dC(100.63 MHz, CDCl3) 31.1 (Me), 53.8 (x2)(d, JPC 7,
POMe), 85.5 (d, JPC 297, C-1), 95.7 (d, JPC 52, C-2), 119.47 (d, JPC


7, C-3), 142.0 (d, JPC 3, C-4) and 195.9 (C-5); mmax(CH2Cl2)/cm−1


1716 C=O, 1257 P=O, 1039 P–O.
Dimethyl 5-methylfuran-2-ylmethylphosphonate 7d, from the


hydrolysis of 5d, was isolated as a colourless oil; dP(109.3 MHz,
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CDCl3) 26.7; dH(400 MHz, CDCl3) 2.26 (3 H, d, JPH 2, Me), 3.21
(2 H, d, JPH 20.8, CH2); dC(100.63 MHz, CDCl3) 25.7 (d, JPC


144, CH2); m/z (ESI) 227.0424 (M + Na+. C8H13O4PNa requires
227.0449).21


Tetramethyl 5-methylfuran-2-ylmethane-1,1-bisphosphonate 6d
was isolated as a pale yellow oil; dP(109.3 MHz, CDCl3) 19.0;
dH(400 MHz, CDCl3) 4.04 (1 H, t, JPH 25.2, a-CH); dC(100.63 MHz,
CDCl3) 37.7 (t, JPC 136, a-CH); m/z (ESI) 335.0427 (M + Na+.
C10H18O7P2Na requires 335.0425).21


Reaction of dimethyl 5-phenylfuran-2-carbonylphosphonate 1e
with trimethyl phosphite


To a solution of 5-phenylfuran-2-carbonyl chloride (0.5 g,
2.4 mmol) in dry toluene (30 cm3), cooled to −78 ◦C under
an atmosphere of dry nitrogen, was added trimethyl phosphite
(1.0 g, 8 mmol). The mixture was then allowed to warm to
room temperature and the progress of the reaction monitored
by 31P NMR spectroscopy. This showed the initial formation
of the aroylphosphonate 1e [dP (CDCl3–PhMe) 0.4 ppm] which
then reacted further. When the reaction was complete (ca. 12 h)
volatile components were removed under reduced pressure (40 ◦C
at 0.005 mmHg) and the residue analysed by NMR spectroscopy.
This showed the aroylphosphonate 1e had been converted into the
ylidic phosphonate 5e [dP (CDCl3–PhMe) 53.9 (d, JPP 84) and 27.9
(d, JPP 84)] (ca. 60%), some of which had decomposed to give the
bisphosphonate 6e [dP 19.0 ppm] (ca. 40%). Decomposition the
remaining ylide 5e resulted in the formation of more bisphospho-
nate 6e together with a limited quantity of the monophosphonate
7e. Samples of these hydrolysis products were isolated by column
chromatography on silica gel using petroleum ether (bp 40–60 ◦C)–
ethyl acetate mixtures as the eluent.


Dimethyl 5-phenylfuran-2-ylmethylphosphonate 7e was isolated
as a pale yellow oil; dP(109.3 MHz, CDCl3) 26.1; dH(400 MHz,
CDCl3) 3.33 (2 H, d, JPH 21, CH2); dC(100.63 MHz, CDCl3) 26.1
(d, JPC 144, CH2); m/z (ESI) 267 (M + H+. C13H16O4P requires
267).21


Tetramethyl 5-phenylfuran-2-ylmethane-1,1-bisphosphonate 6e
was isolated as a pale yellow oil; dP(109.3 MHz, CDCl3) 18.8;
dH(400 MHz, CDCl3) 4.16 (1 H, t, JPH 25.5, a-CH); dC(100.63 MHz,
CDCl3) 38.9 (t, JPC 136, a-CH); m/z (ESI) 397.0564 (M + Na +.
C15H20O7P2Na requires 397.0582).21


Reaction of dimethyl 1-methylpyrrole-2-carbonylphosphonate 1f
with trimethyl phosphite


A solution of trimethyl phosphite (0.57 g, 4.6 mmol) and the
phosphonate 1f (0.5 g, 2.3 mmol) in dry toluene (20 cm3)
was heated at 60 ◦C for 48 h under an atmosphere of dry
nitrogen. Volatile components were then removed in vacuo (50 ◦C
at 0.005 mmHg) to give a residue that was shown by NMR
spectroscopy to contain the ylidic phosphonate 5f [dP 52.6 (d, JPP


116) and 30.1 (d, JPP 116)] together with one of its decomposition
products, the bisphosphonate 6f. The ylidic phosphonate was
decomposed by the addition of water and samples of the resulting
products isolated by column chromatography on silica gel using
ethyl acetate–methanol mixtures as the eluent.


Dimethyl 1-methylpyrrol-2-ylmethylphosphonate 7f (0.15 g), gen-
erated after the addition of the water, was isolated as a colourless
oil; dP(109.3 MHz, CDCl3) 27.4; dH(400 MHz, CDCl3) 3.12 (2 H,


d, JPH 20, CH2); dC(100.63 MHz, CDCl3) 24.1 (d, JPC 144, CH2);
m/z (ESI) 204.0779 (M + H+. C8H15NO3P requires 204.0789).21


Tetramethyl 1-methylpyrrol-2-ylmethane-1,1-bisphosphonate 6f
(0.22 g) was isolated as a pale yellow oil; dP(109.3 MHz, CDCl3)
20.0; dH(270 MHz, CDCl3) 3.72 (1 H, br t, JPH 25, a-CH);
dC(100.63 MHz, CDCl3) 36.1 (t, JPC 133, a-CH); m/z (ESI)
334.0579 (M + Na+. C10H19NO6P2Na requires 334.0585).21


Reaction of dimethyl 1-phenylpyrrole-2-carbonylphosphonate 1g
with trimethyl phosphite


A solution of trimethyl phosphite (1.90 g, 15 mmol) and the
phosphonate 1g (2.22 g, 7.95 mmol) in dry toluene (10 cm3) was
heated at 100 ◦C for 6 h under an atmosphere of dry nitrogen. 31P
NMR spectroscopy showed that ca. 50% of the starting materials
had reacted and that the reaction had proceeded cleanly to give
the ylidic phosphonate 5g [dP 51.8 (d, JPP 109) and 28.5 ppm (d, JPP


109)] and some of its hydrolysis product 6g [dP 20.1]. The mixture
was subjected to column chromatography on silica gel using ethyl
acetate–methanol mixtures as the eluent.


The unreacted dimethyl 1-phenylpyrrole-2-carbonylphospho-
nate 1g was isolated as a pale yellow oil.


Tetramethyl 1-phenylpyrrol-2-ylmethane-1,1-bisphosphonate 6g
was isolated as a pale yellow oil; dP(109.3 MHz, CDCl3) 20.1;
dH(400 MHz, CDCl3) 3.87 (1 H, t, JPH 25.7, a-CH); dC(100.63 MHz,
CDCl3) 35.9 (t, JPC 139, a-CH); m/z (ESI) 396.0735 (M + Na+.
C15H21NO6P2Na requires 396.0741).21


Reaction of dimethyl thiophene-3-carbonylphosphonate 2a with
trimethyl phosphite


Trimethyl phosphite (2.34 g, 19.0 mmol) was added dropwise to
phosphonate 2a (2 g, 9 mmol) at room temperature with stirring.
The mixture was then heated at 100 ◦C under an atmosphere
of dry nitrogen and the progress of the reaction monitored by 31P
NMR spectroscopy. This showed the initial formation of the ylidic
phosphonate 14a [dP 55.5 and 30.0 ppm (d, JPP 90)] together with
small quantity of the phosphate-phosphonate 18a. After 12 h,
the reaction was complete and the ylide had largely decomposed
(>90%) to give either the rearrangement product 15a (75%) or the
hydrolysis product 16a (15%). Decomposition of the remaining
ylide by the addition of water led to the formation of both the
bisphosphonate 16a and the monophosphonate 17a. Samples of
the major reaction products were isolated by chromatography on
silica gel using ethyl acetate–methanol mixtures as the eluent.


Dimethyl thiophen-3-ylmethylphosphonate 17a was isolated as a
pale yellow oil; dP(109.3 MHz, CDCl3) 28.8; dH(400 MHz, CDCl3)
3.22 (2 H, d, JPH 20.9, CH2); dC(100.63 MHz, CDCl3) 27.3 (d,
JPC 141, a-CH2); m/z (ESI) 229.0059 (M + Na+. C7H11O3PSNa
requires 229.0064).21


Dimethyl 1-(dimethoxyphosphoryloxy)-1-(thiophen-3-yl)me-
thylphosphonate 18a was isolated as a pale yellow oil;
dP(109.3 MHz, CDCl3) 2.0 (d, JPP 32), 19.2 (d, JPP 32);
dH(400 MHz, CDCl3) 5.72 (1 H, dd, JPH 10 and 13, a-CH);
dC(100.63 MHz, CDCl3) 70.4 (dd, JPC 176 and 7, a-CH); m/z
(ESI) 352.9981 (M + Na+. C9H16O7P2SNa requires 352.9989).21


Tetramethyl thiophen-3-ylmethane-1,1-bisphosphonate 16a was
isolated as a pale yellow oil; dP(109.3 MHz, CDCl3) 20.8;
dH(400 MHz, CDCl3) 4.02 (1 H, t, JPH 24.7, a-CH); dC(100.63 MHz,
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CDCl3) 40.1 (t, JPC 134, a-CH); m/z (EI) 314.0143 (M+.
C9H16O6P2S requires 314.0143).21


Tetramethyl 1-(thiophen-3-yl)ethane-1,1-bisphosphonate 15a
was isolated as a pale yellow oil; dP(109.3 MHz, CDCl3) 24.7;
dH(270 MHz, CDCl3) 1.86 (3 H, t, JPH 16, Me); dC(67.9 MHz,
CDCl3) 18.0 (t, JPC 6, Me), 44.3 (t, JPC 140, a-C); m/z (EI) 328.0299
(M+. C10H18O6P2S requires 328.0299).21


Reaction of dimethyl furan-3-carbonylphosphonate 2b with
trimethyl phosphite


A solution of trimethyl phosphite (2.38 g, 19 mmol) and the
phosphonate 2b (1.90 g, 9.3 mmol) in dry toluene (30 cm3) was
heated at 100 ◦C for 12 h under an atmosphere of dry nitrogen.
Volatile components were then removed in vacuo (50 ◦C at
0.005 mmHg). 31P NMR spectroscopy showed the major products
to be the ylidic phosphonate 14b [dP(CDCl3) 53.6 ppm (d, JPP


92) and 31.8 ppm (d, JPP 92)] (ca. 45%) and its decomposition
products 15b (ca. 12%) and 16b (ca. 22%). A small quantity
of the phosphate-phosphonate 18b (ca. 10%) had also been
formed. After decomposing the ylide 14b by the addition of
water, the reaction products were isolated by column chromatog-
raphy on silica gel using ethyl acetate–methanol mixtures as the
eluent.


Dimethyl 1-(dimethoxyphosphoryloxy)-1-(furan-3-yl)methyl-
phosphonate 18b was isolated as a pale yellow oil; dP(109.3 MHz,
CDCl3) 1.7 (d, JPP 33) and 19.3 (d, JPP 33); dH(400 MHz, CDCl3)
5.62 (1 H, dd, JPH 13 and 10, a-CH); dC(100.63 MHz, CDCl3)
67.0 (dd, JPC 180 and 6, a-CH); m/z (ESI) 337.0217 (M + Na+.
C9H16O8P2Na requires 337.0218).21


Tetramethyl furan-3-ylmethane-1,1-bisphosphonate 16b was iso-
lated as a viscous pale yellow oil (found: C, 36.5; H, 5.4%.
C9H16O7P2 requires C, 36.25; H, 5.41%); dP(109.3 MHz, CDCl3)
21.2; dH(400 MHz, CDCl3) 3.77 (1 H, t, JPH ∼24,23 a-CH);
dC(100.63 MHz, CDCl3) 34.9 (t, JPC 136, a-CH); m/z (ESI)
321.0263 (M + Na+. C9H16O7P2Na requires 321.0269).21


Tetramethyl 1-(furan-3-yl)ethane-1,1-bisphosphonate 15b was
isolated as a viscous pale yellow oil; dP(109.3 MHz, CDCl3) 24.6;
dH(270 MHz, CDCl3) 1.73 (3 H, t, JPH 16, Me); dC(69.7 MHz,
CDCl3) 16.2 (t, JPC 6, Me), 39.4 (t, JPC 136, a-C); m/z (EI) 312
(M +. C10H18O7P2 requires 312).21


Reaction of dimethyl 2-(prop-2-ynyloxymethyl)furan-3-
carbonylphosphonate 2c with trimethyl phosphite


To a solution of the phosphonate 2c (3.0 g, 11 mmol) in
dry toluene (30 cm3) was added trimethyl phosphite (2.72 g,
22 mmol) and the mixture heated at 100 ◦C for 12 h under
an atmosphere of dry nitrogen. Volatile components were then
removed under reduced pressure (40 ◦C at 0.005 mmHg) and
the residue analysed by 31P NMR spectroscopy. This showed the
formation of the ylidic phosphonate 14c [dP(CDCl3) 52.1 ppm
(d, JPP 98) and 30.6 ppm (d, JPP 98)] together with some of
its hydrolysis product 16c. A small quantity of the phosphate-
phosphonate 18c [dP(CDCl3) 19.3 ppm (d, JPP 34) and 1.9 ppm
(d, JPP 34)] had also been formed. Column chromatography on
silica gel using ethyl acetate–methanol mixtures as the eluent
enabled a sample of tetramethyl 2-(prop-2-ynyloxymethyl)furan-


3-ylmethane-1,1-bisphosphonate 16c to be isolated as a pale yellow
oil; dP(109.3 MHz, CDCl3) 21.2; dH(400 MHz, CDCl3) 3.97 (1 H, t,
JPH 24.6, a-CH); dC(100.63 MHz, CDCl3) 34.9 (t, JPC 136, a-CH);
mmax(CH2Cl2)/cm−1 2957 cm−1 C≡C–H, 2853 cm−1 CH2OCH2,
1254 cm−1 P=O, 1031 cm−1 P–O; m/z (ESI) 389.0531 (M + Na+.
C13H20O8P2Na requires 389.0531).21


X-Ray crystallography


Further details are provided within the ESI.† CCDC reference
numbers 648419. For crystallographic data in CIF or other
electronic format, see DOI: 10.1039/b717130g
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A series of olefins including a,b-unsaturated ketones, cinnamates, cinnamides and styrenes have been
aminobrominated with good yields and excellent diastereoselectivities under mechanical milling
conditions, using TsNH2 and NBS as the nitrogen and bromine sources, promoted by
(diacetoxyiodo)benzene.


Introduction


Aminohalogenation of olefins is a powerful method for in-
stalling vicinal haloamino moieties, which are extremely versatile
building blocks because of their relevance to organic synthesis
by replacement of halogen with multifarious nucleophiles.1 A
number of synthetic strategies have been developed to fur-
nish this functionality since the discovery of the aminohalo-
genation reaction several decades ago. Various reagent sys-
tems such as N,N-dihalosulfonamides,2 N,N-dihalocarbamates,3


N-halocarbamates,4 cyanamide–NBS5 and S,S-dimethyl-N-(p-
toluenesulfonyl)sulfilimine–NBS6 have been developed to effect
this transformation of olefins. Corey and co-workers have il-
lustrated a versatile methodology for the aminobromination
of a broad scope of olefins involving N-bromoacetamide and
Lewis acid in acetonitrile.7 However, the preparation of vicinal
haloamine derivatives still confronts significant limitations such
as low yield, tedious procedure and using large quantities of heavy
metal salts.


Despite the fact that the resulting vicinal haloaminated car-
bonyl compounds are synthetically important intermediates, the
aminohalogenation of a,b-unsaturated ketones and esters was not
well tackled until very recently8 when various new systems for the
aminohalogenation of electron-deficient olefins were successfully
established by Li9,10 and others.11 A series of a,b-unsaturated
ketones,9g,10 esters9a–e and nitriles9j have been easily aminochlo-
rinated with good yields and excellent diastereoselectivities by
the use of several different nitrogen/chlorine sources such as 4-
TsNCl2,9a,c,e–h,j,k 2-NsNCl2,10 2-NsNNaCl,9d or the combination of
2-NsNCl2 and 2-NsNHNa9b,9i with9 or without10 metal catalysts.
We also disclosed a ball-milling12 aminochlorination process of
electron-deficient olefins with Chloramine-T13 promoted by 50
mol% of (diacetoxyiodo)benzene (PhI(OAc)2).14a Very recently, we
revealed the possibility of using water as a reaction medium in the
aminochlorination process promoted by Brønsted acids.14b


The aminobromination reactions of a large range of olefins
using the combination of p-tosylsulfonamide (TsNH2) and NBS
catalyzed by transition metals have been realized by Sudalai and
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co-workers.15 Huang and Fu also reported the aminobromination
of methylenecyclopropanes using TsNH2 and NBS as the nitrogen
and bromine sources, respectively.16 Very recently, Fan and co-
workers reported a highly efficient oxidative bromocyclization of
homoallylic sulfonamides utilizing KBr as the bromine source
induced by stoichiometric PhI(OAc)2 without a metal catalyst.17


Based on these excellent discoveries, we reasoned that it was
possible to perform the aminobromination of olefins with a
TsNH2–NBS system mediated by PhI(OAc)2. Herein we present
the metal-free aminobromination of olefins using TsNH2 and NBS
as the nitrogen and bromine sources under mechanical milling
conditions.


Results and discussion


In our initial study, we chose chalcone 1a as a model compound
to examine the feasibility of our hypothesis. The results are
summarized in Table 1. Much to our delight, bromoamine 2a was
obtained in fairly good yield (63%) and high diastereoselectivity
(91 : 9 anti : syn) accompanied by dibrominated product 3 in
25% yield by simply mixing the reactants with 25 mol% of
PhI(OAc)2 in a ball mill (entry 1).18 This result indicated that
PhI(OAc)2 could be used in a catalytic amount in our system.
We can conclude that PhI(OAc)2 acted as more than an oxidant
here. Then, the Lewis acids employed in Sudalai’s procedure were
examined.15 Surprisingly, CuI failed to give any bromoamine
2a. Instead, dibrominated product 3 was isolated in 57% yield
(entry 2). MnSO4·H2O only furnished 2a in 7% isolated yield
along with 20% yield of 3 (entry 3). Other Lewis acids such
as FeCl3·6H2O and InCl3·4H2O were also screened, however,
only dibromination reaction was observed (entries 4–5). The side
reaction was obviously suppressed to give the desired product in
high yield when the PhI(OAc)2 loading was increased to 50 mol%,
affording 2a in 75% yield along with 10% yield of 3 (entry 6). The
dibromination reaction was totally invisible by further increasing
PhI(OAc)2 loading to 75 mol%, giving bromoamine 2a in 83%
yield (entry 7). Decreasing the loading of either TsNH2 or NBS
was harmful to the reaction yield, yet high diastereoselectivity was
observed (entries 8–9).


With the optimized conditions in hand, we next investigated
the substrate generality of the reaction. The results are shown in
Table 2. Reactions of various chalcones bearing either electron-
donating groups or electron-withdrawing groups on the phenyl
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Table 1 Aminobromination of chalcone 1a with various additives under mechanical milling conditions


Yield (%)b


Entry Additive Additive loading 2a 3 Dr (anti : syn) of 2ac


1 PhI(OAc)2 25 mol% 63 25 91 : 9
2 CuI 25 mol% 0 57 —
3 MnSO4·H2O 25 mol% 7 20 92 : 8
4 FeCl3·6H2O 25 mol% 0 38 —
5 InCl3·4H2O 25 mol% 0 62 —
6 PhI(OAc)2 50 mol% 75 10 92 : 8
7 PhI(OAc)2 75 mol% 83 trace 92 : 8
8d PhI(OAc)2 75 mol% 69 trace 92 : 8
9e PhI(OAc)2 75 mol% 67 11 92 : 8


a Unless otherwise specified, all reactions were performed with chalcone 1a (0.1 mmol), TsNH2 (0.2 mmol), NBS (0.15 mmol) and a given amount of
additives. b Isolated yields by flash column chromatography. c Determined by the analysis of 1H NMR. d 0.1 mmol of NBS was employed. e 0.15 mmol of
TsNH2 was employed.


Table 2 Aminobromination of electron-deficient olefins promoted by PhI(OAc)2 under mechanical milling conditionsa


Entry R1 R2 Products Time (h) Yield (%)b Dr (anti : syn)c


1 C6H5 C6H5 2a 1.5 83 92 : 8
2 4-CH3–C6H4 C6H5 2b 1.5 61 92 : 8
3 4-Cl–C6H4 C6H5 2c 1.5 73 94 : 6
4 2-Cl–C6H4 C6H5 2d 1.5 79 94 : 6
5d 3,4-Cl2–C6H3 C6H5 2e 1.5 76 93 : 7
6e 4-NO2–C6H4 C6H5 2f 3.0 73 95 : 5
7 C6H5 4-Cl–C6H4 2g 1.5 76 96 : 4
8d 4-Cl–C6H4 4-Cl–C6H4 2h 1.5 71 94 : 6
9 C6H5 4-CH3O–C6H4 2i 1.5 83 92 : 8


10 4-Cl–C6H4 4-CH3O–C6H4 2j 1.5 81 92 : 8
11 C6H5 CH3 2k 1.5 70 92 : 8
12 C6H5 OCH3 2l 1.5 66 91 : 9
13 4-Cl–C6H4 OCH3 2m 1.5 52 91 : 9
14 4-Cl–C6H4 OEt 2n 1.5 57 89 : 11
15 C6H5 N(C2H5)2 2o 1.5 69 >99 : 1
16 4-Cl–C6H4 N(C2H5)2 2p 1.5 48 >99 : 1
17 Et Ph 2q 3.0 0 —
18 iBu Me 2r 3.0 0 —


a Unless otherwise specified, all reactions were performed with olefin (0.1 mmol), TsNH2 (0.2 mmol), NBS (0.15 mmol) and PhI(OAc)2 (0.075 mmol).
b Isolated yields by flash column chromatography. c Determined by the analysis of 1H NMR. d 0.1 mmol of PhI(OAc)2 was employed. e 0.4 mmol of
TsNH2, 0.3 mmol of NBS, and 0.15 mmol of PhI(OAc)2 were employed.


rings afforded the corresponding vicinal bromoamines in good
yields (up to 83%) and excellent diastereoselectivities (up to 96 : 4
anti : syn, entries 1–10). However, it was obvious that the electron-
donating group on the phenyl ring attached to the double bond of
the chalcone reduced the yield (entry 2). We were pleased to find
that the yield of the bromoaminoketone decreased only slightly
when the R2 group of the enones was an alkyl substituent, along
with good diastereoselectivity (entry 11).


Our methodology could be applied to the aminobromination
of a,b-unsaturated esters and amides. Cinnamates 1l–n and
cinnamides 1o–p were employed as the selected examples to


show the scope. All of them were successfully aminobrominated
with moderate to good yields and excellent diastereoselectivities
(entries 12–16). However, we were cornered by the inextricable
failure in the aminobromination of enones where R1 was an alkyl
group (entries 17–18). This limitation could also be found in
our previously reported methodology for the aminochlorination
of olefins14 that may be ascribed to the electronic factor of the
substrates.


When chalcone 4, with a strong electron-donating group
substituted on the phenyl ring of the double bond, was employed
in the reaction, a reversed regioselectivity was observed.15 Vicinal
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bromoamine 5 was isolated with 77% yield exclusively in the anti-
configuration (Scheme 1).


Scheme 1 Reversed regioselectivity of the aminobromination reaction.


Simple olefins were also examined in our reaction system. Much
to our pleasure, the aminobrominated product of styrene could be
obtained in 59% total yield, and existed as two regioisomers with a
ratio of 2.6 : 1, while 4-chlorostyrene gave a slightly reduced yield
and isomer ratio (Scheme 2).


Scheme 2 Aminobromination of styrenes promoted by PhI(OAc)2.


Extension to other sulfonamides was explored, and the results
are listed in Table 3. The substituted group on the phenyl ring of
the sulfonamides notably influenced the reaction (entries 1–2 vs.
entry 3). An electron-withdrawing group could reduce the yield
dramatically, only giving 10b in 37% yield (entry 3). However,
the alkyl sulfonamide 9c reacted smoothly, affording 10c with a
slightly decreased yield and diastereoselectivity (entry 4).


Although the role of PhI(OAc)2 and the exact mechanism
of the reaction are not quite clear right now, a tentative
pathway (Scheme 3) is proposed according to experimental
results. NBS could react with TsNH2 to generate N-bromo-p-
toluenesulfonamide (TsNHBr, 11).19 Then, TsNHBr was oxidized
by PhI(OAc)2 to yield N-acetoxy-N-bromo-p-toluenesulfonamide
12 by releasing acetic acid and iodobenzene.14a Compound 12 was
then attacked by olefin 1 to generate aziridinium intermediate
13 and bromide anion. Aziridinium cation 13 was immediately
attacked by the nearby bromide anion via an SN2 pathway to
produce intermediate 14 in high regio- and diastereoselectivity.9,14


Table 3 Aminobromination of chalcone 1a with various sulfonamidesa


Entry R Products Yield (%)b Dr (anti : syn)c


1 4-CH3–C6H4 2a 83 92 : 8
2 C6H5 10a 85 92 : 8
3 4-NO2–C6H4 10b 37 89 : 11
4 CH3 10c 69 89 : 11


a All reactions were performed with chalcone 1a (0.1 mmol), sulfonamide
(0.2 mmol), NBS (0.15 mmol) and PhI(OAc)2 (0.075 mmol). b Isolated
yields by flash column chromatography. c Determined by the analysis of
1H NMR spectra.


Scheme 3 Possible pathway of the aminobromination process.


Finally, 14 reacted with TsNHBr 11 to furnish the final product 2
and regenerate 12. The excellent regio- and diastereoselectivity
sufficiently supported this process. A bridged bromonium ion
mechanism can be excluded because a reversed regiostereoselectiv-
ity should be observed by attacking the bromonium intermediate
with the nitrogen nucleophile.


Conclusion


In summary, we have demonstrated the aminobromination re-
action of olefins with TsNH2 and NBS as the nitrogen and
bromine sources mediated by PhI(OAc)2 under mechanical milling
conditions. This metal-free and solvent-free methodology was
broadly applicable for the aminobromination of various olefins
including a,b-unsaturated ketones, cinnamates, cinnamides and
styrenes in reasonable yields. PhI(OAc)2 exhibited a unique
accelerating property here compared with metal salts, and was
used in substoichiometric loading, while its role remains for further
exploration.


Experimental


General


Reagents and solvents were obtained from commercial sources
and were used without further purification. Solvent composi-
tions reported for all chromatographic seperations are on a
volume/volume (v/v) basis. All melting points were reported
uncorrected. Infrared spectra were recorded in KBr pellets and
reported in cm−1. 1H NMR spectra were recorded at 300 MHz
and are reported in parts per million (ppm) on the d scale relative
to tetramethylsilane (d 0.00) as an internal standard. 13C NMR
spectra were recorded at 75 MHz and are reported in parts per
million (ppm) on the d scale relative to CDCl3 (d 77.0), High-
resolution mass spectra (HRMS) were recorded in EI mode.
Analytical TLC and column chromatography were performed on
silica gel GF254, and silica gel H60, respectively.


General procedure for the aminobromination of olefins 1a–p, 4,
6a and 6b in a ball mill. To a mixture of olefin 1a (1b–p, 4, 6a and
6b, 0.1 mmol), TsNH2 (34.2 mg, 0.2 mmol) and NBS (26.7 mg,
0.15 mmol) in a stainless steel jar (5 mL) was added PhI(OAc)2


(24.2 mg, 0.075 mmol). The same mixture was introduced into
another parallel jar. The two reaction vessels were closed and
fixed on the vibration arms of MM200 (Retsch GmbH, Haan,
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Germany) and were milled vigorously (30 Hz) at room temperature
for the indicated time. The resulting mixture was extracted with
ethyl acetate twice (10 mL × 2). The solvent was evaporated to
dryness in vacuo. The residue was separated on a silica gel column
with petroleum ether–ethyl acetate 7 : 1 as the eluent to get the
desired product 2a (2b–p, 5, 7a–b and 8a–b).


Replacing TsNH2 with 9a–c, the same procedure afforded
products 10a–c respectively.


The identities of known compounds 2a, 2c, 2l, 2n, 5, 7a and
8a were confirmed by comparison of their spectral data with
the reported ones.15 Physical and spectroscopic data of the newly
synthesized compounds are given below.


3-Bromo-3-(4-methylphenyl)-1-phenyl-2-(tosylamino)propan-1-
one (2b). White solid, mp = 172–174 ◦C. IR (KBr) m 3234, 2925,
1683, 1595, 1449, 1433, 1332, 1158, 1092, 914, 808, 681, 552,
512 cm−1; 1H NMR (300 MHz, CDCl3) d 7.80 (d, J = 8.1 Hz,
2H), 7.60 (t, J = 7.5 Hz, 1H), 7.48–7.41 (m, 4H), 7.14 (d, J =
8.1 Hz, 2H), 7.05–7.00 (m, 4H), 5.53–5.48 (m, 2H), 5.08 (d, J =
5.7 Hz, 1H), 2.31 (s, 3H), 2.27 (s, 3H); 13C NMR (75 MHz, CDCl3,
all 1C unless indicated) d 196.7, 143.6, 139.1, 136.9, 135.3, 134.2,
133.6, 129.5 (2C), 129.4 (2C), 129.0 (2C), 128.8 (2C), 128.5 (2C),
127.2 (2C), 61.0, 51.6, 21.5, 21.3; HRMS (EI–TOF): m/z [M+ −
HBr] calcd for C23H21NO3S, 391.1242; found, 391.1241.


3-Bromo-3-(2-chlorophenyl)-1-phenyl-2-(tosylamino)propan-1-
one (2d). White solid, mp = 139–141 ◦C. IR (KBr) m 3234,
2926, 1686, 1595, 1448, 1333, 1158, 1069, 914, 814, 766, 685, 569,
552 cm−1; 1H NMR (300 MHz, CDCl3) d 7.75 (d, J = 7.2 Hz, 2H),
7.55 (t, J = 7.5 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H), 7.38 (t, J =
7.8 Hz, 2H), 7.28–7.26 (m, 1H), 7.18–7.14 (m, 2H), 6.98 (d, J =
7.8 Hz, 2H), 5.63–5.58 (m, 3H), 2.25 (s, 3H); 13C NMR (75 MHz,
CDCl3, all 1C unless indicated) d 196.6, 143.7, 136.7, 135.5, 134.3,
134.2, 133.4, 131.4, 130.1, 129.7, 129.5 (2C), 128.9 (2C), 128.6
(2C), 127.4, 127.2 (2C), 60.5, 47.4, 21.5; HRMS (EI–TOF): m/z
[M+ − HBr] calcd for C22H18NO3S35Cl, 411.0696; found, 411.0703.


3-Bromo-3-(3,4-dichlorophenyl)-1-phenyl-2-(tosylamino)propan-
1-one (2e). White solid, mp = 155–157 ◦C. IR (KBr) m 3174,
2924, 1671, 1595, 1449, 1335, 1250, 1160, 1083, 972, 913, 812,
791, 672, 659, 570, 545 cm−1; 1H NMR (300 MHz, CDCl3) d 7.95
(d, J = 8.7 Hz, 2H), 7.70 (t, J = 7.5 Hz, 1H), 7.57–7.47 (m, 4H),
7.31–7.25 (m, 2H), 7.12 (dd, J = 8.1, 1.8 Hz, 1H), 7.04 (d, J =
8.1 Hz, 2H), 5.56 (d, J = 9.6 Hz, 1H), 5.44 (dd, J = 9.6, 8.4 Hz,
1H), 4.94 (d, J = 8.4 Hz, 1H), 2.31 (s, 3H); 13C NMR (75 MHz,
CDCl3, all 1C unless indicated) d 197.1, 143.9, 137.3, 136.7,
135.3, 134.6, 133.3, 132.7, 130.7, 130.5, 129.5 (2C), 129.2 (2C),
128.9 (2C), 128.0, 126.8 (2C), 60.1, 49.3, 21.6; HRMS (EI–TOF):
m/z [M+ − HBr] calcd for C22H17NO3S35Cl2, 445.0306; found,
445.0302.


3-Bromo-3-(4-nitrophenyl)-1-phenyl-2-(tosylamino)propan-1-
one (2f). White solid, mp = 159–161 ◦C. IR (KBr) m 3256, 2925,
1683, 1526, 1349, 1161, 1073, 920, 806, 684, 553 cm−1; 1H NMR
(300 MHz, CDCl3) d 8.06 (d, J = 8.7 Hz, 2H), 7.85 (d, J = 8.4 Hz,
2H), 7.64 (t, J = 7.5 Hz, 1H), 7.50–7.41 (m, 6H), 6.98 (d, J =
7.5 Hz, 2H), 5.53–5.47 (m, 2H), 5.08 (d, J = 7.2 Hz, 1H), 2.26
(s, 3H); 13C NMR (75 MHz, CDCl3, all 1C unless indicated) d
196.7, 148.0, 144.1, 143.9, 136.7, 135.1, 134.7, 129.8 (2C), 129.6
(2C), 129.2 (2C), 129.0 (2C), 127.0 (2C), 123.8 (2C), 60.2, 49.2,


21.4; HRMS (EI–TOF): m/z [M+ − HBr] calcd for C22H18N2O5S,
422.0936; found, 422.0939.


3-Bromo-1-(4-chlorophenyl)-3-phenyl-2-(tosylamino)propan-1-
one (2g). White solid, mp = 123–125 ◦C. IR (KBr) m 3234, 2923,
1683, 1589, 1333, 1156, 1090, 846, 810, 698, 672, 551 cm−1; 1H
NMR (300 MHz, CDCl3) d 7.72 (d, J = 8.4 Hz, 2H), 7.43 (d, J =
8.4 Hz, 2H), 7.39 (d, J = 8.7 Hz, 2H), 7.28–7.21 (m, 5H), 7.02
(d, J = 8.1 Hz, 2H), 5.46–5.42 (m, 2H), 5.06 (d, J = 6.9 Hz,
1H), 2.28 (s, 3H); 13C NMR (75 MHz, CDCl3, all 1C unless
indicated) d 195.9, 143.9, 141.0, 136.7, 136.6, 133.8, 130.4 (2C),
129.6 (2C), 129.2, 129.1 (2C), 128.8 (2C), 128.7 (2C), 127.2 (2C),
60.5, 51.7, 21.5; HRMS (EI–TOF): m/z [M+ − HBr] calcd for
C22H18NO3S35Cl, 411.0696; found, 411.0698.


3-Bromo-1,3-bis(4-chlorophenyl)-2-(tosylamino)propan-1-one
(2h). White solid, mp = 156–158 ◦C. IR (KBr) m 3222, 2924,
1684, 1588, 1492, 1335, 1162, 1091, 832, 808, 796, 676, 553 cm−1;
1H NMR (300 MHz, CDCl3) d 7.82 (d, J = 8.4 Hz, 2H), 7.43 (d,
J = 9.0 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 7.20 (d, J = 9.0 Hz, 2H),
7.16 (d, J = 9.0 Hz, 2H), 7.03 (d, J = 8.1 Hz, 2H), 5.47–5.36 (m,
2H), 4.96 (d, J = 8.4 Hz, 1H), 2.32 (s, 3H); 13C NMR (75 MHz,
CDCl3, all 1C unless indicated) d 196.3, 144.0, 141.2, 136.7, 135.4,
135.2, 133.8, 130.5 (2C), 130.0 (2C), 129.6 (2C), 129.2 (2C), 128.9
(2C), 127.0 (2C), 60.1, 50.2, 21.6; HRMS (EI–TOF): m/z [M+ −
HBr] calcd for C22H17NO3S35Cl2, 445.0306; found, 445.0314.


3-Bromo-1-(4-methoxyphenyl)-3-phenyl-2-(tosylamino)propan-
1-one (2i). White solid, mp = 142–144 ◦C. IR (KBr) m 3252, 2920,
1653, 1599, 1571, 1250, 1164, 1088, 844, 812, 663, 549, 524 cm−1;
1H NMR (300 MHz, CDCl3) d 7.77 (d, J = 9.0 Hz, 2H), 7.46 (d,
J = 8.1 Hz, 2H), 7.30–7.24 (m, 5H), 7.01 (d, J = 8.1 Hz, 2H), 6.90
(d, J = 9.0 Hz, 2H), 5.46–5.45 (m, 2H), 5.11–5.09 (m, 1H), 3.90
(s, 3H), 2.27 (s, 3H); 13C NMR (75 MHz, CDCl3, all 1C unless
indicated) d 194.5, 164.6, 143.6, 136.9, 136.7, 131.5 (2C), 129.5
(2C), 129.1, 128.7 (2C), 128.6 (2C), 128.2, 127.2 (2C), 114.1 (2C),
60.6, 55.8, 51.9, 21.5; HRMS (EI–TOF): m/z [M+ − HBr] calcd
for C23H21NO4S, 407.1191; found, 407.1186.


3-Bromo-3-(4-chlorophenyl)-1-(4-methoxyphenyl)-2-(tosylamino)-
propan-1-one (2j). White solid, mp = 143–145 ◦C. IR (KBr) m
3279, 2924, 1676, 1599, 1321, 1266, 1178, 1154, 1091, 815, 666,
609, 548, 534 cm−1; 1H NMR (300 MHz, CDCl3) d 7.83 (d, J =
8.7 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 7.21–7.15 (m, 4H), 7.03
(d, J = 8.1 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 5.50–5.39 (m, 2H),
5.02 (d, J = 7.5 Hz, 1H), 3.91 (s, 3H), 2.30 (s, 3H); 13C NMR
(75 MHz, CDCl3, all 1C unless indicated) d 194.8, 164.8, 143.7,
136.9, 135.6, 134.9, 131.6 (2C), 130.0 (2C), 129.5 (2C), 128.8
(2C), 128.2, 127.0 (2C), 114.2 (2C), 60.2, 55.8, 50.6, 21.5; HRMS
(EI–TOF): m/z [M+ − HBr] calcd for C23H20NO4S35Cl, 441.0802;
found, 441.0801.


4-Bromo-4-phenyl-3-(tosylamino)butan-2-one (2k). White solid,
mp = 123–125 ◦C. IR (KBr) m 3251, 1720, 1454, 1338, 1160, 1090,
882, 813, 765, 700, 665, 546 cm−1; 1H NMR (300 MHz, CDCl3) d
7.53 (d, J = 8.1 Hz, 2H), 7.27–7.20 (m, 7H), 5.26 (d, J = 8.4 Hz,
1H), 5.01 (d, J = 7.6 Hz, 1H), 4.46 (dd, J = 8.4, 7.6 Hz, 1H),
2.41 (s, 3H), 2.14 (s, 3H); 13C NMR (75 MHz, CDCl3, all 1C
unless indicated) d 204.7, 144.0, 136.5 (2C), 129.8 (2C), 129.1,
128.9 (2C), 128.3 (2C), 127.3 (2C), 65.7, 51.1, 30.2, 21.7; HRMS
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(EI–TOF): m/z [M+ − HBr] calcd for C17H17NO3S, 315.0929;
found, 315.0923.


3-Bromo-3-(4-chlorophenyl)-2-(tosylamino)propionic acid methyl
ester (2m). White solid, mp = 111–113 ◦C. IR (KBr) m 3246,
1725, 1435, 1337, 1162, 1092, 1015, 911, 814, 665, 551, 525 cm−1;
1H NMR (300 MHz, CDCl3) d 7.59 (d, J = 8.1 Hz, 2H), 7.31–7.22
(m, 6H), 5.17 (d, J = 9.9 Hz, 1H), 5.02 (d, J = 7.2 Hz, 1H), 4.44 (dd,
J = 9.9, 7.2 Hz, 1H), 3.56 (s, 3H), 2.43 (s, 3H); 13C NMR (75 MHz,
CDCl3, all 1C unless indicated) d 169.6, 144.1, 136.5, 135.2, 135.1,
129.7 (4C), 128.9 (2C), 127.3 (2C), 61.9, 52.9, 50.4, 21.7; HRMS
(EI–TOF): m/z [M+ − HBr] calcd for C17H16NO4S35Cl, 365.0489;
found, 365.0483.


3-Bromo-N ,N-diethyl-3-phenyl-2-(tosylamino)propionamide (2o).
White solid, mp = 185–187 ◦C. IR (KBr) m 3196, 1628, 1486, 1445,
1339, 1160, 1086, 922, 809, 668, 556 cm−1; 1H NMR (300 MHz,
CDCl3) d 7.42 (d, J = 8.4 Hz, 2H), 7.38–7.29 (m, 5H), 7.15 (d, J =
8.4 Hz, 2H), 5.65 (d, J = 9.6 Hz, 1H), 5.05 (d, J = 9.3 Hz, 1H),
4.96–4.90 (m, 1H), 3.54–3.42 (m, 3H), 3.25–3.18 (m, 1H), 2.42 (s,
3H), 1.28 (t, J = 7.2 Hz, 3H), 1.10 (t, J = 7.2 Hz, 3H); 13C NMR
(75 MHz, CDCl3, all 1C unless indicated) d 168.9, 143.1, 137.8,
137.7, 129.4 (2C), 128.8 (3C), 128.6 (2C), 126.9 (2C), 56.9, 52.8,
42.8, 40.9, 21.5, 14.0, 12.3; HRMS (EI–TOF): m/z [M+ − HBr]
calcd for C20H24N2O3S, 372.1508; found, 372.1504.


3-Bromo-3-(4-chlorophenyl)-N ,N-diethyl-2-(tosylamino)propion-
amide (2p). White solid, mp = 145–147 ◦C. IR (KBr) m 3134,
1626, 1463, 1330, 1158, 1092, 919, 811, 664, 544 cm−1; 1H NMR
(300 MHz, CDCl3) d 7.33 (d, J = 8.4 Hz, 2H), 7.20–7.09 (m,
6H), 5.69 (d, J = 9.3 Hz, 1H), 4.94 (d, J = 9.9 Hz, 1H), 4.84 (t,
J = 9.6 Hz, 1H), 3.58–3.44 (m, 3H), 3.25–3.18 (m, 1H), 2.40 (s,
3H), 1.27 (t, J = 7.2 Hz, 3H), 1.10 (t, J = 7.2 Hz, 3H); 13C NMR
(75 MHz, CDCl3, all 1C unless indicated) d 169.1, 143.3, 137.8,
136.5, 134.8, 130.1 (2C), 129.4 (2C), 128.7 (2C), 126.6 (2C), 57.2,
51.6, 43.0, 41.1, 21.6, 14.1, 12.4; HRMS (EI–TOF): m/z [M+ −
HBr] calcd for C20H23N2O3S35Cl, 406.1118; found, 406.1117.


1-Bromo-1-(4-chlorophenyl)-2-(tosylamino)ethane (7b) and 2-
bromo-1-(4-chlorophenyl)-1-(tosylamino)ethane (8b). 1H NMR
(300 MHz, CDCl3) d 7.71 (d, J = 8.4 Hz, 2H (7b)), 7.60 (d, J =
8.1 Hz, 2H (8b)), 7.34–7.05 (m, 6H (7b) + 6H (8b)), 5.20 (d, J =
6.0 Hz, 1H (8b)), 4.90 (t, J = 6.9 Hz, 1H (7b)), 4.81 (t, J = 6.3 Hz,
1H (7b)), 4.56 (dd, J = 12.0, 6.3 Hz, 1H (8b)), 3.57–3.50 (m, 2H
(7b) + 2H (8b)), 2.47 (s, 3H (7b)), 2.45 (s, 3H (8b)); 13C NMR
(75 MHz, CDCl3) d 144.0 (7b), 143.9 (8b), 136.9, 136.4, 135.0,
134.2, 130.0, 129.7, 129.2, 128.8, 128.3, 127.2, 127.1, 57.6, 51.4,
50.1, 36.3, 21.6; HRMS (EI–TOF): m/z [M+ − HBr] calcd for
C15H14NO2S35Cl, 307.0434; found, 307.0432.


2-(Benzenesulfonylamino)-3-bromo-1,3-diphenylpropan-1-one
(10a). White solid, mp = 121–123 ◦C. IR (KBr) m 3240, 3061,
1683, 1595, 1449, 1331, 1167, 1091, 1069, 908, 874, 803, 774, 753,
724, 683, 583, 561 cm−1; 1H NMR (300 MHz, CDCl3) d 7.79 (d,
J = 8.1 Hz, 2H), 7.62–7.57 (m, 3H), 7.47–7.34 (m, 3H), 7.27–
7.22 (m, 7H), 5.53–5.52 (m, 2H), 5.13 (d, J = 5.4 Hz, 1H); 13C
NMR (75 MHz, CDCl3, all 1C unless indicated) d 196.3, 139.7,
136.4, 135.2, 134.4, 132.8, 129.2, 129.0 (6C), 128.7 (2C), 128.6
(2C), 127.1 (2C), 61.0, 51.6; HRMS (EI–TOF): m/z [M+ − HBr]
calcd for C21H17NO3S, 363.0929; found, 363.0934.


3-Bromo-2-(4-nitrobenzenesulfonylamino)-1,3-diphenylpropan-
1-one (10b). White solid, mp = 194–196 ◦C. IR (KBr) m 3303,
2927, 1675, 1528, 1350, 1159, 1079, 850, 675, 541, 497 cm−1; 1H
NMR (300 MHz, CDCl3) d 8.05 (d, J = 8.7 Hz, 2H), 7.88 (d, J =
7.5 Hz, 2H), 7.74 (d, J = 8.7 Hz, 2H), 7.65 (t, J = 7.5 Hz, 1H), 7.49
(t, J = 7.5 Hz, 2H), 7.26–7.24 (m, 5H), 5.85 (d, J = 9.9 Hz, 1H),
5.59 (dd, J = 9.9, 7.2 Hz, 1H), 5.13 (d, J = 7.2 Hz, 1H); 13C NMR
(75 MHz, CDCl3, all 1C unless indicated) d 196.0, 150.0, 145.7,
136.3, 135.0, 134.9, 129.4, 129.2 (2C), 129.1 (2C), 128.9 (2C), 128.7
(2C), 128.3 (2C), 124.2 (2C), 61.4, 51.0; HRMS (EI–TOF): m/z
[M+ − HBr] calcd for C21H16N2O5S, 408.0780; found, 408.0779.


3-Bromo-2-(methanesulfonylamino)-1,3-diphenylpropan-1-one
(10c). White solid, mp = 120–122 ◦C. IR (KBr) m 3283, 1666,
1596, 1448, 1328, 1286, 1217, 1146, 1086, 967, 778, 749, 700, 541,
519 cm−1; 1H NMR (300 MHz, CDCl3) d 8.07 (d, J = 7.5 Hz, 2H),
7.68 (t, J = 7.2 Hz, 1H), 7.55 (t, J = 7.2 Hz, 2H), 7.37–7.32 (m,
5H), 5.70 (dd, J = 9.0, 7.6 Hz, 1H), 5.24 (d, J = 9.0 Hz, 1H), 5.18
(d, J = 7.6 Hz, 1H), 2.50 (s, 3H); 13C NMR (75 MHz, CDCl3, all
1C unless indicated) d 196.5, 137.1, 135.1, 134.7, 129.5, 129.3 (4C),
129.0 (2C), 128.9 (2C), 61.7, 51.3, 42.1; HRMS (EI–TOF): m/z
[M+ − HBr] calcd for C16H15NO3S, 301.0773; found, 301.0767.
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Reactive phosphonates are important probes to target the active site of serine hydrolases, one of the
largest and most diverse family of enzymes. Developing such inhibitory probes is of special importance
in activity based protein profiling, a strategy that is increasingly used to gain information about a
certain class of enzymes in complex proteosomes. Therefore, gaining detailed information about these
inhibition events on the individual protein level is important since it affords information that can be
used to fine-tune the probe for a specific task. Here, we report a novel and versatile synthesis protocol to
access a variety of functionalised p-nitrophenyl phosphonate (PNPP) inhibitors from a common azide
functionalised precursor using click chemistry. The obtained PNPPs were successfully used to
covalently label serine hydrolases in their active sites with molecular tags. Furthermore, a model study is
described in which we developed straightforward protocols that can be used to study protein inhibition
events. Kinetic studies using UV–Vis and fluorescence spectroscopy techniques revealed that these
PNPPs possess different inhibition rates for various proteins and were shown to be suitable probes to
discriminate between various lipases. Additionally, we demonstrate that PNPPs are highly selective for
serine hydrolases, making these probes very interesting as diagnostic or affinity probes for studying
proteins in complex proteosomes.


Introduction


Proteins play a crucial role in regulating many complex biological
mechanisms. Using classical biological analysis techniques, e.g.
sequencing and crystallographic techniques, the structures of
many of these proteins have been elucidated. Despite these
achievements, studying the specific function of proteins in their
natural environment remains difficult due to the complex post-
translational events1 by which proteins are regulated. In search for
more direct methods to study proteins, the field of proteomics has
produced some valuable techniques, such as LC-MS/MS to study
protein modification2 and protein microarrays to study the natural
activities of proteins.3 Although these methods have provided
detailed information about protein expression and interactions
and in vitro functioning of proteins, they are not suitable for
studying protein function in cells or tissue. Therefore new methods
in which chemical and biological techniques are combined have
been developed in order to (chemoselectively) modify proteins
for the purpose of studying their function in complex biological
media.4 Especially native chemical ligation (NCL)5 and expressed
protein ligation (EPL)6 have been intensively applied in this
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research field. Also alternative chemical biological methods that
use small molecules for covalent linking to target proteins, thereby
creating the potential of studying these proteins in their natural
environment, were reported.7 A recent and highly interesting
strategy in this area is the covalent, selective modification of the
active site of proteins by small molecule inhibitors, a technique
called activity-based protein profiling (ABPP).8 This technique
not only labels proteins in an efficient and potentially selective
manner, it also knocks out the natural activity of proteins, an
event that can give valuable information about protein function.
Additionally, since the active site is targeted, this protocol can
potentially also discriminate between different classes of proteins
or even individual proteins. By decorating the inhibitors with
diagnostic or affinity tags, selective protein isolation and analysis
has become more straightforward.


Reactive phosphonate inhibitors (Fig. 1) have been successfully
applied in the field of ABPP to covalently modify members of the
serine hydrolase superfamily with molecular tags, e.g. fluorescent
groups and biotin.8–10 Cravatt and co-workers reported the use of
functionalised fluorophosphonates (LG = F) as potent inhibitors
for serine hydrolases. They demonstrated that ABPP is a suitable
technique to label specific proteins in complex proteomic mixtures
with diagnostic and/or affinity tags in order to gather information
about the active site and function of unexplored or even unknown
proteins.11 Hermetter and co-workers have reported on the use
of p-nitrophenyl (PNP) phosphonates (LG = p-nitrophenol) as
irreversible ABPP-inhibitors for lipases and esterases.10a,b They
extended this technology to develop microarrays for the iden-
tification and characterisation of novel and unknown lipolytic
enzymes.10c Recently, we reported on the selective introduction of
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Fig. 1 Examples of reactive phosphonates.


organometallic pincer fragments into the active site of cutinase, a
20 kDa member of the lipase family, using a functionalised PNP
phosphonate.12 The organometallic probes have great potential as
diagnostic and affinity tags in protein profiling and as phasing
probes in protein crystal structure elucidation.13


Serine hydrolases constitute a large superfamily of enzymes
and are responsible for many hydrolysis reactions in nature,
e.g. esterifications, amidations and acyltransfer. As outlined in
Scheme 1 for lipases (a subfamily of serine hydrolases), reaction
of reactive phosphonates with an enzyme results in protein–
inhibitor complexes in which the phosphorous atom binds in
a tetrahedral manner, with the P=O binding in the oxy-anion
hole. This tetrahedral orientation closely resembles the hydrolysis
transition state for the fatty-acid ester hydrolysis, a reaction readily
catalysed by lipases. Since these phosphonates react irreversibly
and stoichiometrically with serine hydrolases they are powerful
probes to isolate, characterise and study serine hydrolases.


We are particularly interested in studying in detail the interac-
tion between a protein and an inhibitor since this is the crucial
step in ABPP and little to no information is available about the


factors that play a role in these events. Here we demonstrate
how novel PNP phosphonate inhibitors can be used to selectively
and covalently modify serine hydrolases in an active site-directed
manner and how UV–Vis and fluorescence spectroscopy can be
used to efficiently monitor the inhibition event. Additionally, we
report a new straightforward synthesis protocol for functionalised
phosphonate inhibitors in which click chemistry is used to
conveniently attach various desired functionalities in the final step
to a PNP phosphonate building block.


Results and discussion


Synthesis of PNP phosphonate probes


Reactive phosphonates contain a good leaving group (LG) at-
tached to the electrophilic P-atom, rendering these P–LG bonds
very reactive towards a nucleophilic serine in the active site of
proteins but also to other (even weak) nucleophiles. Therefore,
in the synthesis of these probes extra care has to be taken to
prevent cleavage of this bond, as it is crucial to its biological
activity. In our studies we focussed on PNP phosphonate (PNPP)
inhibitors since the PNP leaving group appeared to be an ideal
probe to study the interaction between a selected serine hydrolase
and a functionalised PNPP inhibitor (vide infra). Preferentially, a
general synthesis protocol for phosphonate inhibitors should fulfil
a few criteria: (1) the synthetic route should be straightforward
without tedious work-ups and consist of only a few steps; (2) the
desired tag (R, Fig. 1, e.g. diagnostic and affinity tags) should
be introduced in the final step in order to get fast access to
a variety of functionalised inhibitors and (3) the final coupling
step should be mild and tolerate many functionalities. Since
such protocols are lacking for PNPP inhibitors, we decided to
explore possible synthesis routes that fulfil these criteria. In this
study we decided to keep the ethyl group (R′ = Et, Scheme 1)
attached to the phosphonate moiety constant whereas the group
R can be changed at will depending on the desired functionality
needed for protein study/isolation. For the final step in which
the tag-functionality will be introduced we have chosen to use
the well-known click reaction, a 3 + 2 cycloaddition reaction
between an azide and an acetylene in the presence of a copper(I)
catalyst affording a triazole heterocycle. This reaction tolerates
many sensitive functionalities and is thus expected to leave the


Scheme 1 Proposed mechanism for lipase inhibition by reactive phosphonates.
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P–LG bond intact. Moreover, the click reaction can also be used
to chemically modify proteins by decorating a protein first with
one of the click functionalities followed by a reaction with a tag
containing the complementary click functionality.14 This copper(I)
catalysed reaction even proceeds in complex proteomic mixtures.
Thus, with this click-chemistry strategy, the tag potentially can be
introduced prior to or after the protein inhibition event, making
this route very versatile and general.


Our new synthetic route for the functionalised PNPP inhibitors
is outlined in Scheme 2. In the first step commercially avail-
able 2-(1-bromoethyl)-diethylphosphonate is treated with azide
amberlite-resin in DMF giving a nucleophilic replacement of
the bromide for an azide functionality. Next, azide phosphonate
derivative 1 is treated with excess oxalyl chloride in diethyl ether
to afford the moisture sensitive chlorophosphonate 2. Due to
the sensitive nature of the P–Cl bond, this compound was only
analysed by NMR spectroscopy to determine full conversion
of 1 into 2. When full conversion was obtained all volatiles
were removed and 2 was immediately treated with p-nitrophenol
(PNP) in benzene in the presence of triethylamine, affording
common azide PNP phosphonate intermediate 3 in 41% overall
yield from 2-(1-bromoethyl)diethylphosphonate. Thus, compound
3 was synthesised in only 3 steps in gram scale quantities, is air
and moisture stable and is easy to handle.


Azide intermediate 3 was explored in the click reaction with
various functionalised acetylenes and turned out to be an excellent
precursor to access a variety of functionalised phosphonate
inhibitors. In Fig. 2 three selected phosphonate inhibitors are
depicted that were prepared in this study. Two different tags are
depicted: a fluorescent dansyl tag (4a) that can potentially be
used to study the protein–inhibitor construct using fluorescent
spectroscopy, and a biotin moiety (4b) that may serve as an affinity
tag to isolate proteins using (strept)avidine columns. To illustrate
the versatility of this protocol, we also prepared bisphosphonate
inhibitor 4c that has the potential to cross-link proteins. All
products were obtained using standard click chemistry condi-
tions ([Cu(MeCN)4BF4], 2,6-lutidine in MeCN)15 in near quan-
titative yields using the appropriately propargyl-functionalised
dansyl, biotin and triethyleneglycol precursors, respectively. No
hydrolysis of the P–OPNP bond was observed, showing the
excellent functional group tolerance of the click reaction, mak-
ing this a convenient protocol to access a variety of reactive
phosphonates.


Fig. 2 New functionalised PNPP inhibitors.


Monitoring protein inhibition


As mentioned earlier, reactive phosphonates similar to 3 and 4
were reported to be covalent inhibitors for lipases and esterases.10,12


The nucleophilic serine-OH in the active site of these enzymes
attacks the phosphorus atom of the phosphonate inhibitor, a
process in which PNP is released (LG, Scheme 1). Since this
process blocks the natural activity of the corresponding protein,
this methodology is referred to as active-site directed inhibition
and is the crucial step in ABPP. Although it has been reported
that reactive phosphonates react at different rates with serine hy-
drolases (using fluorophosphonates),11b no studies were performed
on individual proteins that could shine light on the factors that are
responsible for the differences in inhibition rate. Especially in the
field of protein diagnosis and isolation from complex proteomic
mixtures using ABPP, gathering information about the inhibition
event of individual proteins is of great value since it ultimately
can be used to fine-tune the outcome of these experiments. In
this study we decided to study several individual enzymes in
our attempt to develop straightforward techniques to study the


Scheme 2 i. DMF, RT, 20 h, 74%; ii. oxalyl chloride, Et2O, RT, 24 h, 95%; iii. p-nitrophenol, Et3N, C6H6, RT, 3 h, 64%; iv. [Cu(MeCN)4BF4], 2,6-lutidine,
MeCN, RT, 12 h, >90%.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 523–531 | 525







interaction of these enzymes with our PNPP probes. For this
purpose, we initially selected three lipases, i.e. cutinase, Candida
antarctica lipase B (CALB) and Chromobacterium viscosum lipase
(CVL). We were particularly interested in the inhibition rates of
these enzymes when treated with PNPP inhibitors 4 since this
would provide valuable information about the accessibility of the
active sites of these proteins. The leaving group in this protocol,
i.e. PNP, is brightly yellow coloured in solution at the inhibition
conditions (50 mM tris, 0.1% triton buffer, pH 8.0) and therefore
the release of PNP in solution can be conveniently monitored
with UV–Vis spectroscopy. Since the reaction between a lipase
and a PNP phosphonate inhibitor is stoichiometric, the rate of
PNP release is a direct measure of the inhibition rate and thus of
the accessibility of the active site. We were also interested to see
whether the fluorescent properties of the dansyl group (4a) could
be used to gather more detailed information about the active site of
these proteins. Therefore, we set out a number of inhibition studies
with these lipases using various inhibitors and demonstrate how
UV–Vis and fluorescence spectroscopy techniques can be used
to get insight into the factors that influence the selectivity and
efficiency of protein inhibition.


Initially, we started with cutinase (the N172K mutant) since this
lipase is well studied and has some attractive features making it
an ideal candidate for proof-of-concept studies.16 Cutinase is a
lipase that is lacking the polypeptide lid, commonly observed in
the family of lipases, covering the active site. As a consequence
the active site of cutinase is readily solvent exposed. Due to these
features covalent inhibition of cutinase using reactive phosphonate
inhibitors should be straightforward. Indeed, cutinase (typically
25–125 lM) was conveniently labelled with 3, 4a and 4b in an active
site-directed manner by mixing cutinase in a tris–triton buffer
at pH 8.0 with an excess (typically 5–8 fold) of the appropriate
inhibitor and allowing the reaction to proceed to completion
within a certain time period. These inhibition times were deter-
mined by monitoring the PNP release using UV–Vis analysis.
In addition to the PNP release we also performed a control
experiment to verify full inhibition by adding aliquots of the
inhibition solution to a solution containing p-nitrophenyl butyrate
(Scheme 3). Lipases are known to hydrolyse the ester bond of
aliphatic PNP-esters, e.g. PNP butyrate, and thus monitoring the
residual lipase activity in this activity assay is a direct measure for
the amount of protein inhibition. These experiments demonstrated
that the inhibition rate greatly depended on the inhibitor with
3 > 4b > 4a. This behaviour is fully attributed to the increased
steric bulk at the phosphonate moiety of the inhibitors going
from 3 → 4b → 4a and is in agreement with our earlier reported
results.12 Fig. 3 shows the representative graphs for the reaction
of cutinase with 4a and clearly illustrates that the data obtained
from the inhibition experiment and from the activity control
assay result in the similar reaction profiles. The inhibition event
followed first order kinetics, giving an inhibition rate constant


Fig. 3 Typical inhibition and activity control curves.


(k) for cutinase with 4a of 0.13 min−1. After full inhibition
was obtained, the cutinase–inhibitor constructs were purified by
dialysis using 150 mM NH4OAc buffer. The purified cutinase–
inhibitor constructs (∼25 lM) were subsequently analysed by
ESI-MS spectrometry, revealing the formation of the desired
cutinase–inhibitor constructs; Mw(cutinase N172K) = 20619 Da,
Mw(cutinase-3) = 20781 Da, Mw(cutinase-4a) = 21070 Da and
Mw(cutinase-4b) = 21063 Da (see also ESI†).


After successful inhibition of cutinase with our PNPPs we
decided to extend this research to other lipases, i.e. Candida
antarctica lipase B (CALB) and Chromobacterium viscosum lipase
(CVL). CALB and CVL are two well-studied lipases with high
esterase activity in the hydrolysis of PNP-butyrate (Scheme 3).17


For these experiments we only used dansyl inhibitor 4a since
it allows us to perform additional analyses using fluorescence
spectroscopy. Treatment of CALB and CVL with 4a (8 equiv-
alents) resulted in full inhibition of both lipases according to
the PNP release and the activity control assay. Similar data as
shown for cutinase (Fig. 3) were obtained. It was found that
CALB (k = 0.66 min−1) possesses even higher first order inhibition
rates than cutinase (k = 0.13 min−1) with 4a whereas CVL (k �
0.01 min−1) inhibition was much slower. The remarkable difference
in inhibition rates, as found here within the subfamily of lipases,
can be explained by comparing reported crystal structures of all
three lipases.18 The crystal structures clearly reveal that the active
site of CVL is buried much deeper inside the protein than the active
sites of cutinase and CALB. As a consequence a considerable
amount of steric hindrance occurs during the inhibition reaction
of CVL. These experiments demonstrate how specially designed
reactive phosphonates in combination with a simple analysis
technique can be used to conveniently access information about
the active site of proteins, both qualitatively and quantitatively.


Fluorescence spectroscopy studies


Also for CALB-4a and CVL-4a we attempted to acquire ESI-
MS data of the protein–inhibitor constructs. Unfortunately, after


Scheme 3 Activity control test.
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purification by dialysis, no satisfactory ESI-MS data could be
obtained, probably due to (poly)glycosylation of the proteins as
only small glycol fragments were observed. Therefore, we decided
to study the protein–4a constructs in more detail by fluorescence
spectroscopy in order to confirm the presence of the dansyl group
in the protein–inhibitor construct. Typically, a 2.5 lM solution
of a dialysed protein–4a construct in 150 mM NH4OAc buffer
was excited at 340 nm (the maximum absorption wavelength of
the dansyl group) and the emission is measured from 400–560 nm
(Fig. 4). Free 4a in the same buffer was measured as a control.
In all fluorescence experiments also the native proteins without
inhibitors were measured as controls (data not shown) and in
all cases no emission between 400–560 nm was observed when
these solutions were excited from 290–370 nm. From Fig. 4 it
is clear that the fluorescence spectra of cutinase–4a and CALB–
4a (typical data shown for cutinase, dashed line) are similar to
that of the free inhibitor 4a (solid line) in solution, confirming
binding of the fluorescent dansyl probe to the proteins. The
emission maximum of cutinase–4a and CALB–4a (at 550 nm)
are slightly shifted to higher wavelength (15 nm) as compared to
free, unbound 4a. The curve for CVL–4a (dash–dot line) on the
other hand is completely different and shows no emission between
460–560 nm when excited at 340 nm. Earlier it was reported by
Whitesides et al. that the fluorescent signal of a dansyl inhibitor
disappeared by binding it in the active site of carbonic anhydrase
II. They suggested that surrounding tryptophan residues in the
interior of the protein quench the fluorescence of the dansyl
group.19 Therefore, we decided to excite the CVL–4a solution at a
higher energy wavelength (290 nm) and recorded the fluorescence
emission from 400–560 nm (Fig. 4, dotted line). Again free 4a
was measured as a control. Now a clear fluorescent signal was
observed with a maximum emission at 470 nm, a significant
shift when compared to the maximum emission wavelength of
4a, cutinase–4a and CALB–4a (max. em. ∼535–550 nm, also
when excited at 290 nm). Since we suspected that this enormous
shift was due to a reduced polarity surrounding the fluorescent
dansyl moiety, we decided to also measure 4a in various solvents
in order to determine how the emission maximum of 4a shifts
going from polar to non-polar solvents. We selected the following


Fig. 4 Fluorescence spectroscopy study of 4a with various enzymes.


solvents with decreasing polarities: 150 mM NH4OAc buffer,
MeCN, CH2Cl2 and hexanes. The fluorescent spectra (see ESI
for graph†) of 4a in these solvents clearly revealed that the
emission maximum when excited at 290 nm drastically shifts to
lower wavelengths when decreasing the polarity of the solvent.
Furthermore, a decrease in emission intensity is also observed, a
phenomenon similar to what we observed for the CVL–4a hybrid
as compared to, for example, cutinase–4a (Fig. 4). Accordingly,
the dansyl fluorescent group is located in the more hydrophobic
interior of the CVL protein, which is in agreement with the
deep active-site pocket of CVL (vide supra). Since the emission
maximum of the dansyl moiety in NH4OAc buffer is hardly
shifted for cutinase–4a and CALB–4a as compared to 4a, this
implies that for these constructs the dansyl group extends outside
the protein pocket into the aqueous solution. Again, this is in
agreement with the active sites of these proteins being on the
protein-surface and thus exposed to the aqueous buffer solution.
Clearly, this phenomenon is not unique for PNPPs and therefore
such straightforward protocols should be directly transferable to
other classes of inhibitors and proteins.


Comparing the fluorescent emission spectra of 4a and CVL–
4a at 290 nm excitation (Fig. 4) revealed that CVL–4a shows
considerable emission at 420–440 nm whereas 4a shows only
minimum emission in that wavelength range and this low emission
was found to be independent of the concentration of 4a (results
not shown). This means that the inhibition event of CVL with 4a
can be followed using fluorescence spectroscopy by monitoring the
emission increase at 440 nm; only CVL–4a shows emission at that
wavelength. Therefore, we performed the inhibition experiment as
described earlier using 8 equivalents of 4a with respect to CVL. At
time intervals, aliquots of this solution were taken, diluted
(10×, final concentration 2.5 lM) with NH4OAc buffer and the
fluorescent emission spectrum at 440 nm was measured (exciting
at 290 nm) (Fig. 5). After approximately 30 hours, complete
inhibition was obtained and this is in good agreement with the
kinetic data obtained from the esterase activity control (vide supra).
Given the high sensitivity of fluorescence spectroscopy, very low
chromophore concentrations can now be measured which allowed
us to obtain accurate data for the CVL inhibition event. It was
found that CVL inhibition with 4a followed first order kinetics
as well resulting in an accurate inhibition rate constant k =
0.002 min−1.


Fig. 5 Inhibition of CVL monitored by fluorescence spectroscopy.
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Click reaction on protein


Numerous groups have reported the use of click chemistry to
chemically modify biomolecules with special functionalities that
can be used for protein diagnosis and profiling.14 Therefore, we de-
cided to test whether cutinase–3, containing an azide functionality,
could be functionalised post-inhibition using click chemistry. Mix-
ing cutinase–3 with propargyl dansylamide in tris–triton buffer
pH 8.0 in the presence of CuSO4 (1 mM), tris(benzyltriazole)amine
(TBTA, 500 lM), tris(ethylcarboxy)phosphine hydrochloride
(TCEP, 1 mM) and sodium dodecylsulfate (SDS, 1%) and
incubating the resulting mixture overnight at room temperature,
indeed resulted in the formation of a fluorescently labelled
cutinase. Successful labelling was determined by analysing the
mixture with SDS-PAGE analysis and subsequently exposing the
gel to UV-light prior to coomassie blue staining (Fig. 6a + b,
respectively). This clearly revealed fluorescently labelled cutinase
whereas a control experiment in which CuSO4 was omitted gave
no fluorescent labelling of cutinase. This means that our strategy
allows both introduction of the desired functionality prior to and
after the protein inhibition event, giving an extra dimension to
our synthesis design (Scheme 2) and making this strategy very
versatile.


Fig. 6 Protein labelling using reactive phosphonate probes; Click reaction
of cutinase–3 with propargyl dansylamide analysed with (a) UV–Vis and
(b) coomassie staining; (c) cutinase dimerisation using PNPP 4c; protein
discrimination using PNPP 4a and cutinase CALB and CBV analysed with
(d) UV–Vis (circle indicates CVL) and (e) coomassie staining.


Another proof of the versatility of our synthesis protocol is the
accessibility of bio-probes containing multiple PNP phosphonate
functionalities, e.g. 4c. Multivalent bioprobes hold great promise
in investigating protein cross-linking and may thus help to
understand protein–protein interaction in complex proteomic
mixtures.20 To test whether 4c can be used for this purpose, 4c was
first reacted with a slight excess of cutinase under the standard inhi-
bition conditions, resulting in cutinase dimer formation (Fig. 6c).
Surprisingly, with CALB and CVL no protein cross-linking was
observed which is probably due to steric hindrance of the protein;
if one of the phosphonate groups is already bound to a protein,
the reaction of the second phosphonate group is hampered due to
the steric bulk of the protein. Additionally, when 4c is added to a


mixture of all three lipases, only cutinase dimerisation is observed.
These results suggest that bifunctional probes such as 4c may be
of interest to investigate (selective) protein–protein interactions
in complex proteomic mixtures. This research is currently under
investigation.


Selective protein labelling


The significant difference in inhibition rates between cutinase,
CALB and CVL with 4a implies that protein discrimination can
be achieved using PNPP probes. To test this hypothesis, we mixed
all three proteins in an approximately 1 : 1 : 1 ratio in tris–
triton buffer and treated this mixture with both an excess of
4a and with only 0.3 equivalents of 4a. After incubating these
solutions overnight at room temperature, the resulting mixtures
were analysed by SDS-PAGE analysis by exposing the gel to
UV-light (Fig. 6d) prior to coomassie blue staining (Fig. 6e) in
order to determine fluorescent labelling of proteins. Treating the
individual proteins with 4a resulted in a clear fluorescent spot
for all proteins (lanes 3, 4 and 5 for cutinase, CALB and CVL,
respectively). Additionally, treatment of the mixture with an excess
of 4a also resulted in the fluorescent labelling of all three proteins
(lane 7). However, addition of only 0.3 equivalents of 4a gave
only fluorescent labelling of cutinase and CALB spots (lane 8).
Again this is in good agreement with the earlier determined slow
inhibition rate of CVL, preventing CVL labelling with 4a in the
latter case. Thus, PNPP probes can discriminate between proteins,
even within a subfamily of proteins (lipases).


Moreover, in order to determine the specificity of PNP phospho-
nate probes for serine hydrolases, we selected a range of proteins
from different protein (sub)families possessing various modes of
action and incubated them with 4a as described earlier. Subtilisin,
PagP, PagL and patatin are all known serine hydrolases. PagL
and patatin are both reported to have esterase activity whereas
subtilisin is a hydrolase and PagP an acyl transferase. Treatment
of these proteins with 4a followed by SDS-PAGE analysis revealed
fluorescent labelling of all these proteins. Incubating 4a with
members of other protein (sub)families, i.e. papain (cysteine
hydrolases), bovine serum albumin (BSA), carbonic anhydrase
II (carbonate hydrolase), pepsin (aspartic acid protease) and
thermolysin (metalloprotease), revealed that PNP phosphonate
probes are highly selective for serine hydrolases as no fluorescent
labelling of these proteins occurred. These results strongly suggest
that PNP phosphonate inhibitors such as 4a are interesting can-
didates to selectively label serine hydrolases in complex proteomic
mixtures. Initial experiments revealed that 4a indeed selectively
labels proteins in living cells (HeLa cells). Currently, we are
optimising these results and are developing proteomic techniques
to isolate and analyse the labelled proteins.


Conclusions


We have described a novel and straightforward synthesis protocol
for reactive PNPP probes in which the desired tag was introduced
in the final step using click chemistry. Both diagnostic (4a) and
affinity (4b) tags could be introduced using this strategy whereas
inhibitors containing multiple PNP phosphonate moieties (4c)
are also available through this methodology. The products are
produced in only four steps and since we use a mild click coupling
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reaction in the final step it is relatively easy to fine-tune these
probes for selected (groups of) proteins by varying the length
and nature of the linkers. This strategy should by no means be
limited to reactive PNPP probes. The PNPP probes were shown
to be selective ABPP inhibitors for serine hydrolases and they can
discriminate between proteins, even within a subfamily of proteins
(lipases). Because the click reaction is bio-orthogonal we were
also able to alter the sequence of events by first inhibiting the
enzyme with an azide-functionalised PNP phosphonate inhibitor
(3) followed by introduction of the diagnostic tag (dansyl group)
using click chemistry. This emphasises the flexibility and versatility
of our approach. Additionally, we developed easy protocols using
UV–Vis and fluorescence spectroscopy to monitor the protein–
inhibition event, providing accurate inhibition rate constants
for various enzymes and valuable information about the active
site (accessibility) of serine hydrolases. Gathering such data is
of special importance in ABPP since it gives valuable insight
into the factors that influence the protein inhibition event, the
crucial step in ABPP. These results illustrate how small organic
molecules can serve as diagnostic probes to gather information
about the structure and location of the active site of (unknown)
proteins. Finally, the high selectivity of our PNP phosphonate
probes for serine hydrolases suggests that these probes are ideally
suited to selectively label proteins in complex proteomic mixtures,
e.g. living cells, making them highly interesting for the field of
proteomics.


Experimental section


General comments


Organic solvents were dried over appropriate materials and
distilled prior to use. All reagents were obtained commercially
and used without further purification unless otherwise stated.
Triton X-100 was purchased from Serva and tris(hydroxymethyl)-
aminomethane from J. T. Baker. Buffer solutions were prepared
using Milli-Q grade water. Purification of water (18.2 MXcm) was
performed with the Milli-Q Synthesis system (Millipore; Quantum
Ultrapure). 1H, 31P and 13C{1H} NMR spectra were recorded at
298 K on a Varian 400 Spectrometer at 300/400, 75/100 MHz and
162 MHz, respectively, and 31P{1H} NMR spectra were recorded
at 298 K on a Bruker AC200 at 81 MHz. All NMR chemical
shifts are in ppm referenced to residual solvents (31P{1H} NMR
shifts to H3PO4). The MALDI-TOF mass spectra were acquired
using a Voyager-DE Biospectrometry Workstation (PerSeptive
Biosystems Inc., Framingham, Ma, USA) mass spectrometer.
Sample solutions with an approximate concentration of 20–
30 mg mL−1 in CH2Cl2 or THF were prepared. The matrix was 3,5-
dihydroxybenzoic acid or 9-nitroanthracene with an approximate
concentration of 20–30 mg mL−1. A 0.2 lL of the sample and
0.2 lL of the matrix solution were combined and placed on a
golden MALDI target plate and analyzed after evaporation of
the solvents. Microanalyses were performed by Kolbe, Mikroana-
lystisches Laboratorium (Müllheim a/d Ruhr, Germany). UV–Vis
experiments were performed at room temperature using a Carey-
100 spectrometer. Fluorescence spectroscopy was measured on a
Spex Fluorolog instrument. Infrared spectra were recorded with
a Perkin Elmer Spectrum 1 FT-IR spectrometer. Electrospray
ionization mass spectra of the wild-type cutinase and modified


cutinase were recorded on a Finnigan LC-Q ion-trap mass
spectrometer. All samples were introduced using a nanoflow
electrospray source (Protana, Odense, Denmark).


Synthesis of diethyl 2-azidoethylphosphonate (1)21. Azide ex-
change resin on amberlite (32.2 g, 122.36 mmol N3) was weighed
in a 250 mL round bottom flask. Next, DMF (70–80 mL)
was added until the suspension could be stirred conveniently.
Finally, diethyl-2-bromoethylphosphonate (2.36 mL, 12.0 mmol)
was added drowise by means of a syringe. 31P-NMR was used
to monitor the conversion of this reaction. After the reaction
had reached completion (20 h), the reaction mixture was filtered,
and the resin was washed with DMF. Subsequently, the combined
DMF-layer was concentrated in vacuo and Et2O (20–30 mL) was
added. The mixture was filtered once again and the solid washed
with Et2O. Removal of all volatiles in vacuo afforded a yellow oil
and this oil was distilled under reduced pressure; yield: 2.62 g, 74%.
1H-NMR (400 MHz, CDCl3): d 4.09 (m, 4H, P-(O–CH2–CH3)2),
3.53 (m, 2H, P–CH2–CH2–N3), 2.03 (m, 2H, P–CH2–CH2–N3),
1.34 (q, 6H, P-(O–CH2–CH3)2). 31P-NMR (162 MHz, CDCl3): d
27.97 (s).


Synthesis of ethyl 2-azidoethylphosphonochloridate (2). Com-
pound 1 (2.0 g, 9.65 mmol) was weighed in a dry Schlenk tube and
Et2O (30 mL) was added. Next, freshly distilled oxalyl chloride
(18.5 mL, 193.0 mmol) was added by means of a syringe. After 10 h
at room temperature the reaction was monitored with 31P-NMR,
showing full conversion. The reaction mixture was concentrated in
vacuo to yield a dark brown oil. Due to the sensitivity and toxicity
of this compound, the compound was used immediately; yield:
1.81 g, 95%. 1H-NMR (300 MHz, CDCl3): d 4.30 (m, 2H, P–O–
CH2–CH3), 3.64 (m, 2H, P–CH2–CH2–N3), 2.44 (m, 2H, P–CH2–
CH3–N3), 1.40 (t, 3H, P–O–CH2–CH3). 13C–NMR (100 MHz,
CDCl3): d 16.13 (d, 3JP,C = 6.74 Hz, OCH2CH3), 33.77 (d, 1JP,C =
124.91 Hz, PCH2), 45.10 (s, PCH2CH2), 64.01 (d, 2JP,C = 8.25 Hz,
OCH2). 31P-NMR (162 MHz, CDCl3): d 38.7 (s).


Synthesis of ethyl-4-nitrophenyl-2-azidoethylphosphonate (3).
Compound 2 was dissolved in dry benzene (40 mL) and a
previously prepared solution of 4-nitrophenol (1.27 g, 9.162 mmol)
and triethylamine (6.44 mL, 45.81 mmol) in benzene (40 mL)
was added dropwise at room temperature. After 3 h of stirring
at room temperature, the reaction mixture had turned black. The
mixture was concentrated in vacuo and subsequently dissolved in
Et2O (150 mL). This solution was washed with 1 M K2CO3 (aq)
(2 × 100 mL), water (3 × 100 mL), and brine (3 × 100 mL).
The organic layer was dried over MgSO4 and concentrated in
vacuo to yield a yellowish oil. The product was purified by column
chromatography (silica gel, Et2O–hexanes 1 : 4, Rf = 0,16); yield:
1.75 g, 64%. 1H-NMR (300 MHz, CDCl3): d 8.26 (d, 2H, P–O–
ArH–NO2), 7.41 (d, 2H, P–O–ArH–NO2), 4.20 (m, 2H, P–O–
CH2–CH3), 3.65 (m, 2H, P–CH2–CH2–N3), 2.26 (m, 2H, P–CH2–
CH3–N3), 1.34 (t, 3H, P–O–CH2–CH3). 13C-NMR (100 MHz,
CDCl3): d 16.55 (d, 3JP,C = 6.03 Hz, OCH2CH3), 26.61 (d, 1JP,C =
142.10 Hz, PCH2), 45.26 (d, 2JP,C = 3.02 Hz, PCH2CH2), 63.79 (d,
2JP,C = 6.74 Hz, OCH2), 121.23 (d, 3JP,C = 4.53 Hz, ArC), 125.95 (s,
ArC), 144.98 (s, ArC–NO2), 155.41 (d, 2JP,C = 8.95 Hz, ArC–O).
31P-NMR (162 MHz, CDCl3) d 25.95 (s). IR (cm−1): 2102 (N3);
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anal. calcd. for C10H13N4O5P: C, 42.26; H, 4.61; N, 19.71; found:
C, 42.08; H, 4.55; N, 19.53%.


Typical procedure for the click reaction for the synthesis of
dansyl PNPP 4a. This reaction was carried out in a N2 atmo-
sphere. Azido phosphonate 3 (0.48 g, 1.6 mmol) was dissolved
in degassed acetonitrile (5 mL). Next, 2,6-lutidine (0.19 mL,
1.6 mmol) was added, followed by 5-(dimethylamino)-N-(prop-
2-ynyl)naphthalene-1-sulfonamide22 (0.46 g, 1.6 mmol). Finally,
[CuI(CH3CN)4PF6] (7.7 mg, 0.0021 mmol) was added. After
stirring this solution at room temperature for 24 h, the mixture
was concentrated in vacuo. The crude product was dissolved in
CH2Cl2 (10 mL) and this layer was washed with saturated NH4Cl
(aq) (20 mL), H2 (20 mL) and brine (15 mL). The organic layer was
dried (MgSO4) and concentrated giving 4a as a yellow solid. This
solid was washed with hexanes and dried in vacuo. Yield: 0.88 g,
93%.


4a. 1H-NMR (400 MHz, acetone-d6): d 8.54 (d, 3JH,H =
8.40 Hz, 1H, ArH), 8.39 (d, 3JH,H = 8.40 Hz, 1H, ArH), 8.30
(d, 3JH,H = 9.20 Hz, 2H, ArH), 8.23 (d, 3JH,H = 7.20 Hz, 1H,
ArH), 7.65 (s, 1H, triazole-H), 7.55–7.62 (m, 2H, ArH), 7.49 (d,
3JH,H = 9.20 Hz, 2H, ArH), 7.26 (d, 3JH,H = 7.60 Hz, 1H, ArH),
7.20 (br. s, 1H, NH), 4.61 (m, 2H, PCH2CH2), 4.18–4.24 (m, 4H,
CH2N + OCH2), 2.88 (s, 6H, N(CH3)2), 2.55–2.66 (m, 2H, PCH2),
1.28 (t, 3JH,H = 7.20 Hz, 3H, OCH2CH3); 13C-NMR (100 MHz,
CDCl3): d 15.89 (d, 3JP,C = 5.83 Hz, OCH2CH3), 26.80 (d, 1JP,C =
141.41 Hz, PCH2), 37.40 (s, CH2NH), 43.93 (s, PCH2CH2), 45.01
(s, N(CH3)2), 63.91 (d, 2JP,C = 6.64 Hz, OCH2), 115.41 (s, ArC),
119.63 (s, ArC), 121.64 (d, 3JP,C = 4.53 Hz, ArC), 121.88 (s, ArC),
123.63 (s, ArC), 125.91 (s, ArC), 126.21 (s, ArC), 128.26 (s, ArC),
129.21 (s, ArC), 129.80 (d, 3JP,C = 6.64 Hz, ArC), 130.22 (s, ArC),
130.32 (s, ArC), 136.32 (s, ArC), 144.99 (s, ArC), 151.99 (s, ArC),
155.41 (d, 2JP,C = 7.95 Hz, ArC–O); 31P-NMR (162 MHz, CDCl3) d
25.00 (s). MALDI-TOF (m/z): 588.44 (calcd. M+ : 588.57), 611.36
(calcd. M + Na+ : 611.57), 627.32 (calcd. M + K+ : 627.66); anal.
calcd. for C25H29N6O7PS: C, 51.02; H, 5.24; N, 12.62; found: C,
51.10; H, 5.28; N, 12.67%.


4b. 1H-NMR (400 MHz, acetone-d6): d 8.28 (d, 3JH,H =
8.40 Hz, 2H, ArH), 8.13 (br m, 1H, NH–CH2), 7.98 (s, 1H,
triazole-H), 7.47 (d, 3JH,H = 8.40 Hz, 2H, ArH), 6.24 (br s, 1H, NH-
biotin), 6.12 (br s, 1H, NH-biotin), 4.77 (m, 2H, PCH2CH2), 4.50
(m, 1H, biotin-H), 4.39 (s, 2H, CH2NH), 4.31 (s, 1H, biotin-H),
4.20 (q, 3JH,H = 6.80 Hz, 2H, CH2CH3), 3.17 (m, 1H, CHS), 2.68–
2.92 (m, 4H, CH2P + CH2S), 2.20 (t, 3JH,H = 6.80 Hz, 2H, CH2CO),
1.70 (m, 2H, CH2), 1.61 (m, 2H, CH2), 1.37 (m, 2H, CH2), 1.25
(t, 3JH,H = 6.80 Hz, 2H, CH2CH3); 13C-NMR (100 MHz, CDCl3):
d 17.14 (d, 3JP,C = 5.73 Hz, OCH2CH3), 26.79 (s, CH2-biotin),
28.10 (d, 1JP,C = 141.01 Hz, PCH2), 29.51 (s, CH2), 29.69 (s, CH2),
35.84 (s, CH2CO), 36.69 (s, CH2NH), 41.49 (s, CH2S), 45.29 (s,
PCH2CH2), 57.05 (s, CHS), 61.57 (S, CH-biotin), 63.09 (S, CH-
biotin), 65.20 (d, 2JP,C = 7.04 Hz, OCH2), 122.95 (d, 3JP,C = 4.53 Hz,
ArC), 124.74 (s, ArC), 127.16 (s, ArC), 127.45 (s, ArC), 146.52 (s,
ArC), 156.67 (d, 2JP,C = 9.15 Hz, ArC–O), 165.81 (s, NHC(O)NH),
174.98 (s, C(O)NH); 31P-NMR (162 MHz, acetone-d6) d 27.16
(s). MALDI-TOF (m/z): 582.54 (calcd. M + H+: 582.18), 604.47
(calcd. M + Na+ : 604.17), 620.43 (calcd. M + K+ : 620.28); anal.
calcd. for C23H32N7O7PS·(H2O)0.5: C, 46.77; H, 5.63; N, 16.60;
found: C, 46.94; H, 5.43; N, 16.03%.


4c. 1H-NMR (400 MHz, acetone-d6): d 8.28 (dd, 3JH,H =
9.20 Hz, 5JH,P = 0.80 Hz, 4H, ArH), 8.02 (s, 2H, triazole-H),
7.49 (dd, 3JH,H = 9.20 Hz, 4JH,P = 1.20 Hz, 4H, ArH), 4.76–4.82
(m, 4H, PCH2CH2), 4.59 (s, 4H, OCH2-triazole), 4.20–4.26 (m,
4H, CH2CH3), 3.56–3.63 (m, 12H, 3 × CH2CH2O), 2.73–2.82 (m,
4H, PCH2), 1.28 (t, 3JH,H = 7.60 Hz, 2H, CH2CH3); 13C-NMR
(100 MHz, CDCl3): d 15.91 (d, 3JP,C = 5.83 Hz, OCH2CH3),
27.11 (d, 1JP,C = 140.51 Hz, PCH2), 44.04 (s, PCH2CH2), 63.42
(d, 2JP,C = 6.64 Hz, OCH2), 64.35 (s, CH2), 69.69 (s, CH2), 70.52
(s, CH2), 70.57 (s, CH2), 121.56 (d, 3JP,C = 4.63 Hz, ArC), 123.80
(s, ArC), 125.80 (s, ArC), 144.91 (s, ArC), 145.07 (s, ArC), 155.76
(d, 2JP,C = 7.85 Hz, ArC–O); 31P-NMR (162 MHz, acetone-d6) d
25.36 (s). MALDI-TOF (m/z): 827.31 (calcd. M + H+: 827.25),
849.31 (calcd. M + Na+: 849.24), 865.27 (M + K+: 865.35); anal.
calcd. for C32H44N8O14P2: C, 46.49; H, 5.36; N, 13.55; found: C,
46.33; H, 5.30; N, 13.43%.


General protein inhibition experiment


Typically, 10–30 mg of the appropriate enzyme is dissolved in
4.0 mL 0.1% triton, 50 mM Tris buffer at pH 8.0 (acidified with
conc. HCl). To 1.0 mL of the protein solution is added 10 lL of a
50 mM solution of 4a in MeCN and the p-nitrophenolate release
is monitored by UV–Vis analysis at 410 nm. Alternatively, at
certain time intervals, aliquots (typically 100 lL) of the inhibition
solution are taken, diluted 10× with 150 mM NH4OAc buffer
and the emission spectra of the resulting solutions at 440 nm
(290 nm excitation) are recorded on a fluorescence spectrometer.
The rate constants k were obtained by plotting −ln(C/C0) against
time, where C is concentration residual active (non-inhibited)
protein and C0 is total concentration protein. Activity assay:
at certain time intervals (depending on the inhibition rate of
the protein), 0.5 lL samples of the protein inhibition solution
were taken and added to a 0.25 mM solution of p-nitrophenyl
butyrate in tris–triton buffer pH 8.0. The rate of p-nitrophenolate
release was measured using UV–Vis analysis at 410 nm (against a
reference sample without protein). Analysing the data revealed a
first order inhibition processes. The slow inhibition rate for CVL
resulted in a considerable error in the UV–Vis data since the PNP
concentration in solution is initially below the detection limit of
UV–Vis spectroscopy and gave a high noise to signal ration. Thus
no accurate inhibition rate constant could be determined using
UV–Vis analysis.


After full inhibition, the protein mixtures were analysed by SDS-
PAGE-UV–Vis analysis, fluorescence spectroscopy and/or mass
spectrometry. For fluorescence spectroscopy and mass spectrom-
etry, the protein–inhibitor construct was first purified by dialysis
against 150 mM NH4OAc buffer using dialysis cassettes with a
Mw cut-off of 10 kDa. Next, the purified protein–4a solutions
were analysed by fluorescence spectroscopy by exciting the sample
at 290 nm and measuring the fluorescent emission from 400–
650 nm. For cutinase–4a and CALB–4a and free 4a in NH4Ac
(150 mM) buffer, the emission maxima are typically between 550–
560 nm whereas for CVL–4a the emission maximum lies at 475 nm.
For CVL, the inhibition event was monitored by fluorescence
spectroscopy by sampling 100 lL aliquots, diluting them 10× with
NH4OAc (150 mM) buffer and measuring the emission intensities
at 440 nm (290 nm excitation). The obtained inhibition curve
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exhibited first order kinetics, providing an accurate inhibition rate
constant for the reaction of CVL with 4a.


The molecular weights of cutinase–3, cutinase–4a and cutinase–
4b in 150 mM NH4OAc buffer were determined with ESI-MS
spectrometry (see ESI†).


Fluorescence spectroscopy of PNP phosphonate probe 4a in
various solvents


5 lM solutions of 4a in various solvents were prepared and their
emission spectra from 400–580 nm at 290 nm excitation were
measured (see ESI for spectra†). The following solvents were used
in decreasing order of polarity: 150 mM NH4OAc, MeCN, CH2Cl2


and hexanes.


Click reaction on cutinase–3 with propargyl dansylamide


To a 125 lM solution of cutinase–3 (1.0 mL) in 0.1% triton, 50 mM
tris buffer at pH 8.0 was subsequently added a 50 mM propargyl
dansylamide solution in DMSO (10 lL), a 1.0 mM TCEP solution
in H2O (20 lL), a 100 lL TBTA (tris(benzyltriazolemethyl)amine)
solution in DMSO (2.0 lL), a 1% SDS solution in H2O (10 lM)
and a 1.0 mM CuSO4 solution in H2O (20 lL). The resulting solu-
tion was incubated for 12 h at room temperature and the mixture
was subsequently analysed by SDS-PAGE and UV–Vis analysis.
Finally, the modified protein was purified by dialysis against
150 mM NH4OAc buffer and analysis by ESI-MS spectrometry
revealed the formation of cutinase–4a (Mw = 21070 Da).
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Preliminary results of a Mn-promoted sequential process
directed toward the stereoselective synthesis of different (Z)-
a-halo-a,b-unsaturated compounds are described.


a-Halo-a,b-unsaturated esters are useful synthetic building blocks.
Thus, these compounds have been used as starting materials to
access important organic compounds, inter alia, trisubstituted
alkenes with complete stereospecificity,1 a-amino acids,2 a variety
of heterocycles including aziridines2b,3 and natural or pharmaceu-
tical products.4 They can also serve as the functionalized vinyl
halide in transition metal-mediated coupling reactions.5 As a
consequence of their importance, the most important classical
methodologies to generate C–C double bonds (Wittig, Horner–
Wadsworth–Emmons, Julia or Peterson olefination reactions) have
been applied to their synthesis.6 These methods often present
some drawbacks. Thus, in some cases the former compounds are
obtained in poor yields, low stereoselectivity, and the generality of
other methods is scarce. Indeed, some reagents are expensive or
the experimental work tedious.


Recently, a synthesis of (Z)-a-halo-a,b-unsaturated esters
(chloro, bromo and fluoro) through a sequential reaction of
trihaloacetates with various aldehydes promoted by CrCl2 with
total stereoselectivity and in high yields was described by Falck
and Mioskowski et al.7 A similar methodology was also applied
to prepare two examples of (Z)-a-chloro-a,b-unsaturated amides,8


but generality of the process was not demonstrated.9 The main
drawbacks of both syntheses could be the high price10 and the
relative toxicity of the chromium salts.


Later on, to overcome these drawbacks the same authors
reported the preparation of (Z)-a-halo-a,b-unsaturated esters by
using the cheaper and non-toxic Fe(0) instead of CrCl2.11 However,
this objective was not completely attained due to: (a) in some
cases the reaction was not completely stereoselective and Z–
E mixtures of esters were obtained; and (b) when bromoacry-
lates were prepared, debrominated byproducts (ranging between
15%–20%) contaminated the corresponding a,b-unsaturated bro-
moester crude mixtures. In addition, only three examples of
aliphatic a-halo-a,b-unsaturated esters by using CrCl2 or Fe(0)
were reported in the corresponding papers.7,11


On the other hand, although the reduction potential of the
Mn+2/Mn(0) system12 is adequate to reduce an important number
of organic functions, and the manganese is non-toxic and very
cheap, it has been scarcely used in organic synthesis13 possibly due
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to the inherent passivity exhibited by this metal, which is coated by
an outer shell of oxide. This drawback could be overcome by using
active manganese (Mn*), such as that reported by Cahiez et al.14


Thus, very recently, we developed a Mn*-mediated sequential reac-
tion of aldehydes with a,a-dihaloesters15 or amides16 to obtain (E)-
a,b-unsaturated esters or amides, respectively, in high yields and
with total E-stereoselectivity. These precedent results, prompted us
to attempt the preparation of the scarcely reported aliphatic (Z)-
a,b-unsaturated a-haloesters 3 and aliphatic or aromatic amides
5 by the Mn*-mediated reaction of aldehydes with different
trihaloacetates or acetamides, and the transformation of amides
derived from morpholine into (Z)-a,b-unsaturated a-haloketones
9 by reaction with organolithium compounds.17 Thus, the obtained
previous results are described in this communication.


Synthesis of aliphatic (Z)-a,b-unsaturated a-haloesters 3


The best results were obtained after the addition of 5 equiv. of
the black slurry of active manganese to a solution of 1 equiv. of
the corresponding aldehyde 1 and 1.1 equiv. of trichloroacetate
2 in THF at room temperature which afforded, after refluxing
for 5 h, the corresponding aliphatic a,b-unsaturated a-haloester 3
with total stereoselectivity and in high yields (Table 1). The active
manganese was readily prepared by using the method described
by Cahiez.14‡


The reaction is general. Linear, branched or cyclic aliphatic
aldehydes gave the corresponding 2-chloroalk-2-enoates 3 in high
yields (>88%, after purification by column chromatography) and
with complete Z-stereoselectivity as shown in Table 1 (entries 1–
3). In contrast to other olefination reactions such as the Wittig
reaction,18 the yield and the stereoselectivity of the reaction
was unaffected when a highly hindered trichloroacetate (Table 1,
entry 3), was employed. All the starting materials were commer-
cially (ethyl trichloro- or dibromofluoroacetate and aldehydes)


Table 1 Synthesis of aliphatic (Z)-a,b-unsaturated a-haloesters 3


Entry 3 R1 R2 Hal Z–E Yield (%)a


1 3a i-Bu Et Cl >98 : 2 92
2 3b Cy Et Cl >98 : 2 95
3 3c C7H15 i-Pr Cl >98 : 2 88
4 3d C7H15 Et Br >98 : 2 71
5 3e s-Bu Et F >98 : 2 62


a Yield of the isolated product after column chromatography based on
compound 1.
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or readily (ethyl tribromoacetate from tribromoacetyl chloride)
available compounds.


Under milder reaction conditions (room temperature, 12 h),
bromo or fluoro derivatives could be also obtained in an efficient
manner in which debrominated byproducts were not detected.
Thus, the reaction of ethyl tribromoacetate or dibromofluoroac-
etate with the corresponding aldehyde afforded 2-bromoacrylate
3d or 2-fluoroacrylate 3e in good yields and with complete Z-
stereoselectivity (Table 1, entries 4 and 5). The Z–E ratio of
compounds 3 was determined on the crude reaction products by
1H NMR spectroscopy (300 MHz) and/or GC-MS, showing the
presence of a single stereoisomer. The Z-stereochemistry of the C–
C double bond of a-halo-a,b-unsaturated esters 3 was established
by NOESY experiments and by comparison with the NMR data
previously described in the literature for compound 3c.19 The
trans configuration of the fluoro derivative 3e was established
based on the value of the 1H NMR coupling constant between
the olefinic proton and the fluorine atom (JHF = 34 Hz).20 The
configurations of other esters were established by analogy to the
preceding determinations.


Synthesis of (Z)-a,b-unsaturated a-haloamides 5


After testing several reaction conditions, a,b-unsaturated a-
haloamides were prepared by treatment of a solution of the
corresponding aldehyde and trichloroacetamide in THF with 5
equiv. of Mn* at reflux for 5 hours. Hence, a range of amides,
aliphatic (linear, branched or cyclic) and aromatic were obtained in
high yields (>80%), after purification by column chromatography
and with complete Z-diastereoselectivity (Table 2).


Similarly to esters 3, the amides were obtained with complete Z-
stereoselectivity (1H NMR spectroscopy and GC-MS on the crude
reaction products), the Z configuration of the C–C double bond
of amides 5 being determined by performing NOESY experiments
on compounds 5a, 5b, 5d, and 5e.


It is noteworthy that this process was not affected by the
use of trichloroacetamides derived from different amines. In
turn, the starting amides were readily obtained by reaction of
trichloroacetyl chloride with the corresponding amine.


These obtained results could be explained by the same mech-
anism previously proposed to explain the synthesis of a,b-
unsaturated esters15 or amides16 promoted by Mn*. Thus we


Table 2 Synthesis of (Z)-a,b-unsaturated a-haloamides 5


Entry 5 R1 R2 Z–E Yield (%)a


1 5a i-Bu Et >98 : 2 82
2 5b Cy Et >98 : 2 80
3 5c C7H15


b >98 : 2 84
4 5d p-MeOC6H4 Et >98 : 2 81
5 5e p-MeOC6H4 i-Pr >98 : 2 86


a Yield of the isolated product after column chromatography based on
compound 1. b From morpholine.


assume that the synthesis of 3 or 5 took place through a sequential
reaction in two steps (Scheme 1). Initially, a manganese enolate 6
was generated by metalation of one C–Hal bond of 2 or 4 with
2 equiv. of Mn*. Thus, a Reformatsky-type process takes place
initially to afford the dihaloester or amide 7. A metalation of a
C–Hal of 7 afforded the manganese enolate 8, which underwent a
spontaneous 1,2-elimination reaction to give 3 or 5.


Scheme 1 Proposed mechanism.


This elimination could take place through a chelation-control
model (Scheme 1), in which the Mn(II) center is coordinated with
the oxygen atom of the alcoholate group in the enolate 8, to
produce a six-membered ring.21 Tentatively we propose a chair
transition state model I to justify the configuration of the alkene
function on the obtained esters or amides 3 or 5. Thus, in the
more stable chair transition state, the R1 group would adopt a
pseudo-equatorial position to avoid 1,3-diaxial interactions. A
1,2-elimination reaction from I such as that depicted in 8, would
afford the Z-stereoisomer. An indirect support for this mechanism
is given by the detection of the corresponding 2,2-dichloro-3-
hydroxyester or amide (obtained by hydrolysis of the intermediates
7) on the crude reaction of compounds 3b and 5c.


The synthesis of (Z)-a,b-unsaturated a-haloamides derived
from morpholine are of special interest due to their synthetic
applications.22 Therefore, taking into account the important appli-
cations of a-haloenones in the preparation of different important
substrates, and biologically active products,23 the amide 5c was
readily transformed into ketones 9a and 9b, as shown in Scheme 2.
Thus the reaction of 5c with methyl- or butyllithium at −78 ◦C
for 1 h afforded the corresponding ketone 9a or 9b. This transfor-
mation took place without loss of the diastereoisomeric purity of
the C–C double bond (1H NMR of the crude reaction products)
and in nearly quantitative yields (97 and 90%, respectively).
The Z-configuration of the alkene function was established by
a NOESY experiment on ketone 9b. Hence the assignment of the
Z-stereochemistry of 9b allowed the indirect determination of the


Scheme 2 Synthesis of (Z)-a,b-unsaturated a-chloroketones 9.
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Z-configuration of the starting a,b-unsaturated amide 5c, which
could not be established directly by a NOESY experiment. It is
noteworthy that the prepared ketones 9a and 9b (R3 = aliphatic)
are difficult to achieve by using other reported methods.


In conclusion, an easy, straightforward and general sequential
method has been developed to synthesize aliphatic a,b-unsaturated
a-haloesters (bromo, chloro, and fluoro) 3 and chloroamides 5 with
total Z-stereoselectivity, through a sequential process promoted
by the non-toxic Mn*. The unsaturated amides 5 derived from
morpholine were readily transformed into the corresponding ke-
tones by reaction with organolithium compounds. Generalization
of the reported synthesis is currently under investigation within
our laboratory.
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1 (a) F.-L. Quing and X. Zhang, Tetrahedron Lett., 2001, 42, 5029–5032;
(b) K. Tanaka and S. Katsumura, Org. Lett., 2000, 2, 373–375; (c) W.-
M. Dai, J. Wu, K. C. Fong, M. Y. H. Lee and C. W. Lau, J. Org. Chem.,
1999, 64, 5062–5082; (d) S. M. Zhou, Y. L. Yan and M. Z. Deng, Synlett,
1998, 198–200; (e) T. Rossi, F. Bellina, C. Bechini, L. Mannina and P.
Vergamini, Tetrahedron, 1998, 54, 135–156.


2 (a) M.-Y. Chang, P.-P. Sun, S.-T. Chen and N.-C. Chang, Tetrahedron
Lett., 2003, 44, 5271–5273; (b) S. N. Filigheddu and M. Taddei,
Tetrahedron Lett., 2002, 43, 3857–3860.


3 (a) H. Dollt and V. Zabel, Aust. J. Chem., 1999, 52, 259–270; (b) A.
Kakehi and S. Ito, J. Org. Chem., 1974, 39, 1542–1545.


4 E. Mironiuk-Puchalska, E. Kołaczkowska and W. Sas, Tetrahedron
Lett., 2002, 43, 8351–8354.


5 (a) E. Bellur and P. Langer, Eur. J. Org. Chem., 2005, 22, 4815–4828;
(b) A. Sorg, F. Blank and R. Brückner, Synlett, 2005, 8, 1286–1290;
(c) V. J. Majo, J. Prabhakaran, N. R. Simpson, R. L. Van Heertum,
J. J. Mann and J. S. D. Kumar, Bioorg. Med. Chem. Lett., 2005, 15,
4268–4271.


6 Examples of the most important methods to prepare a,b-unsaturated
haloesters are available from the literature in ref. 7.


7 D. K. Barma, A. Kundu, H. Zhang, C. Mioskowski and J. R. Falck,
J. Am. Chem. Soc., 2003, 125, 3218–3219.


8 J. R. Falck, A. Bandyopadhyay, D. K. Barma, D.-S. Shin, A. Kundu
and R. V. Krishna Kishore, Tetrahedron Lett., 2004, 45, 3039–3042.


9 Other methods to prepare a-chloro-a,b-unsaturated amides with high
selectivity have been reported: (a) C. Lambert, B. Caillaux and H. G.
Viehe, Tetrahedron, 1985, 41, 3331–3338; (b) Synthesis of a-bromo-a,b-
unsaturated amides (no data of setereoselectivity was reported) was
also described: N. H. Cromwell and F. Pelletier, J. Org. Chem., 1950,
15, 877–883.


10 Aldrich Catalogue (2007–2008): CrCl2 (99.99%): 25g—£ 585.00.
11 J. R. Falck, R. Bejot, D. K. Barma, A. Bandyopadhyay, S. Joseph and


C. Mioskowski, J. Org. Chem., 2006, 71, 8178–8182.
12 Electrochemical redox potential: Mn+2/Mn(0) −1.03V, Handbook of


Chemistry and Physics, CRC Press, Boca Raton, FL, 62nd edn, 1982.
13 To see a revision about the synthetic applications of organomanganese


compounds see: K. Oshima, J. Organomet. Chem., 1999, 575, 1–20.
14 G. Cahiez, A. Martı́n and T. Delacroix, Tetrahedron Lett., 1999, 40,


6407–6410.
15 J. M. Concellón, H. Rodrı́guez-Solla, P. Dı́az and R. Llavona, J. Org.


Chem., 2007, 72, 4396–4400.
16 J. M. Concellón, H. Rodrı́guez-Solla and P. Dı́az, J. Org. Chem., 2007,


72, 7974–7979.
17 Amides derived from morpholine can be readily transformed into:


(a) Ketones: R. Martı́n, P. Romea, C. Tey, F. Urpı́ and J. Vilarrasa,
Synlett, 1997, 1414–1416; (b) Aldehydes: C. Douat, A. Heitz, J.
Martinez and J.-A. Fehrentz, Tetrahedron Lett., 2000, 41, 37–40;
(c) Carboxylic acids: P. G. Gassman, P. K. G. Hodgson and R. J.
Balchunis, J. Am. Chem. Soc., 1976, 98, 1275–1276.


18 B. E. Maryanoff and A. B. Reitz, Chem. Rev., 1989, 89, 863–927.
19 J. M. Concellón, M. Huerta and R. Llavona, Tetrahedron Lett., 2004,


45, 4665–4667.
20 R. M. Silverstein, G. C. Bassler and T. C. Morrill, in Spectrometric


Identification of Organic Compounds, John Wiley and Sons, New York,
1991, ch. 4, , Appendix F, p. 221.


21 Manganese(II) enolates and related species have been proposed as
intermediates in other manganese-promoted transformations, see:
(a) J. M. Concellón, H. Rodrı́guez-Solla and V. del Amo, Synlett, 2006,
315–317; (b) G. Dessole, L. Bernardi, B. F. Bonini, E. Capitò, M. Fochi,
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A series of 2-alkylsulfanyl-4-(4-fluorophenyl)-5-(2-aminopyri-
din-4-yl)-substituted imidazoles was prepared and interaction
possibilities of the 2-thioether moiety with phosphate/ribose
binding pockets of p38 MAP kinase were investigated. In-
troduction of the alkyl/benzyl amino function at the pyridine
moiety was carried out via nucleophilic substitution or via
palladium catalyzed aryl-C–N-bond formation.


Introduction


p38 mitogen-activated protein (MAP) kinase, a serine/threonine
kinase, is required for the biosynthesis and release of the pro-
inflammatory cytokines IL-1 and TNF-a.1 p38 MAP kinases
are activated by infection or cellular stress such as ultraviolet
light, heat or osmotic shock.2 Inhibition of the p38 MAP kinase
could reduce the expression of these cytokines. Therefore this may
be a promising target for the treatment of many inflammatory
disorders such as rheumatoid arthritis and inflammatory bowel
disease. Pyridinyl imidazoles like the prototype inhibitor SB
203580 1 (Fig. 1) are well-known ATP competitive p38 MAP
kinase inhibitors.3,4


Fig. 1 Trisubstituted pyridinyl imidazoles.


We previously reported a series of trisubstituted imidazoles
that are structurally related to 1, notably 2-alkyl/benzylsulfanyl-4-
fluorophenyl-5-pyridinylimidazoles 2 as potent p38 MAP kinase
inhibitors (Fig. 1).5 These 2-thioimidazoles are superior compared
to the prototype SB-like 2-arylimidazoles because they have fewer
interactions with metabolic enzymes like CYP-450.5


In a continuous effort to develop improved p38 MAP kinase
inhibitors, we focused our attention on the optimization of
substitution on the pyridinyl and imidazole rings. The 2-thioether
moiety of 2 was investigated as a linker region for residues able to
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interact with the ribose pocket and/or phosphate binding region
of the enzyme. Furthermore, the introduction of a secondary
amino functionalization on the 2-position of the pyridinyl ring
was investigated.


Herein, we wish to report the structure–activity relationship of
a series of 2-alkylsulfanyl-4-(4-fluorophenyl)-5-(2-aminopyridin-
4-yl)-substituted imidazoles (10a–u) and a convenient, straightfor-
ward synthetic route to 4-aryl-5-heteroaryl-substituted imidazole-
1,3-dihydro-2-thiones (9a–h).


The 2-thioether moieties at the imidazole core, exemplified by
2,3-dihydroxypropyl (Fig. 2), has improved the p38 MAP kinase
inhibition, most likely by targeting the ribose pocket and/or
phosphate binding region of the ATP binding site of p38.


Fig. 2 Kinase inhibitor 10g.


Results and discussion


Synthesis


The first attempted synthetic approach to the title compounds
is outlined in Scheme 1. The starting point of the syn-
thesis is 4-(4-fluorophenyl)-5-(2-fluoropyridin-4-yl)-1,3-dihydro-
imidazol-2-thione (11), which was obtained from 2-fluoro-4-
methylpyridine according to a 4-step synthesis described in previ-
ous publications.5,6 Initial steps to 10 were nucleophilic aromatic
substitutions on the pyridinyl moiety with alkyl or benzyl amines
followed by alkylation of the sulfur atom. The critical point was the
isolation of the thiones 9 accompanied by a poor reproducibility
of the approach.


Scheme 1 Reagents and conditions: (i) R1–NH2 (10 equiv.), 150 ◦C.
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Starting from N-protected 2-(N-alkylamino)-4-methylpyridines
we developed a new synthetic strategy, leading to the key inter-
mediates 4-aryl-5-heteroaryl-substituted imidazole-1,3-dihydro-2-
thiones 9a–h (Schemes 2 and 3).


Scheme 2 Synthesis of the 2-(N-Boc-N-alkyl/phenylalkylamino)-4-methyl-
pyridines 5a–h.


To protect the amino function, the Boc-protecting group was
chosen because of its stability under strongly basic conditions and
its facile cleavage under acidic conditions. The intermediate Boc-
protected 2-(N-alkyl/phenylalkylamino)-4-methylpyridines 5a–h
were synthesized by two different routes (Scheme 2). In the
case of benzylic and primary halides (5a–d) we started from 2-
(N-Boc-amino)-4-methylpyridine 3 via nucleophilic substitution
(route A). The carbamate 3 was prepared by reacting 2-amino-4-
methylpyridine and di-tert-butyl dicarbonate in tert-butanol. The
carbamate 3 was deprotonated using sodium hydride (1.25 equiv.)
in dry DMF and treated with the alkyl/benzyl halide (1.15 equiv.)
to afford 5a–d.7


For secondary alkyl halides this method failed or gave poor
yields. Therefore, route B was used for the synthesis of picolines
5e–h (Scheme 2). The aryl-C–N-bond formation was achieved
by a Buchwald–Hartwig reaction.8,9 Thus, heating 2-bromo-4-
methylpyridine (4) with alkyl amines (1.2 equiv.) in the presence


of Pd2(dba)3 (2 mol%), BINAP (4 mol%) and t-BuONa (1.4
equiv.) in toluene yielded the corresponding 2-(alkylamino)-4-
methylpyridines 5e–h. These compounds could be Boc-protected
without further purification. In some cases, especially when
introducing small aliphatic substituents, a disubstituted 2-(N,N-
dialkylamino)-4-methylpyridine was found as by-product. To react
4-aminotetrahydropyrano hydrochloride 2.4 equiv. of base was
used.


The straightforward synthesis of imidazole-2-thiones 9a–h from
picolines 5a–h is presented in Scheme 3. Picolines 5a–h were
deprotonated with sodium hexamethyldisilazane (NaHMDS) in
THF at 0 ◦C and reacted with ethyl 4-fluorobenzoate to afford
ethanones 6a–h. The reaction was quenched with aqueous NH4Cl
solution and purified by flash chromatography, thus allowing the
recovery of unreacted starting material 5. Upon treatment with
sodium nitrite (3.0 equiv.) in acetic acid at 10 ◦C ethanones
6a–h were converted into the a-hydroxyiminoketones 7a–h. The
oximes 7a–h were obtained as colourless foams and as a mixture
of isomers, indicated by proton NMR. In methanolic hydrogen
chloride, the oxime functionality was reduced in the presence
of Pd/C under a hydrogen atmosphere at room temperature
and atmospheric pressure to an amino group. This step was
accompanied by cleavage of the Boc-group as well as by transfer
of the amines into the corresponding amine hydrochlorides 8a–h.
The hydrochlorides 8a–h could be used in the next step without
further purification. Cyclisation to imidazole thiones was achieved
by heating 8a–h and potassium thiocyanate in DMF to reflux
temperature. After cooling to room temperature and treatment
with water, the imidazole-1,3-dihydro-2-thiones 9a–h precipitated
as yellowish solids in good yield and purity. Finally, the sulfur atom
was functionalized via nucleophilic substitution to compounds
10a–u (Scheme 4). Alkylation of 9a–h with various hydrophilic
alkyl halides proceeded upon treatment with sodium ethoxide or
potassium tert-butoxide in methanol.


Biological studies


The biological test results (p3810 and TNF-a release) show that the
prepared 4(5)-aryl-5(4)-heteroaryl-2-thio-substituted imidazoles
10a–u are highly potent inhibitors with IC50 values in the low
nanomolar range (Table 1). Compound 10g inhibits the target
enzyme in vitro 13 times more strongly than the prototype inhibitor
SB 203580. These results indicate that substituents at both the


Scheme 3 Synthesis of the key intermediates 5-(2-(alkyl/phenylamino)pyridin-4-yl)-4-(4-fluorophenyl)-1,3-dihydroimidazol-2-thiones 9a–h; reagents
and conditions: (i) NaHMDS, ethyl 4-fluorobenzoate, THF, 0 ◦C–rt; (ii) NaNO2, acetic acid, 10 ◦C–rt, 2.5 h; (iii) Pd/C 10%, MeOH–HCl, H2, rt, 16 h;
(iv) KSCN, DMF, reflux, 3 h; ayield over 3 steps.
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Scheme 4 Synthesis of the target compounds 10a–u; reagents: (i) R2–X
(X = Cl, Br, I), t-BuOK or EtONa, MeOH.


Table 1 Evaluation of the prepared compounds 10a and 10g for p38
MAP kinase inhibitory activity and TNF-a release in human whole blood


Test compound
IC50 ± SEM/lM IC50 ± SEM/lM
p38a TNF-aa


10a 0.049 ± 0.009 (2) 0.936 ± 0.21 (2)
10g 0.003 ± 0.001 (3) 0.126 ± 0.0081 (3)
SB 203580 0.038 ± 0.011 (14) 1.79 ± 0.35 (14)


a Number of experiments is given in brackets.


2-thioether moiety and the 2-amino position of the pyridine have
effects on the potency of the inhibitory activity of the compounds.


In particular, substitution at the 2-position of the imidazole
core may allow hydrogen bonding with the ribose and phosphate
binding pockets of p38, thus enhancing inhibitory properties of
the compounds.


In Fig. 3, the suggested binding mode for 10g is reported. Note-
worthy is the interaction possibility of the 2,3-dihydroxypropyl
residue with the p38 conserved residues Asp168-Phe169-Gly170
(DFG), in particular the hydrogen bonding with Asp168.


Conclusions


In summary, we report a straightforward access to the 2-
(alkyl/benzylamino)pyridinyl substituted imidazole-1,3-dihydro-


Fig. 3 Suggested binding mode for 10g. Asp168 is labelled with a white
D. After geometric optimization in the MMFF94 force field, the molecule
has been docked in the p38 active centre by using the docking program
FlexX. As the protein model, the X-ray structure 1bl7.pdb11 had been
used.


2-thiones 9a–h and their functionalization to potent p38 MAP
kinase inhibitors 10a–u.


Residues with polar groups at the 2-thioether moiety, which may
interact with the ribose and/or phosphate pocket of the enzyme,
are well tolerated.
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We present high-level computational predictions regarding a
novel uncatalysed, yet feasible, C–C bond forming reaction.


The reduction of alkenes or alkynes with cis-diimide is a re-
markable reaction in the sense that hydrogen is transferred to a
carbon–carbon multiple bond without the need for any catalyst.1


Solvent effects are virtually absent, and a large variety of oxidation
agents can be used for the generation of cis-diimide by oxidation
of hydrazine.1 The reaction proceeds through a six-membered
concerted transition state,2,3 and in the present communication,
we want to address the question of whether this reaction can be
generalised to include alkyl- or aryl-substituted diimides, which
would constitute a new type of a formally non-catalysed addition
of R–H or Ar–H to an alkene or alkyne. Hydroformylation,
which is the formal addition of H–CH=O to a double bond,
requires metal-catalysis, and is a reaction of tremendous industrial
importance.4,5 The feasibility of such an uncatalysed reaction is
addressed by high-level computational predictions on a potential
candidate for a totally novel uncatalysed C–C forming reaction,
namely the concerted transfer of a carbon substituent from a
substituted diimide to a C=C or C≡C bond (Scheme 1).


Scheme 1


With the G3(MP2)//B3LYP method,6 we have calculated a
total of 28 reaction barriers and reaction energies. All calculations
have been carried out with the Gaussian suite of programs.7 The
X and Y substituents have been varied to investigate the electronic
requirements for the reaction at hand. The results are shown in
Tables 1–3. For each of the entries in Tables 1–3 we have calculated
the geometries of the reactants, the transition state (one imaginary
frequency) and the products at the B3LYP/6-31G(d) level to
subsequently compose the G3(MP2)//B3LYP energies that have
been shown to be accurate to within 1.25 kcal mol−1.4 Examples
of typical transition states for transfer to ethylene and acetylene,
respectively, are shown in Fig. 1. All of the transition states that we
have located are similar in appearance. They differ in the degree
by which X is transferred from the diimide to the unsaturated


University of Copenhagen, Department of Chemistry Universitetsparken 5,
2100 Copenhagen Ø, Denmark. E-mail: theis@kiku.dk


Table 1 Barriers and reaction energies for transfer HN=NX + ethy-
lene → N2 + CH3CH2Xa


X Barrier Reaction energy


H 10.7 −352.8
CH3 183.3 −346.0
H2C=CH 169.9 −335.1
Ph 155.3 −344.9
p-NO2-Ph 145.7 −353.9
CONH2 133.9 −325.8
COOMe 103.2 −340.8
HC≡C 120.3 −383.0
CHO 92.4 −345.2
CN 79.9 −411.0


a G3(MP2)//B3LYP values in kJ mol−1 at 0 K.


Table 2 Barriers and reaction energies for transfer HN=NX + acety-
lene → N2 + CH2CHXa


X Barrier Reaction energy


H 15.7 −395.4
CH3 188.1 −399.2
H2C=CH 169.8 −401.7
Ph 155.4 −403.2
p-NO2-Ph 145.3 −410.3
CONH2 141.2 −370.9
HC≡C 114.3 −437.9
COOMe 103.1 −384.2
CHO 95.3 −391.4
CN 83.2 −456.9


a G3(MP2)//B3LYP values in kJ mol−1 at 0 K.


Table 3 Barriers and reaction energies for transfer HN=NX + Z → N2 +
HXZa


X,Zb Barrier Reaction energy


H, HC≡COCH3 19.2 −429.7
a-HC≡C, HC≡COCH3 116.6 −480.9
s-HC≡C, HC≡COCH3 93.5 −469.7
a-HC≡C, HC≡CF 123.0 −504.0
s-HC≡C, HC≡CF 87.8 −502.7
a-CN, HCN 77.8 −275.3
s-CN, HCN 153.2 −277.6
a-Ph, HC≡CPh 153.3 −403.0


a G3(MP2)//B3LYP values in kJ mol−1 at 0 K. b X and the substituent/
heteroatom point in the same direction (s) or in opposite directions (a).


bond. For the reactions with relatively low barriers, e.g. X =
CHO, the N–X bond of the transition state is shorter (1.523 Å)
compared to the situations where the barrier is high, e.g. X = CH3
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Fig. 1 Calculated transition states for the transfer of CHO to ethylene
(above) and acetylene (below). Bond lengths are given in Å.


(N–X = 1.910 Å). The reason for the higher degree of transfer in
the cases where the barrier is high is to be found in the fact that
the reactions are highly exothermic. When a late transition state
is involved, there is some lending of stability from the products.
The high exothermicity of the reactions is simply reflecting the
large strength of the N≡N bond; in fact, when Y = H, the spread
on the reaction energies is 10% at the most. This spread increases
once X and Y are varied together. However, in either case, the
reaction energy does not have a large impact on the barrier—a
low barrier and a large exothermicity do not go hand in hand. The
reactions are more exothermic in the cases of transfer to acetylene
(by 51 kJ mol−1 on average), which is not a surprise given the
larger bond strength of the triple bond compared to the double
bond.


The change in the reaction barriers as the electronic nature of
X and Y are varied provides information on the fundamental
electronic requirements of the reaction. The barriers for transfer
to acetylene and ethylene lie within 7 kJ mol−1 (2 kJ mol−1 on
average) with the transfer to acetylene being the least favourable.
The reason for this is that the transition state energy is determined
by the structural deformation in the transition state; this is larger
in the case of acetylene as can be seen in Fig. 1.


In Tables 1 and 2 the electronic nature of the diimide substituent
is varied. It is evident that the reaction is favoured by increasing
electropositive character on the substituent under transfer. There is
a clear correlation with the classical Hammett r values: r(CH3) =
−0.17, r(Ph) = 0.05, r(COOMe) = 0.45, r(CHO) = 0.47, r(CN) =
0.62—the barriers decrease from CH3 to CN. In the cases of CN
and CHO, the barriers (79.9 kJ mol−1 and 92.4 kJ mol−1, respec-


tively) seem to be within reach of ambient reaction conditions
in an organic laboratory. The availability of substituted diimides
has been reported, one example is PhN=NH,8 so the diimides
associated with the lowest barriers should be experimentally
accessible and from suitable precursors. The highest barrier was
found for methyl transfer and probably becomes prohibitively
large with a value of 183 kJ mol−1. For the highest and the lowest
barriers we also calculated the influence of raising the temperature
to 298.15 K and it was found that the barrier was negligibly lower
by 1 kJ mol−1.


Given the result that the group under transfer acts as an
electrophile, it would be sensible to expect that an increase in
the nucleophilicity of the accepting carbon in the unsaturated
moiety would decrease the barrier. This was tested in calculations
of the reaction barriers for selected substituted unsaturated species
to investigate inductive and resonance effects. In the case of
methoxy substituted acetylene, the barrier for H-transfer increases.
This is consistent with the large electronegativity of oxygen. The
calculated transition state geometry shows that the hydrogen is
most progressed to the opposite end of the methoxy substituent
because of the resonance donation of the lone pair to that site.
When the substituent under transfer is C≡CH the result seems
at first to contradict that of H-transfer because the barrier is
lower when C≡CH and CH3O point in the same direction (s for
syn), i.e., when the donor carbon atom is electron deprived by
the neighbouring oxygen atom. However, the reason for this is
clearly revealed by a calculation with the NBO methodology by
Weinhold et al.9 The calculation shows a significant delocalisation
of the oxygen lone pair of the CH3O–C≡CH moiety into the p*
orbital of the opposite C≡CH moiety under transfer. The same
effect is evident when the heteroatom is fluorine and the barriers
are comparable for the syn as well as for the anti transition states.
When the transfer takes place to HCN, the lowest barrier (and the
lowest barrier of this study) is found for transfer to the nitrogen
lone pair, i.e., consistently to the most electron rich site of the
molecule. An attempt was also made to bring down the barrier by
insuring delocalisation all over the transition state by transfer of a
phenyl group to b-styrene. This substitution pattern, however, did
not reveal an effect.


Thus, in summary, it would seem that the reaction is a slightly
asynchronous concerted process with the entity that is transferred
from the diimide acting as the acceptor and the unsaturated
carbon bond acting as the donor. The barriers of the reactions
that accommodate the electronic requirements seem to be low
enough for the process to provide a valuable and novel synthetic
tool for uncatalysed C–C bond formation.
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A Rh-BINAP complex catalyzed an intermolecular and enantioselective [4 + 2] cycloaddition of
1-monosubstituted, 1,1- or 1,2-disubstituted buta-1,3-dienes with dimethyl acetylenedicarboxylate to
give chiral cyclohexa-1,4-dienes.


Introduction


The [4 + 2] cycloaddition of 1,3-dienes with alkenes or alkynes is
widely recognized as a powerful synthetic tool for the construction
of 6-membered ring systems. In particular, the development of
Lewis acid-catalyzed enantioselective Diels–Alder reactions of
dienes with dienophiles, possessing heteroatom(s) as coordination
site(s), has been one of main topics in organic synthesis, and
various efficient chiral Lewis acids have been reported in both in-
termolecular and intramolecular reactions.1 On the contrary, tran-
sition metal-catalyzed [4 + 2] cycloaddition is another approach.
For instance, in 1983, iron complex-catalyzed intermolecular [4 +
2] cycloadditions of 1,3-dienes with alkynes were reported.2 Rh
complexes have also shown themselves to be efficient catalysts.3


Since 1989, intramolecular [4 + 2] cycloadditions of dienynes have
been comprehensively studied using Ni4 and Rh catalysts.5 Enan-
tioselective cycloadditions have also been realized using chiral Rh6


and Ir catalysts.7 However, an example of intermolecular and
enantioselective cycloaddition has been reported using a chiral
cobalt catalyst, where a reaction of only a 1-boron functionalized-
3-methylbuta-1,3-diene and trimethylsilylacetylene was disclosed.8


We disclose here the Rh-catalyzed intermolecular and enantios-
elective [4 + 2] cycloaddition of substituted buta-1,3-dienes and
dimethyl acetylenedicarboxylate (DMAD).9


Results and discussion


We chose the reaction of 1-alkyl-substituted (E)-buta-1,3-diene
1a and DMAD as a model reaction, and examined several chiral
phosphorus ligands in cationic Rh complexes, which are already
known as efficient catalysts in [4 + 2] cycloadditions (Table 1).3


BINAP derivatives were appropriate ligands, and cyclohexa-1,4-
diene 3aa was obtained in moderate ee (Table 1, entries 1–3). A
Rh-BDPP complex gave the product in good yield, yet with lower
ee (Table 1, entry 4), and CHIRAPHOS and Me-DUPHOS were
unsuitable ligands (Table 1, entries 6 and 7).


When an isolated Rh-BINAP complex was used as the chiral cat-
alyst, the enantioselectivity exceeded 80% (Table 2, entry 1). Under
the same reaction conditions, we next examined several alkynes
as coupling partners (Table 2, entries 2–6). When 3-hexyne-2,5-
dione (2b), namely an alkynyl diketone, was used in place of an
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Engineering, Waseda University, 3-4-1, Okubo, Shinjuku, Tokyo, 169-8555,
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Table 1 Screening of chiral ligands in Rh-catalyzed intermolecular
[4 + 2] cycloadditions


Entrya Ligandb Yield of 3aa (%) ee (%)


1 (S)-BINAP 64 67
2 (S)-Tol-BINAP 62 69
3 (S)-xylyl-BINAP 37 72
4 (S)-BDPP 72 45
5 (S)-NORPHOS 32 22
6 (S)-CHIRAPHOS <5 9
7 (S,S)-Me-DUPHOS Trace —


a Diene 1a/DMAD = 3 : 1. b Tol-BINAP: 2,2′-bis(di-p-tolylphosphino)-
1,1′-binaphthyl, xylyl-BINAP: 2,2′-bis(di(3,5-xylyl)phosphino)-1,1′-
binaphthyl, BDPP: 2,4-bis(diphenylphosphino)pentane, NORPHOS:
2,3-bis(diphenylphosphino)bicyclo[2.2.1]hept-5-ene, CHIRAPHOS: 2,3-
bis(diphenylphosphino)butane, Me-DUPHOS: 1,2-bis(2,5-dimethyl-
phospholano)benzene.


alkynyl diester, the reaction gave a complex mixture.10 Product 3ab
could not be completely purified but its ee was comparable with
that of DMAD (Table 2, entry 2). In contrast, in the case of 1,4-
diphenyl-2-butyne-1,4-dione (2c), the corresponding cycloadduct
3ac was obtained in good yield but the ee was very poor (Table 2,
entry 3). [4 + 2] Cycloadducts could not be detected in the
reaction with N,N,N′,N′-tetramethyl acetylenedicarboxamide (2d)
under the same reaction conditions (Table 2, entry 4). Alkynyl
monoesters did not give the corresponding [4 + 2] cycloadducts at
all (Table 2, entries 5 and 6). These results imply that the oxygen
atom of the carbonyl moiety is important for the induction of high
enantioselectivity, and that two electron-withdrawing groups are
indispensable for the cross-coupling of 1,3-dienes and alkynes.11


Various 1-substituted buta-1,3-dienes were submitted to the
reaction with DMAD (Table 3). (E)- and (Z)-penta-1,3-diene
clearly showed different reactivities (Table 3, entries 1 and 2). That
is, it took only 4 h for the complete consumption of DMAD, and
the highest ee of 94% was achieved by the opposite enantiomer 3ba.
It is noteworthy that both enantiomers were selectively obtained
from the choice of diene geometry using the same chiral catalyst.
When a phenyl group was introduced, the ee decreased (Table 3,
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Table 2 Screening of alkynes in Rh-catalyzed intermolecular [4 + 2]
cycloadditions


Entrya R R′ Alkyne Yield (%) ee (%)


1 CO2Me CO2Me 2a 65 (3aa) 82
2 C(O)Me C(O)Me 2b ca. 30 (3ab) 78
3 C(O)Ph C(O)Ph 2c 69 (3ac) 7
4 C(O)NMe2 C(O)NMe2 2d — —
5 CO2Me Me 2e — —
6 CO2Me Ph 2f — —


a Diene 1a/alkyne = 3 : 1.


Table 3 Intermolecular [4 + 2] cycloaddition of various 1,3-dienes with
DMAD


Entrya R′′ Dieneb Time/h Yield (%) ee (%)


1 Me 1b-E 24 51 (3ba) 78
2 Me 1b-Zc 4 51 (3ba) −94
3 Ph 1c 24 65 (3ca) 65
4 BnO(CH2)2 1d 24 54 (3da) 89
5 TBSO(CH2)2 1e 24 62 (3ea) 84
6 MeTsN(CH2)2 1f 24 66 (3fa) 89


a Diene 1/alkyne = 3 : 1. b (E)-1,3-Dienes were used, except entry 2. c (Z)-
1,3-Diene was used.


entry 3). Functionalized 1,3-dienes 1d–1f, with an oxygen or
nitrogen atom, were also tolerable, and the corresponding products
were obtained in relatively high ee (Table 3, entries 4–6).


We further examined 1,1-disubstituted buta-1,3-diene 1g under
the same reaction conditions and obtained cyclohexa-1,4-diene
3ga, with a quaternary carbon stereocenter, in good ee (Scheme 1).
1,2-Disubstituted buta-1,3-diene 1h was also a good substrate, and
bicyclic compound 3ha was obtained.


Scheme 1


Scheme 2 shows a proposed mechanism for our intermolecular
[4 + 2] cycloadditions. p-Complexation of a diene and an alkyne to
the chiral rhodium complex forms the beginning of the reaction.
The 3,4-position of a 1-substituted-1,3-diene is an exo olefin and
less sterically hindered than the 1,2-position. Therefore, oxidative
coupling proceeds between the 3,4-position of the diene and
DMAD. Metallacyclopentene A would therefore be preferentially
obtained because of steric repulsion between the methoxycarbonyl
and alkenyl groups in A′. A following 1,3-allylic rearrangement
and reductive elimination then give the cyclohexa-1,4-diene. When
a (Z)-1,3-diene (R′ is not hydrogen) is used, the 1,3-allylic
rearrangement would probably proceed readily because of steric
repulsion between R′ and the ligand at the metal center. The
enantioselectivity is determined at the oxidative coupling step,
and the steric discrimination of a large alkenyl group and a small
hydrogen would induce high enantioselectivity. In practice, when
hydrogen is replaced by a methyl group at the 3-position, the ee
drastically decreases (Scheme 3).


Scheme 2


Scheme 3


Conclusion


We have developed an intermolecular and enantioselective [4 +
2] cycloaddition. The chiral Rh complex-catalyzed reaction of
1-monosubstituted, and 1,1- and 1,2-substituted 1,3-dienes with
DMAD gave cyclohexa-1,4-dienes in good to high ee.
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Experimental


General


Anhydrous 1,2-dichloroethane (DCE) is commercially available.
It was dried over molecular sieves 4A (MS 4A) and de-gassed by
argon bubbling before use. All reactions were conducted under an
argon atmosphere. IR spectra were recorded with a Horiba FT730
spectrophotometer. NMR spectra were measured with JEOL
AL-400 and Lambda500 spectrometers using tetramethylsilane
as an internal standard and CDCl3 as a solvent. Mass spectra
were measured with a JEOL JMS-SX102A instrument. Optical
rotations were measured with a Jasco DIP-1000 polarimeter.


Typical experimental procedure (Table 3)


[Rh(cod)(binap)]BF4 (9.2 mg, 0.010 mmol) was stirred in CH2Cl2


(1.0 mL) at room temperature under an atmosphere of argon. The
flask was purged with hydrogen gas and the solution stirred for a
further 30 min. After the solvent and hydrogen had been excluded
under reduced pressure, argon gas was introduced. DCE (0.1 mL)
was added to the flask, followed by a DCE solution (0.4 mL) of
1,3-diene 1 (0.30 mmol) and DMAD (14.2 mg, 0.1 mmol), and the
mixture was stirred at 40 ◦C for 24 h. The solvent was removed
under reduced pressure and the resulting crude products were
purified by thin-layer chromatography to give pure cycloadduct 3.
The ee was determined by HPLC analysis using a chiral column.


Dimethyl 3-heptylcyclohexa-1,4-diene-1,2-dicarboxylate (3aa)


Colorless oil. IR (CH2Cl2): 2927, 1730 and 1257 cm−1; 1H NMR:
d 0.87 (t, J = 6.8 Hz, 3H), 1.21–1.33 (m, 10H), 1.41–1.58 (m, 2H),
2.85–3.06 (m, 2H), 3.19–3.28 (m, 1H), 3.76 (s, 3H), 3.79 (s, 3H),
5.64–5.70 (m, 1H) and 5.72–5.78 (m, 1H); 13C NMR: d 14.1, 22.6,
25.2, 27.1, 29.1, 29.6, 31.8, 33.9, 37.5, 52.1, 52.1, 122.5, 127.2,
129.9, 139.8, 167.6 and 169.4; HRMS (FAB, positive): [M + H]+


found m/z 295.1911, calc. for C17H27O4 295.1909; [a]22
D = 62.04 (c


0.21 in CHCl3, 82% ee). The ee was determined by HPLC analysis
using Daicel Chiralpak AS-H (eluent 1% 2-propanol in hexane,
flow rate: 0.5 mL min−1, retention time: 12 min for the major
isomer and 14 min for the minor isomer).


3-Heptyl-1,2-bis(phenylcarbonyl)cyclohexa-1,4-diene (3ac)


Colorless oil. IR (CH2Cl2): 2927, 1658 and 1265 cm−1; 1H NMR:
d 0.85 (t, J = 7.0 Hz, 3H), 1.12–1.57 (m, 12H), 2.89–2.97 (m, 1H),
3.32–3.39 (m, 1H), 3.58 (s, 1H), 5.88–5.92 (m, 2H) and 7.25–7.52
(m, 10H); 13C NMR: d 14.1, 22.6, 26.0, 29.0, 29.1, 29.5, 31.7, 34.7,
38.2, 122.7, 128.2, 128.3, 128.5, 129.1, 129.2, 133.0, 133.1, 136.8,
137.6, 138.2, 142.0, 198.4 and 198.5; HRMS (FAB, positive): [M +
H]+ found m/z 387.2362, calc. for C27H31O2 387.2324; [a]21


D = 36.28
(c 1.18 in CHCl3, 7% ee). The ee was determined by HPLC analysis
using Daicel Chiralpak AS-H (eluent: 10% 2-propanol in hexane,
flow rate: 0.5 mL min−1, retention time: 8 min for the minor isomer
and 9 min for the major isomer).


Dimethyl 3-methylcyclohexa-1,4-diene-1,2-dicarboxylate (3ba)


Colorless oil. IR (CH2Cl2): 2952, 1720 and 1255 cm−1; 1H NMR:
d 1.15 (d, J = 3.6 Hz, 3H), 2.84–3.09 (m, 2H), 3.16–3.27 (m, 1H),
3.76 (s, 3H), 3.80 (s, 3H) and 5.60–5.73 (m, 2H); 13C NMR: d 20.5,


27.0, 32.4, 52.1, 52.2, 121.3, 128.9, 129.4, 140.2, 167.7 and 169.2;
HRMS (FAB, positive): [M + Na]+ found m/z 233.0791, calc. for
C11H14O4Na 233.0790; [a]24


D = 26.27 (c 0.87 in CHCl3, 78% ee from
(E)-penta-1,3-diene). The ee was determined by HPLC analysis
using Daicel Chiralpak AS-H (eluent: 1% 2-propanol in hexane,
flow rate: 1.0 mL min−1, retention time: 10 min for the minor
isomer and 12 min for the major isomer).


Dimethyl 3-phenylcyclohexa-1,4-diene-1,2-dicarboxylate (3ca)


Colorless oil. IR (CH2Cl2): 2951, 1724 and 1259 cm−1; 1H NMR:
d 3.02–3.05 (m, 1H), 3.20–3.23 (m, 1H), 3.53 (s, 3H), 3.77 (s, 3H),
4.37–4.39 (m, 1H), 5.74–5.82 (m, 2H) and 7.18–7.36 (m, 5H); 13C
NMR: d 27.4, 44.1, 51.9, 52.2, 121.2, 127.1, 127.4, 128.4, 128.6,
131.0, 136.9, 141.4, 168.0 and 168.1; HRMS (FAB, positive): [M +
H]+ found m/z 273.1147, calc. for C16H17O4 273.1127; [a]22


D = 75.45
(c 1.00 in CHCl3, 65% ee). The ee was determined by HPLC
analysis using Daicel Chiralpak AS-H (eluent: 10% 2-propanol
in hexane, flow rate: 0.5 mL min−1, retention time: 16 min for the
minor isomer and 18 min for the major isomer).


Dimethyl 3-(2-(benzyloxy)ethyl)cyclohexa-1,4-diene-1,
2-dicarboxylate (3da)


Colorless oil. IR (CH2Cl2): 2949, 2862, 1722 and 1257 cm−1; 1H
NMR: d 1.71–1.80 (m, 1H), 1.93–2.01 (m, 1H), 2.86–3.04 (m,
2H), 3.33–3.42 (m, 1H), 3.51 (d, J = 6.8 Hz, 1H), 3.53 (d, J =
6.8 Hz, 1H), 3.73 (s, 3H), 3.77 (s, 3H), 4.44 (d, J = 11.8 Hz, 1H),
4.50 (d, J = 11.8 Hz, 1H), 5.71–5.75 (m, 2H) and 7.24–7.37 (m,
5H); 13C NMR: d 27.2, 33.9, 34.9, 52.2, 67.2, 72.9, 122.6, 126.9,
127.5, 127.6, 128.3, 130.8, 138.4, 138.7, 167.7 and 168.9 (a signal
in the aliphatic region was overlapped); HRMS (FAB, positive):
[M + H]+ found m/z 331.1581, calc. for C19H23O5 331.1545; [a]22


D =
70.29 (c 0.90 in CHCl3, 89% ee). The ee was determined by HPLC
analysis using Daicel Chiralcel OJ-H (eluent: 10% 2-propanol in
hexane, flow rate: 1.0 mL min−1, retention time: 20 min for the
major isomer and 24 min for the minor isomer).


Dimethyl 3-(2-(tert-butyldimethylsiloxy)ethyl)cyclohexa-1,
4-diene-1,2-dicarboxylate (3ea)


Colorless oil. IR (CH2Cl2): 2952, 1728 and 1257 cm−1; 1H NMR:
d 0.04 (s, 6H), 0.88 (s, 9H), 1.57–1.66 (m, 2H), 1.83–1.91 (m, 1H),
2.87–3.05 (m, 2H), 3.32–3.35 (m 1H), 3.64–3.76 (m, 1H), 3.79
(s, 3H), 3.80 (s, 3H) and 5.75 (s, 2H); 13C NMR: d −5.4, −5.3,
18.2, 25.9, 27.2, 34.7, 37.1, 52.1, 60.0, 122.4, 126.9, 130.3, 139.3,
167.6 and 169.0; HRMS (FAB, positive): [M + H]+ found m/z
355.1933, calc. for C18H31O5Si 355.1941; [a]25


D = 44.63 (c 1.20 in
CHCl3, 84% ee). The ee was determined by HPLC analysis using
Daicel Chiralpak AD-H (eluent: 1% 2-propanol in hexane, flow
rate: 0.5 mL min−1, retention time: 8 min for the minor isomer and
9 min for the major isomer).


Dimethyl 3-(2-(N-methyl-N-tosylamino)ethyl)cyclohexa-1,
4-diene-1,2-dicarboxylate (3fa)


Colorless oil. IR (CH2Cl2): 2951, 1726 and 1265 cm−1; 1H NMR:
d 1.62–1.69 (m, 1H), 1.84–1.94 (m, 1H), 2.43 (s, 3H), 2.69 (s, 3H),
2.74–2.80 (m, 1H), 2.95–2.98 (m 2H), 3.26–3.33 (m, 2H), 3.76 (s,
3H), 3.79 (s, 3H), 5.80 (s, 2H), 7.31 (d, J = 8.0 Hz, 2H) and 7.64
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(d, J = 8.0 Hz, 2H); 13C NMR: d 21.4, 27.2, 31.6, 34.6, 34.7,
46.7, 52.2, 123.3, 126.1, 127.3, 129.6, 131.4, 134.5, 137.8, 143.2,
167.4 and 168.6 (a signal in the aliphatic region was overlapped);
HRMS (FAB, positive): [M + H]+ found m/z 408.1506, calc. for
C20H26O6NS 408.1481; [a]24


D = 40.67 (c 0.70 in CHCl3, 89% ee).
The ee was determined by HPLC analysis using Daicel Chiralpak
AD-H (eluent: 10% 2-propanol in hexane, flow rate: 1.0 mL min−1,
retention time: 14 min for the major isomer and 19 min for the
minor isomer).


Dimethyl 3-((benzyloxy)methyl)-3-methylcyclohexa-1,4-diene-1,2-
dicarboxylate (3ga)


Colorless oil. IR (CH2Cl2): 2952, 1726 and 1261 cm−1; 1H NMR:
d 1.19 (s, 3H), 2.99 (s, 2H), 3.30–3.39 (m, 1H), 3.44–3.52 (m, 1H),
3.74 (s, 6H), 4.44–4.58 (m, 2H), 5.50–5.57 (m, 1H), 5.74–5.84 (m,
1H) and 7.20–7.35 (m, 5H); 13C NMR: d 15.1, 23.7, 27.0, 41.0,
51.9, 52.1, 73.4, 122.4, 127.4, 127.4, 127.5, 128.2, 128.7, 131.3,
138.5, 166.7 and 169.0; HRMS (FAB, positive): [M + H]+ found
m/z 331.1544, calc. for C19H23O5 331.1546. The ee was determined
by HPLC analysis using Daicel Chiralpak AS-H (eluent: 5% 2-
propanol in hexane, flow rate: 0.5 mL min−1, retention time: 11 min
for the major isomer and 12 min for the minor isomer).


Dimethyl bicyclo[4.4.0]deca-1,4-diene-4,5-dicarboxylate (3ha)


Colorless oil. IR (CH2Cl2): 2931, 1728 and 1263 cm−1; 1H NMR:
d 1.16–1.52 (m, 3H), 1.82–2.00 (m, 4H), 2.26–2.29 (m, 1H), 2.85–
3.03 (m, 3H), 3.75 (s, 3H), 3.79 (s, 3H) and 5.36 (bs, 1H); 13C NMR:
d 26.5, 27.4, 28.0, 33.2, 35.2, 40.1, 52.1, 52.1, 113.9, 128.7, 137.0,
139.6, 167.7 and 169.5; HRMS (FAB, positive): [M + H]+ found
m/z 251.1302, calc. for C14H19O4 251.1283; [a]21


D = 12.36 (c 1.68 in
CHCl3, 78% ee). The ee was determined by HPLC analysis using
Daicel Chiralpak AS-H (eluent: 10% 2-propanol in hexane, flow
rate: 0.5 mL min−1, retention time: 12 min for the minor isomer
and 16 min for the major isomer).


Dimethyl 3-heptyl-5-methylcyclohexa-1,4-diene-1,2-dicarboxylate
(3ia)


Colorless oil. IR (CH2Cl2): 2927, 1728 and 1259 cm−1; 1H NMR:
d 0.81–0.93 (m, 3H), 1.16–1.64 (m, 12H), 1.74 (s, 3H), 2.71–2.99
(m, 2H), 3.16–3.29 (m, 1H), 3.76 (s, 3H), 3.79 (s, 3H) and 5.37
(s, 1H); 13C NMR: d 14.1, 22.6, 22.6, 25.3, 29.2, 29.7, 31.8, 31.8,
34.1, 38.7, 52.0, 52.1, 121.6, 129.7, 129.9, 140.2, 167.5 and 169.5;
HRMS (FAB, positive): [M + H]+ found m/z 309.2066, calc. for
C18H29O4 309.2066; [a]22


D = −4,71 (c 0.90 in CHCl3, 10% ee). The
ee was determined by HPLC analysis using Daicel Chiralpak AS-
H (eluent: 5% 2-propanol in hexane, flow rate: 0.5 mL min−1,


retention time: 8 min for the major isomer and 12 min for the
minor isomer).
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a-Alkyl-substituted dipyrrolyldiketones have exhibited anion
binding behaviours with pyrrole rotations, whose rates de-
pend on the alkyl chain lengths.


Conformation changes by external stimuli can potentially be
used as strategies to realize the formation of molecular ma-
chines and devices.1 As subunits comprising stimuli-responsive
molecules, acyclic systems with binding abilities appear to be
more appropriate than cyclic systems for exhibiting flexible
transformations that are controlled by guest species.2 Among the
various available external stimuli, inorganic and biotic anions such
as halides, acetates and phosphates, ubiquitous in biology, are
essential for aspects such as the activity of enzymes, transport
of hormones, protein synthesis and DNA regulation.3,4 Acyclic
anion receptors, potential building subunits for macromolecular
systems, are required to dynamically change their conformations
for binding.5,6 As p-conjugated ‘binding sites’ responsive to anions,
boron complexes (e.g., 1a–d, Fig. 1)7–9 based on 1,3-dipyrrolyl-1,3-
propanediones10–12 act as efficient acyclic anion receptors by the
‘inversion’ of pyrrole rings from the most stable conformations.
For example, a-aryl-substituted receptors with long aliphatic
chains constitute anion-responsive supramolecular organogels.9


Therefore, the chemical modification of the periphery would
control the anion binding properties and behaviours related to


Fig. 1 Structures of BF2 complexes of dipyrrolyldiketones as acyclic
anion receptors.
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the transformation of p-conjugated systems. The synthesis and
anion binding properties of a-alkyl-substituted receptors (2a1–16,
Fig. 1) are reported in this communication, wherein we also focus
on the rate constants, estimated by stopped-flow measurements,
for anion binding depending on the alkyl chain lengths.


Similar to the synthesis procedures for 1a–d, a-alkyl-substituted
receptors 2a1–16 have been synthesized in modest yields by
the condensation of a-alkylpyrroles13,14 and malonyl chloride
followed by treatment with BF3·OEt2. As compared to the UV–
vis absorption maximum of 1a (432 nm), those of 2a1, 2a2
and 2a4–16 in CH2Cl2 are observed at 453, 455 and 457 nm,
respectively, suggesting that the alkyl chains slightly red-shift each
absorption maximum. Emissions in the same solvent are observed
at, for example, 473 (2a1), 475 (2a2) and 477–478 (2a4–16) nm,
excited at each absorption maximum, with high quantum yields
(2a1–16) within the range of 0.92–0.98. Cylic voltammetry (CV)
analyses of 2a1 and 2a2 in CH3CN with TBAClO4 as an electrolyte
reveal a reversible reduction potential at −1.65 (E1/2) V (Fc+/Fc)
and irreversible oxidation potential at 0.77 (Ep) V, which are
comparable to the potentials of b-ethyl 1c at −1.74 (E1/2) and
irreversible 0.85 (Ep) V, suggesting that the oxidation process may
afford oligomeric compounds possibly linked at the free pyrrole
position(s).


The solid-state structures of 2a1, 2a2 and 2a4 have been
determined by single-crystal X-ray analysis (Fig. 2).§ Similar to
other derivatives,8,9 each molecule shows the conformation with
two pyrrole NH facing the carbonyl oxygen. Among these a-alkyl-
substituted derivatives, 2a4 locates two butyl chains unsymmetri-
cally, suggesting flexible side alkyl chains. Molecular assemblies
using hydrogen bonding between N–H · · · F–B were observed in
these cases: the distances between N(–H) · · · F are 2.863–2.871 Å


Fig. 2 Single-crystal X-ray structures (top and side views) of (a) 2a1, (b)
2a2 and (c) 2a4. One of the independent molecules is represented in (a) and
(b). Atom colour code: brown, blue, pink, red, yellow and green represent
carbon, nitrogen, hydrogen, oxygen, boron and fluorine, respectively.
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for 2a1, 2.844–2.964 Å for 2a2 and 2.896–2.980 Å for 2a4. In
addition to the ‘flat’ dimers observed in 2a1 and 2a4 as well as 1a
and 1d, a-ethyl 2a2 also forms edge-to-face assemblies. The self-
assemblies using NH and BF that are observed in these molecules
are found to form supramolecular organized structures as crystals
and soft materials. These a-alkyl-substituted 2a1, 2a2 and 2a4 also
construct slipped p–p stacking structures that are essential for the
derivatives with long aliphatic chains to fabricate supramolecular
organogels.9 Further, the absorption spectra of solid 1a, 2a1 and
2a2 crystallised from CH2Cl2–hexane dispersed in nujol, which
partially dissolves other receptors 2a4–16 to give complicated
spectra, are observed at 440 nm (with a minor peak at 480 nm),
458 nm (with a shoulder at 488 nm) and 458 nm, respectively.
These electronic situations in the solid state are consistent with
various packing diagrams from the single-crystals of 1a, 2a1
and 2a2.


The anion binding of BF2 complexes of dipyrrolyldiketones
(Scheme 1) was suggested by the 1H NMR spectral changes of, for
example, 2a2 upon the addition of Cl− as a tetrabutylammonium
salt in CD2Cl2, wherein the signals of NH and bridging CH at
9.38 and 6.42 ppm vanish and the corresponding signals of the
complexes newly emerge at 11.92 and 8.30 ppm, respectively. In this
case, the interaction of a-alkyl chains with anion was not observed
even at −50 ◦C. The binding constants (Ka) of unsubstituted
1a and a-substituted 2a1–16 summarized in Table 1 have been
determined by the UV–vis absorption spectral changes in CH2Cl2;
kmax of 2a2 at 455 nm is shifted to 456 and 459 nm upon the addition
of Cl− and CH3CO2


−, respectively, with the smaller absorbances.
The Ka values depend on the alkyl chain lengths; Ka of 1a are
comparable to those of b-fluorinated 1d (26 000, 1700, 960 000
and 190 000 mol−1 dm3 for Cl−, Br−, CH3CO2


− and H2PO4
−) and


are larger than that of 2a1 and other receptors. The effects of alkyl
chains were observed remarkably in the binding of large anions
such as CH3CO2


− and H2PO4
−; for example, Ka of 1a for CH3CO2


−


is 930 000 mol−1 dm3, which is 4.2 and 5.5 times larger than those of


Scheme 1 Anion binding of BF2 complexes of dipyrrolyldiketones.


Table 1 Binding constants (Ka, mol−1 dm3) of 1a and 2a1–16 for anions
in CH2Cl2 and the ratios to that of 1a (in the parentheses)


Cl− Br− CH3CO2
− H2PO4


−


1a 15 000 2100 930 000 270 000
2a1 6000 (0.40) 1200 (0.57) 220 000 (0.24) 150 000 (0.56)
2a2 4700 (0.31) 870 (0.41) 170 000 (0.18) 76 000 (0.28)
2a4 3500 (0.23) 790 (0.38) 160 000 (0.17) 30 000 (0.11)
2a6 3600 (0.24) 690 (0.33) 170 000 (0.18) 35 000 (0.13)
2a8 3200 (0.21) 690 (0.33) 140 000 (0.15) 27 000 (0.10)
2a10 3900 (0.26) 760 (0.36) 140 000 (0.15) 33 000 (0.12)
2a12 3900 (0.26) 750 (0.36) 130 000 (0.14) 29 000 (0.11)
2a14 3300 (0.22) 730 (0.35) 120 000 (0.13) 24 000 (0.09)
2a16 4000 (0.27) 680 (0.32) 110 000 (0.12) 20 000 (0.07)


2a1 (220 000 mol−1 dm3) and 2a2 (170 000 mol−1 dm3), respectively.
These observations suggest that side alkyl chains could interfere
with the anion binding possibly due to the electron donating
properties.


In contrast to the 1-D chains bridged by anions that are observed
in the solid state structures of 1a·Cl− (Fig. 3a) and 1d·Cl−,8 a-aryl
receptors have exhibited ‘pentacoordinated’ binding by using the
o-CH of the aryl rings as well as pyrrole NH and bridging CH
sites (Fig. 3b).9 In the case of a-unsubstituted 1a,d, the binding
modes in the solid state are quite different from the ‘tricoordinated’
fashions in the solution as well as the optimized structures by
DFT calculations. Similarly to the a-aryl-substituted receptors,
the single-crystal X-ray structure of 2a2·Cl− exhibits the ‘syn’ form
with tricoordinated geometry (Fig. 3c); the lengths of N(H) · · · Cl
and C(H) · · · Cl are 3.305–3.346 and 3.521 Å for 2a2·Cl−, possibly
due to the supportive interactions of the side ethyl chains for
the anion.¶ Cl− anions are located near the side CH2 moiety at
C · · · Cl distances of 4.195–4.324 Å. Further, the neighbouring Cl−


anions are located at a distance of 5.881 Å, associated with the two
cavities of the receptors, and they are ‘covered’ by two TBA cations,
possibly due to the less bulky ethyl moieties. The binding modes
in the solid state were also observed in the solution state and were
also supported by the optimized structures. These observations in
X-ray analysis have revealed that the peripheral alkyl substituents
such as a-aryl moieties could stabilize the anion complex using
two pyrrole NH and bridging CH under the conditions without
solvents.


Fig. 3 (a) 1-D infinite chains bridged by anions of 1a·Cl−,8 (b) penta-
coordinated geometry of Cl− complex of phenyl-substituted receptors9


and (c) tricoordinated geometry of 2a2·Cl− in the solid state (Cl anion is
represented by yellow-green spheres). In all cases, counter cations (Bu4N+


(a,c) and Pr4N+ (b)) and solvents are omitted for clarity.


DFT studies also estimated the relative stabilities of the
‘preorganized’ conformations, adequate for anion binding, with
two ‘inverted’ pyrrole rings.15 The preorganized structures of 2a1,
2a2, 2a3 (a-propyl-substituted receptor, not synthesized), 2a4, 2a6
and 2a8 are estimated to be less stable than the structures with two
pyrrole NH facing carbonyl oxygens at 9.19, 9.12, 9.27, 9.16, 9.17
and 9.10 kcal mol−1, which are almost similar to the a-free 1a (9.08
kcal mol−1). These calculations suggest that the smaller Ka values
in the derivatives with longer alkyl chains are possibly due to their
electron-donating properties located next to the binding NH sites.
Furthermore, the optimized structures of the Cl− complexes of
2a1–4, 2a6 and 2a8 suggest that the interaction between the anion
and aliphatic moieties is not so significant.
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The acyclic receptors shown in this report are required to invert
their pyrrole rings to the same side in order to bind anions; this
characteristic point would affect the binding kinetics according to
the peripheral substituents. Therefore, we have attempted to esti-
mate the rate constants of the anion binding process by stopped-
flow measurements.9,16 The rate constants of anion binding cannot
be determined by 1H NMR exchange studies readily due to the
equilibrium of the host–guest complexation. As derived via pseudo
first order k′ with excess Cl−, the second order rate constants
k (mol dm−3 s−1) of Cl− binding in CH2Cl2 at r.t. have been
determined to be 6.7 × 105 (1a), 2.5 × 105 (2a1), 1.9 × 105 (2a2) and
1.3 × 105 (2a4–16), respectively. The k values are smaller depending
on the alkyl chain lengths, although they appear to be saturated in
the receptors 2a4–16. The rate constants for anion binding would
be affected by the electron-donating properties of alkyl chains,
to afford more rigid C(sp2)–C(sp2) linkage between pyrrole and
boron-diketone units, as well as their bulkiness. In fact, correla-
tions between the ‘gradients’ in k and Ka (Table 1) are observed.


The anion binding behaviours have also been investigated in a-
perfluorobutyl-substituted receptor 2b4, synthesized by the n-C4F9


substitution of 1a using C4H9I, H2O2 and FeSO4.17 The binding
constants (Ka) of 2b4 and the ratios to a-butyl 2a4 (parentheses)
for Cl−, Br−, CH3CO2


− and H2PO4
− in CH2Cl2 are 56 000 (16),


4700 (5.9), 270 0000 (16) (with ca. 40% error due to an extremely
large Ka value) and 560 000 (19) mol−1 dm3, respectively. The
affinities of 2b4 for anions are about twice as large as those of b-
fluorinated 1d. These Ka augmentations in 2b4 as compared to 1d
are possibly derived from the effective electron-withdrawing effect
at a-substituents as well as the relatively preferable preorganized
structure of 2b4 as compared to 1d as seen in the less stable values
of 7.59 (2b4) and 15.04 (1d) kcal mol−1.


In summary, we have controlled anion binding properties
such as rate constants (k) as well as binding constants (Ka) by
introducing alkyl chains at the periphery. Furthermore, an effective
binding system with electron-withdrawing perfluoroalkyl moieties
has also been obtained. a-Substituents such as alkyl chains, which
interfere with the extension to the covalently-linked oligomeric
systems, would afford more stable receptors due to the ‘lack’
of reactive free a-positions. Long aliphatic chains would enable
the incorporation of these acyclic anion receptors into functional
materials systems. This is currently being investigated.
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§ Crystal data for 2a1 (from CH2Cl2–hexane): C13H13BF2N2O2, Mw =
258.06, triclinic, P1̄ (no. 2), a = 8.336(5), b = 11.777(9), c = 12.965(11) Å,


a = 84.71(3), b = 83.95(3), c = 87.53(3)◦, V = 1259.7(16) Å3, T = 123(2)
K, Z = 4, Dc = 1.466 g cm−3, l(Mo-Ka) = 0.118 mm−1, 12042 reflections
measured, 5530 unique (Rint = 0.0376). R1 = 0.0447, wR2 = 0.1431,
GOF = 0.918 (I > 2r(I)). CCDC 666247. Crystal data for 2a2 (from
CH2Cl2–hexane): C15H17BF2N2O2, Mw = 306.12, triclinic, P1̄ (no. 2), a =
9.272(11), b = 11.368(17), c = 16.05(3) Å, a = 98.48(5), b = 104.48(6),
c = 109.80(3)◦, V = 1491(4) Å3, T = 123(2) K, Z = 4, Dc = 1.364 g cm−3,
l(Mo-Ka) = 0.107 mm−1, 12504 reflections measured, 6399 unique (Rint =
0.1074). R1 = 0.0744, wR2 = 0.1738, GOF = 0.995 (I > 2r(I)). CCDC
666248. Crystal data for 2a4 (from CH2Cl2–hexane): C19H25BF2N2O2,
Mw = 362.22, monoclinic, Pc (no. 7), a = 8.526(6), b = 12.160(6), c =
8.797(3) Å, a = 90, b = 93.64(3), c = 90◦, V = 910.2(10) Å3, T = 123(2)
K, Z = 4, Dc = 1.322 g cm−3, l(Mo-Ka) = 0.098 mm−1, 8741 reflections
measured, 3728 unique (Rint = 0.0386). R1 = 0.0376, wR2 = 0.0781, GOF =
1.056 (I > 2r(I)). CCDC 666249.
¶Crystal data for 2a2·Cl− (from CH2Cl2–hexane): C15H17BF2N2O2·
C16H36NCl, Mw = 584.02, monoclinic, C2/c (no. 15), a = 27.621(8), b =
13.498(3), c = 22.643(6) Å, b = 128.066(10)◦, V = 6647(3) Å3, T = 123(2)
K, Z = 8, Dc = 1.167 g cm−3, l(Mo-Ka) = 0.157 mm−1, 31576 reflections
measured, 7573 unique (Rint = 0.0430). R1 = 0.1199, wR2 = 0.3261, GOF =
1.083 (I > 2r(I)). CCDC 666250.
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b-Galactosylceramide and glycolipid analogues were pre-
pared in high yield and with complete chemo and stere-
oselectivity by reaction of a-iodo glycosides with stannyl
ceramides, formed in situ. TBAI was used to activate both
the iodogalactose and the stannyl ether.


In recent years there has been a rapid increase in the knowledge
of cellular processes in which lipids are involved. In particular,
glycosphingolipids (GSLs) are widely distributed in the membrane
of eukaryotic cells1 and play a critical role in many stages
of the cell cycle including growth, proliferation, differentiation,
adhesion, senescence and apoptosis. GSLs serve a variety of
functions through interaction with many biofactors2 by inhibiting
or interfering with the physiological effects of these factors or
cells.3 GSLs can also interact in the cell surface with toxins,
viruses and bacteria.4 In addition, some intermediates in the GSLs
metabolism, such as ceramide, sphingosine and phosphorylated
derivatives, have been identified as signals.5


GSLs (Fig. 1) and related compounds have mainly been
investigated in reference to storage diseases,6 which are a group
of genetic diseases where, most commonly, GSLs accumulate
due to specific defects in lysosomal hydrolases. However, in
recent years, these compounds have been studied as a strategy
for pharmacological prevention of microbial infections,7 cancer
chemotherapy,8 modifying the activity of receptors for insulin,9


epidermal growth factor10 and nerve growth factor11 which may
have potential effects in Alzheimer’s12 and Parkinson’s13 diseases.


Fig. 1 Naturally occurring b-glycosphingolipids.


With this stimulating biological background and the compli-
cated availability of GSLs from natural sources, many organic
chemists have focused on developing methods for synthesizing
GSLs. Crucial steps in these protocols involve the formation of the
glycosidic bond between a properly protected carbohydrate and
sphingosine or azidosphingosine.14 The most classical and efficient
glycosylation procedures15 that have been used in the GSLs’
synthesis include glycosyl trichloroacetimidates16 and fluorides.17
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In these cases the stereochemistry of the reaction is determined
by the participation of the neighbouring groups. Recently, it has
been shown that glycosyl iodides18 are excellent glycosyl donors
for glycosylation reactions and they have been successfully used in
the synthesis of a-glycosphingolipids.19


One of the drawbacks in the synthesis of GSLs is that the
yields in the direct glycosylation of ceramides are low. This has
been attributed to the low nucleophilicity of sphingosines and
ceramides, and has been circumvented by using azidosphingosine
2 (Scheme 1b), a precursor of ceramide, instead of the ceramide
1 (Scheme 1a). This strategy allows obtaining high yields in the
glycosylation step but increases the number of steps. Consequently,
the development of simple and direct synthesis of glycolipids is
still a challenge. In this study, we report a simple and very efficient
procedure for the glycosylation of b-amidoalcohols and ceramides
by using glycosyl iodides as glycosyl donors.


Scheme 1 Retrosynthetic analysis of b-galactosylceramide.


Our approach uses stannyl ethers,20 derived from ceramides
with the purpose of increasing the nucleophilicity of oxygen
without significantly modifying the basicity (Scheme 2). We
selected glycosyl iodides as the glycosyl donors because they can
be activated by tetrabutylammonium iodide (TBAI), which can
also activate the stannyl ether.


Scheme 2 Glycosylation–isomerization reactions of BnOSnBu3 4 with
the iodogalactose 3 in the presence of TBAI and TBDMSOTf to give 6.
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Initially we studied the reaction of tetra-O-acetyl-a-
iodogalactose 3, prepared by reaction of penta-O-acetylgalactose
with TMSI, with the stannyl ether 4. We tried the reaction in
toluene at 80 ◦C using TBAI as the catalyst, and we obtained the
orthoester 5 (Scheme 2), which is the product usually obtained
when the reaction is driven in neutral conditions. Treatment of 5
with tert-butyldimethylsilyl triflate (TBDMSOTf)21 afforded the
b-O-glycoside 6 in 90% overall yield. In the absence of TBAI,
and in similar conditions, the reaction doesn’t evolve. When the
reaction was carried out at room temperature, only the starting
material was recovered and at 150 ◦C, decomposition products
were observed in the crude reaction mixture. The reaction was
then tried in CH2Cl2 at reflux in the presence of catalytic amounts
of TBAI obtaining the orthoester 5, which after treatment with
TBDMSOTf gave 6 in 95% yield. Interestingly, the reaction also
evolved at room temperature providing similar yields although in
a longer reaction time. In both cases, the presence of TBAI was
necessary for the reaction to take place.


Finally, we tried the reaction with the benzyl alcohol as the
glycosyl acceptor in boiling dichloromethane and toluene, and
neither the glycosylated product or the orthoester were observed.
It can be concluded that the use of TBAI and stannyl ether
derivatives allow the efficient activation of disarmed glycosyl
iodides affording the corresponding orthoester in excellent yields.
This orthoester can be isomerized to the b-glycoside in excellent
yields by using TBDMSOTf or BF3·OEt2.


Scheme 3 shows the proposed mechanism of the reaction, which
must start by the attack of an iodide anion on 3 to form the b-
iodo-intermediate I.22 In principle, it would be expected, according
to the well known mechanism for orthoester formation, that
intermediate II would be formed by intramolecular attack of the
acetate group. But the fact that benzyl alcohol doesn’t react in
these conditions seems to indicate that the attack of iodide is faster,
thereby making the reaction reversible. Then, it is reasonable to
think that iodide, removed from II or from TBAI, will attack the
tin in II or III to form the thermodynamically stable stannyl iodide,
driving the reaction to the orthoester 5 (Scheme 3). Consequently,
TBAI should have two functions, to form the reactive b-iodo-
glycoside and make the reaction irreversible.23,24


Scheme 3 Proposed reaction mechanism ion.


Table 1 Synthesis of compound 11 by glycosylation of stannyl amide 8
with iodides 3 and 7 in the presence of TBAI followed by isomerizationa


Entry Solvent Temp/◦C Yield (%)b Ratio (a–b)


1 CH2Cl2 Rt 62 0 : 1
2 CH2Cl2 Reflux 88 0 : 1
3 Toluene 80 93 0 : 1
4c Toluene 80 — —


a Reaction conditions: 3 (1.2 mmol), 8 (1 mmol), Bu4NI (0.10 mmol),
toluene, 80 ◦C, 18 h and then BF3·Et2O (3 mmol), CH2Cl2 (20 mL), 0 ◦C,
30 min. b Yields of isolated product after chromatographic purification
over two steps. c In absence of Bu4NI.


Next we explored the reaction of amide 8, a simplified model
of ceramides, with glycosyl donor 3 (Table 1). The reaction
was carried out in dichloromethane and toluene at different
temperatures and in the presence or absence of TBAI. When the
reaction was performed at room temperature in dichloromethane,
the orthoester 9 was obtained, and further treatment with
TBDMSOTf or BF3·OEt2 afforded 11 in 62% yield over two steps
(entry 1, Table 1). The yield increased to 88% (entry 2) when
the reaction was heated to reflux. The best result, 93% yield, was
obtained performing the reaction in toluene at 80 ◦C (entry 3). In
this case the presence of TBAI was also necessary for the reaction
to evolve (entry 4). These results contrast with those obtained in
the glycosylation of ceramides using other common leaving groups
such as trichloroacetimidate, iodide or bromide, where yields were
lower than 50%.15


It has been reported that the use of pivaloyl protecting groups
avoids the formation of the orthoester.25 However, in our hands,
when starting from pivaloyl protected donor 7, this led to the
formation of a mixture of orthoester 10 and b-glycoside 12 similar
to that reported for related glycosyl donors.26


In order to examine the scope of the reaction we performed
different experiments with stannyl ethers 13–15 (Table 2). The
reaction of the stannyl derivative of ceramide analogue 13 with
donor 3 was carried out under the optimized reaction conditions
to initially give the corresponding orthoester which was treated
with BF3·Et2O to afford glycolipid 16 in excellent yield (entry 1,
Table 2). The azido-sphingosine and ceramide have two hydroxyl
groups and we considered the possibility of protecting both as
a stannyl acetal. Thus, compounds 14 and 15 were prepared by
reaction of azido-sphingosine and ceramide with dibutyltinoxide
with water exclusion. The glycosylation of 14 and 15 with a-
iodogalactose 3 under the optimized conditions provided, after
treatment with BF3·OEt2, excellent yields of glycolipid 17 (entry
2) and galactosylceramide 18 (entry 3). Glycosylation of 15 with
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Table 2 Glycosylation of ceramide and ceramide analoguesa


Entry Acceptor Glycolipid Yield (%)b


1c 93


2c 94


3c 90


4d 90


a Reaction conditions: 3 (1.2 mmol), 13, 14 or 15 (1 mmol), Bu4NI (0.10 mmol), toluene, 80 ◦C, 18 h and then BF3·Et2O (3 mmol), CH2Cl2 (20 mL), 0 ◦C,
30 min. b Yields of isolated product after chromatographic purification over two steps. c 3 was used as glycosyl donor. d 20 was used as glycosyl donor.


hepta-O-acetyllactosyl iodide (20) also afforded corresponding
glycolipid 19 in excellent yield. The overall process takes place
with complete chemo and stereoselectivity. The yields obtained
are close to those obtained by enzymatic procedures by using
glycosyl fluorides as glycosyl donors.25 In addition, when the
reaction crudes were analyzed by 1H NMR no a anomer or the
undesired elimination product (glycal) were observed.


In conclusion, we have developed a new and highly efficient
protocol for the glycosylation of ceramides consisting in the
reaction of stannyl ethers with a-iodogalactose derivatives in
the presence of TBAI as an activator. The procedure provides
very efficient access to b-galactosyl-ceramide and derivatives,
and is fully chemo and stereoselective. Because the ceramide
acceptor does not need to be protected, and no special protecting
groups in the donor are required, this protocol can be readily
utilized for the simple and efficient preparation of glycolipids
with important biological properties. Furthermore, this direct
glycosylation protocol reduces the overall number of steps and
provides a rapid access to complex target molecules.
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