
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




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


Cell-penetrating peptides as delivery vehicles for biology and medicine


Kelly M. Stewart,b Kristin L. Hortonb and Shana O. Kelley*a,b


Received 2nd January 2008
First published as an Advance Article on the web 15th April 2008
DOI: 10.1039/b719950c


Cell-penetrating peptides (CPPs) have found numerous applications in biology and medicine since the
first synthetic cell-permeable sequence was identified two decades ago. Numerous types of drugs have
been transported into cells using CPPs, including small-molecule pharmaceuticals, therapeutic proteins,
and antisense oligonucleotides. Improved agents for medical imaging have been generated by
conjugation with CPPs, with the appended peptides promoting cellular uptake and in some cases,
cell-type specificity. Organelle-specific CPPs have also been generated, providing a means to target
specific subcellular sites. This review highlights achievements in this area and illustrates the numerous
examples where peptide chemistry was exploited as a means to provide new tools for biology and
medicine.


1. Introduction


The plasma membrane of eukaryotic cells is a tightly controlled
barrier engineered to protect the cell from unregulated influx of
bioactive molecules. For small-molecule and protein-based drugs
that are not endogenous to the cell, traversing this membrane can
involve hijacking a natural cellular process or achieving direct
diffusion through the lipid bilayer. However, in many cases both
modes of entry are inefficient for exogenous molecules. Thus,
molecular transporters have long been sought that would facilitate
the passage of pharmaceutically-active agents into living cells.


A major breakthrough in the identification of such transporters
was realized in the late 1980s and early 1990s when a series of
short peptide sequences were identified that efficiently crossed the
plasma membrane.1–3 One that received a great deal of attention
was the Tat peptide, derived from the HIV Tat transactivator
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protein.4 Originally, it was discovered that the full-length protein
crossed the plasma membrane,2 and subsequently, small fragments
were identified that could efficiently enter cells.4 These discoveries,
along with those identifying other peptides with membrane-
crossing activities,5–9 served as the cornerstone for a new subfield
focused on the use of cell-penetrating peptides (CPPs) as molecular
transporters.


Today, thousands of studies have been performed characterizing
and optimizing CPPs as cellular delivery agents.7–11 Chemists and
biochemists have developed many variations of peptide structures
that have elucidated important molecular features of CPPs that
modulate activity;12–22 they have also used biophysical methods
to characterize mechanisms underlying cellular uptake.6,23–28 Re-
searchers in both the biological and medical sciences have devel-
oped numerous applications of these constructs, illustrating the
utility of CPPs in these fields.7–11 A variety of intracellular cargoes
have been transported by Tat or other CPPs, including DNA,29


polymers,30 nanoparticles,31,32 and liposomes (Fig. 1).33 Clearly,
CPPs are a powerful tool for transporting diverse materials
across the cell membrane and have attracted the interest of an
interdisciplinary scientific community.
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Fig. 1 Applications of cell-penetrating peptides as molecular delivery
vehicles.


Harnessing the cell-penetrating properties of these peptides will
have profound implications in both basic and medical research.
The following review will focus on the applications of CPPs in
medicine and as biological tools.


2. Cell penetrating peptides: background and
mechanism of uptake


Over the last two decades, many different short peptide sequences
have been identified that are able to transport diverse types of cargo
molecules.6,34 Examples of commonly used CPPs are included in
Table 1. Some CPPs, like Tat and penetratin, are derived from
natural sequences, while others are artificial constructs designed
to capture the important features of natural systems. Some of the
first examples of designed sequences included the polyarginines35


and transportan.36 This class of engineered molecules is rapidly
expanding with the recent discoveries of new peptide sequences
that are permeable to mammalian cells such as protamine,37


maurocalcine,38 and M918.39 The continued expansion of this field
indicates that chemical space is rich with peptide sequences that
exhibit high levels of cellular uptake.


Obtaining information about general trends governing CPP
uptake, such as the effects of peptide length, chemical properties,
and size, has important implications for the rational engineering
of CPPs. With knowledge concerning how physicochemical prop-
erties favor one mechanism of uptake over another, engineering
new peptides with a desired uptake mechanism relevant to
their application will be possible. Towards this end, numerous
investigations have been conducted to elucidate how CPPs gain
access to the interior of cells.6,40 A variety of uptake mechanisms
appear to be operative in different systems, and in some cases, the
mechanism is cell-type or cargo-specific. It appears that CPPs can


Table 1 Cell-penetrating peptides commonly used for delivery
applications


Cell-penetrating peptide Amino acid sequence


Polyarginines RRRRRRRRR (R9)
Tat49–57 RKKRRQRRR
Penetratin (Antennapedia) RQIKIWFQNRRMKWKK
Pep-1 KETWWETWWTEWSQPKKKRKV
Transportan GWTLNSAGYLLGKINLKALAALAKKIL
Nuclear localization
sequences


VQRKRQKLMP
SKKKKIKV
GRKRKKRT


access the cell by two distinct routes: energy-dependent vesicular
mechanisms, collectively referred to as endocytosis, or via a direct
process involving translocation of the lipid bilayer (Fig. 2).


Fig. 2 Mechanisms of uptake across the plasma membrane.


Endocytosis, which includes phagocytosis and pinocytosis, is a
regulated process used by the cell to internalize solutes and fluids
in the extracellular matrix.41 Reserved for specialized cells, such as
macrophages and neutrophiles, phagocytosis is a complex process
used to engulf large particles.42,43 Pinocytosis occurs in all cell types
and can be further classified into four mechanistically diverse
pathways: macropinocytosis, clathrin-mediated, caveloae/lipid
raft-mediated, and clathrin, caveolae-independent endocytosis.41


While the exact mechanisms of each of these pinocytic processes
differ with regard to vesicle structure and the machinery utilized,
they all share a common outcome: extracellular molecules are
encapsulated into lipid vesicles, which are internalized after
resealing of the plasma membrane.41 The fate of the solute
molecules depends on their ability to escape lipid-encapsulated
vesicles before they are trafficked back to the plasma membrane
for recycling, or fused with lysosomes. It is important to recognize
that this type of vesicular escape can limit the effectiveness of CPPs
in delivery applications, as it may keep a cargo from reaching the
desired intracellular site.


Results from a large number of studies suggest that the
mechanism of endocytic uptake for a CPP is strongly dependent
on the attached cargo.44 For example, Tat has been shown
to use lipid raft-mediated endocytosis when conjugated to a
protein45 and clathrin-dependent endocytosis46 when conjugated
to a fluorophore. Macropinocytosis has been implicated in the
uptake of a variety of CPP–cargo conjugates,39,47–49 suggesting that
membrane ruffling aids the internalization of CPPs. Additionally,
the electrostatic interaction of CPPs with surface proteoglycans
has been shown to be responsible for the uptake of many
CPPs.48,50–54


CPPs can also cross the membrane bilayer directly in an energy-
independent process (Fig. 2).36,55 Non-endocytic membrane per-
meation is thought to occur when the peptide has characteristics
that are compatible with the bilayer or that sufficiently perturb the
structural integrity of the membrane.56,57 Peptides using a direct
mechanism of uptake would be expected to display transport that
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is sensitive to changes in membrane properties, such as fluidity
and membrane potential. Biophysical models have taken concepts
relevant to antimicrobial peptides to propose membrane structure
perturbations that would facilitate transport, with the barrel-stave,
inverted micelle, and carpet models all describing different types of
transient structures that could be formed at the membrane surface
and allow peptide entry.58–61 Studies aimed at looking at the role
of extracellular counterions have also lent support to proposed
mechanisms involving direct uptake.23–27


Cellular uptake of polyarginines is sensitive to changes in mem-
brane potential and independent of temperature, suggesting non-
endocytic uptake.35 In addition, translocation of Pep-1, penetratin,
and polyarginines is driven by membrane potentials.62,63 For these
peptides, electrostatic interactions with cell surface molecules
and negatively charged lipids57,58,64,65 may initiate the penetration
of the bilayer. This was observed for penetratin even in the
absence of a membrane potential in model lipid vesicles where the
fluorescently labeled peptide was able to translocate across a pure
lipid bilayer via a non-pore-forming mechanism.56 Furthermore,
it is anticipated that even when endocytic pathways are relevant
to uptake of CPPs, escape from the endosome by a physical
mechanism is one way the peptide could reach cytoplasmic or
other organelle targets.49,62


While debate about specific uptake mechanisms for CPPs is
ongoing (for a detailed review readers are referred to ref. 6), it is
now clear that the route of entry can be dependent on the identity
of an attached cargo44,66 (e.g. drug, fluorophore, nanoparticle,
protein) and on cell type.67 Moreover, uptake mechanism can be
misassigned as a consequence of experimental artifacts, such as
those resulting from cell fixation or omission of a proteolytic
digestion.68 In addition, some pharmacological agents used to
probe specific mechanisms of endocytosis can interfere with
multiple endocytic pathways as well as other cellular properties.49,69


An added difficulty in the assignment of uptake mechanisms
comes from the fact that a single CPP can simultaneously exploit
multiple modes of uptake to enter cells.40,44,70 Recently, this issue
was explored in depth for cationic CPPs; in these detailed studies
it was found that penetratin equally exploits macropinocytosis,
clathrin-mediated endocytosis, and caveolae/lipid-raft-mediated
endocytosis to enter HeLa cells.40 Clearly, claims concerning
dominant uptake mechanisms for CPPs must be made with great
care.


3. Cell penetrating peptides: applications in drug
delivery


Revolutionary advances in genomics and proteomics technology
have led to the identification of molecular targets for treatment
of different disease states.71 The development of a successful drug
requires access to a target of interest; therefore, for intracellular
targets to be addressed, drug molecules must be cell-permeable.
Traversing the plasma membrane is a challenge to the delivery of
some therapeutics, with many drugs exhibiting desirable activities
in vitro not displaying the requisite amount of lipophilicity al-
lowing for membrane partitioning but simultaneously supporting
aqueous solubility.72 These incongruous requirements have limited
the use of certain compounds and therefore, optimizing cellular
delivery of therapeutics is an important priority. CPPs have been


proven effective at increasing the efficacy of several therapeutics
by improving cellular uptake, and the use of CPPs as molecular
vehicles offers several advantages over other delivery vectors,
including lower toxicity and more controlled administration.73–75


Many studies have demonstrated successful CPP-facilitated intra-
cellular transport of therapeutics, ranging from small molecules to
large proteins or nucleic acids, demonstrating that CPP-mediated
delivery of therapeutics is a promising approach.


4. Cellular delivery of proteins by CPPs


Administering exogenous proteins presents a valuable treatment
for many disease states, but delivering these large macromolecules
into cells is a challenging objective. Since the discovery was
made that Tat was able to transport various proteins across cell
membranes,76 CPPs have been shown to be effective for delivering
proteins ranging in size from 30 kDa (e.g. GFP) to 120–150 kDa
(e.g. IgG) (Fig. 3). Administration of the 120 kDa b-galactosidase
protein fused to Tat in mice resulted in the efficient penetration
of all tissues, even crossing the blood–brain barrier; importantly,
biological activity was maintained.77 In vivo delivery of Fab
fragments crosslinked with Tat, penetratin and other CPPs was
shown to yield varied organ distributions and an overall increase
in organ retention, suggesting that the peptide can play a role in
tissue localization.78


Noncovalently-associated complexes of CPPs and proteins have
proven effective for delivery. For example, the short amphipathic
peptide, Pep-1, was shown to facilitate rapid and highly efficient
cellular uptake of various peptides, proteins and even full-length
antibodies.79 This approach has the significant advantage of not
requiring any chemical modification of the transporter or protein
cargo, greatly simplifying the formulation of reagents.


CPP-mediated protein delivery has been used successfully to
administer a variety of therapeutically relevant proteins, and
has significant potential for cancer and stroke treatment.64–70 A
disulfide conjugate of Tat and an anti-tetanus Fab fragment was
used to reverse nerve cell damage caused by tetanus toxin.80 To
treat ischemic brain damage, Tat has been fused to proteins that
bind the postsynaptic density protein, PSD-95; the conjugate was
effective in preventing excitotoxicity.81 Tat conjugates with FNK,
a stabilized variant of Bcl-xL lacking the phosphorylation site,
have been prepared to prevent cell death in the brains of mice.82


The successful delivery of these proteins in an active form is
a remarkable achievement, and has shown that CPP-mediated
protein delivery is a generally-applicable tool.


CPP-mediated delivery of antibodies—large proteins that
are notoriously difficult to deliver into cells—has also been
achieved.9,83-86 Tat has been used to deliver antibodies for radio-
therapeutic applications (e.g.111In-labeled anti-mouse IgG)84 and
for sensitizing cancer cells to cytotoxic therapies (anti-p21).85 As
well, penetratin has facilitated antibody delivery in vivo where
uptake and retention in solid tumors of mice was improved.86


The fact that CPPs have enabled antibody delivery highlights how
broadly applicable these transporters are.


5. Cellular delivery of nucleic acids by CPPs


Cellular delivery of nucleic acids is another exceptionally chal-
lenging, but important, objective for the development of new
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Fig. 3 Linkages of CPPs to nucleic acid and protein cargos.


therapeutics.87 Currently, the delivery of these highly negatively
charged biomolecules is typically achieved with methods that can
be plagued by cellular toxicity or poor efficiency in certain cell
types (e.g. lipofectamine or microinjection). CPPs offer qualities
that could be beneficial for a non-viral gene delivery system,
including the ability to easily functionalize the peptide structure
(Fig. 3). While CPP–nucleic acid complexes can be trapped in
endosomes, CPPs can be modified to promote endosomal escape,
preventing degradation and allowing the nucleic acid to reach
nuclear targets.88–90 Additionally, peptide nucleic acids, which are
highly stable, uncharged, protease- and nuclease-resistant oligonu-
cleotide mimics, have been efficiently delivered by conjugation to
various CPPs.90–92


RNAi technology has also been improved with CPP-aided
delivery of siRNA.93,94 The crosslinking of Tat to siRNA increased
cellular uptake of the oligonucleotide without interfering with the
perinuclear localization required for RNAi activity.95 The Tat–
siRNA complex silenced gene expression to a similar extent as one
made with lipofectamine. Penetratin and transportan featuring
terminal cysteines have been covalently attached to a 5′-thiol
modified siRNA and produced expression knockdown for up to
seven days.96 As an alternative to covalent attachments, both a
polyarginine CPP and a derivative of MPG (a fusion peptide
between a hydrophobic segment of HIV-1 gp41 and nuclear
localization sequence SV-40) were used for cellular delivery of
exogenous siRNA as a non-covalent complex.73,97 Even though
many examples of successful CPP-mediated internalization of


oligonucleotides exist, several studies with CPP–siRNAs revealed
that Tat and penetratin alone affected gene expression and that
penetratin–siRNA elicited an immunological response, challeng-
ing the use of these CPPs in delivery systems.98,99 While these
studies emphasize the need for caution and careful controls, the
body of work in this area suggests that CPP-based delivery systems
for oligonucleotides have great promise.


6. Cellular delivery of small-molecule drugs by CPPs


The efficacy of several small-molecule drugs has also been im-
proved using CPPs as delivery vehicles (Fig. 4).11,100,101 Polyarginine
conjugates of the hydrophobic drug Paclitaxel were shown to
greatly improve the water solubility and cellular uptake of this
potent therapeutic.11,102 CPP conjugates of cyclosporine A were
shown to exhibit qualities beneficial for treatment of psoriasis
and other skin conditions.100 When topically administered, the
polyarginine aids penetration to cells in the underlying tissue, de-
livering a therapeutically useful amount of the anti-inflammatory
molecule by facilitating passage through the stratum corneum.
CPPs have delivered photoactive drugs, e.g. the pro-drug 5-
aminolevulinic acid, which is converted in the heme biosynthetic
pathway to the photosensitizer, protoporphyrin IX; the delivery
of this agent was made possible by coupling to penetratin.103


CPPs can therefore be used to ameliorate properties of drugs—
like extreme lipophilicity or poor trafficking—that limit their
usefulness.
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Fig. 4 Small molecule therapeutics successfully delivered by CPPs.


CPPs may also be useful for overcoming cancer-resistance in
cells by diverting drugs away from efflux pathways. For example,
doxorubicin conjugated to Tat104 and transferrin105,106 have been
successful in exerting cytotoxic effects on doxorubicin-resistant
cell lines. CPPs have enhanced uptake of methotrexate in cell
lines resistant to this chemotherapeutic, further illustrating the
therapeutic benefit of CPP-conjugated drugs.101 While these drugs
are inherently cell permeable, CPP-mediated delivery circumvents
the effects of the efflux pumps and provides an effective means to
override resistance.


7. Enhancement of activity for peptide-based drugs
using appended CPPs


Peptide-based drugs represent another class of therapeutics that
exhibit improved activity when CPPs are used for delivery (Fig. 5
and Table 2). For this class of agents, the shared structure of the
drug and carrier simplifies synthesis, and thus this application of
CPPs is particularly straightforward.


Anti-microbial peptides (AMPs), engineered by microbes to
penetrate the cellular boundaries of other organisms, have been
manipulated to exert their activity on human cancer cells.107–113


Specificity for cancer cells, however, can be difficult to achieve
with these systems.109,110 The challenge in using these peptides as
cancer-killing agents lies in directing their membrane-disrupting
properties to diseased cells, leaving normal cells unperturbed.


One very promising engineered sequence, (KLAKLAK)2, has
received a great deal of attention as a potential AMP-derived
therapeutic.114,115 Although the (KLAKLAK)2 peptide does not
perturb the plasma membrane, it disrupts mitochondria, inducing
apoptosis when delivered into cells.116 However, the low activity
of the unmodified (KLAKLAK)2 peptide towards cancer cells
illustrates that the peptide cannot achieve therapeutically relevant
intracellular concentrations alone.116 Strategies employing CPPs to
improve uptake of the AMP have achieved increased potency.117,118


A (KLAKLAK)2-polyarginine construct demonstrated improved
IC50 values in comparison with doxorubicin, paclitaxel, methotrex-
ate, cisplatin, and cyclophosphamide.117 The activity of another
mitochondria-disrupting peptide, Vpr, was also improved by
conjugation to the CPP Tat.119 Indeed, fusing domains that exert
biochemical activity with CPPs leads to improved drugs, and the
fact that these drugs can be generated completely via peptide
synthesis makes their preparation facile.


Peptide fragments retaining the activity of full-length pro-
apoptotic proteins are under development as anti-cancer
agents.120–125 These constructs have also been improved via con-
jugation to CPPs. Two examples of these are the BH3-helix from
the Bcl-2 family and the N-terminal domain of the pro-apoptotic
factor SMAC.122–125 The BH3-only peptides have been investigated
as therapeutics for cancer treatment, but are unable to cross
the plasma membrane at levels that are therapeutically useful,
prompting the development of strategies to improve intracellular
accumulation.120–122 Linkage of BH3-only therapeutic peptides
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Fig. 5 Cellular targets of CPP-anticancer peptides. The subscript t preceding the peptide name denotes a truncated peptide of the full length protein:
ex.tNEMO.


to CPPs has been shown to improve their activity.123,124 The
antennapedia transduction domain fused to BH3 domains from
Bak, Bax, and Bcl-2 was used with success, even in the presence
of over-expressed anti-apoptotic Bcl-2 proteins Bcl-2 and Bcl-
XL.123,124 Thus, CPPs can be used to increase the activities of
apoptotic peptides by facilitating cellular uptake.


Another mitochondrially-targeted apoptotic factor that is of
interest as an anticancer agent, Smac/DIABLO, has been studied
as a CPP fusion.125 A seven amino acid sequence from the Smac N-
terminus was linked to the Tat peptide, and potentiated apoptosis
induced by various stimuli; in concert with TRAIL, this agent
caused complete regression of an intracranial malignant glioma
xenograft model in mice, in comparison to only partial growth
inhibition by TRAIL or the Smac peptide alone.125


Peptide-based inhibitors are useful for blocking protein–protein
interactions that are too large for small molecule interference,
but often, sequences that produce significant disruption of a
biomolecular interface in vitro do not exhibit efficient intracellular
accumulation.126 Delivery by CPPs has also been useful for this
type of therapeutic. For example, penetratin and Tat improved
uptake and activity of a peptoid inhibitor of the apotosome.127


Another useful peptide inhibitor, shepherdin, blocks the interac-
tion of a molecular chaperone, Hsp90, with the anti-apoptotic
regulator survivin.128 Shepherdin linked to Tat or antennapedia
inhibited tumor cell growth in in vitro and in vivo models.128


CPPs were also used to stimulate the uptake of a polyglutamine-
binding peptide that inhibits aggregation of misfolded proteins
responsible for neurodegenerative disorders.129 Here again, by
improving cellular delivery of these agents, CPPs are able to
improve the inhibitory properties of agents with poor intrinsic
cellular permeability.


Transcription factors are popular targets for anticancer agents,
since these control downstream response to growth factors,
apoptotic stimuli, and other cellular signals.130 A peptide fragment
of the tumor suppressor transcription factor p53 is known to
stimulate the activity of wild type p53 and some mutant p53
cell lines.131 Fused to the antennapedia transduction domain,
the peptide markedly inhibited growth and colony formation in
a mutant p53 cancer cell line,131 and the peptide construct was
used successfully in vivo to induce apoptosis through the Fas-
FADD pathway.132,133 Another transcription factor-targeting that
has shown promising activity once conjugated to a CPP is one
based on the natural inhibitor ARF (alternative reading frame
protein); ARF targets Foxm1 (forkhead box m1), a transcription
factor important to the development of hepatocellular carcinoma
in humans.134 The cell-permeable ARF peptide attached to nona-
arginine reduced tumor size and number in a mouse model.134


Another example of this type of approach involved inhibition of
NEMO, a key regulator of NF-kB activation; a fusion of a peptide
inhibitor with antennapedia was generated and inhibition was
observed in cultured cells.135 Inhibition of Stat3, a transcription
factor found to be constitutively activated in some cancer cell
lines, was achieved with a polyarginine transduction domain
linked to a peptide aptamer inhibitor.136 Modulating the levels
of transcription allows control of cancer-related processes, and
facilitating the delivery of agents interacting with transcription
factors appears to be a powerful means of achieving such control.


Peptide-based inhibitors of signaling proteins have also been
improved when prepared as CPP fusions.81,137–144 Inhibition of
casein kinase 2 by the peptide inhibitor P15 attached to Tat was
found to induce apoptosis in a number of cancer cell lines and
slowed the growth of TC-1 tumors in vivo.142 In addition, a peptide
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Table 2 Peptide drugs delivered by CPPs


Peptide drug Target CPP carrier Model IC50/lM Ref


Apoptosis targeting
(klaklak)2 Mitochondrial disruption D-(R)7, PTD-5 HT-1080, HCT-116, HT-29, MDA-MB-468,


HeLa, PC-3, MIA PaCa-2, LL/2, MCA205,
clinical head and neck tumor isolates


3–40 [99]


HT-1080 & MCA205 xenografts [100]
Smac-derived peptide XIAP inhibition Tat SHEP, SH-SY5Y, U87MG, LN-18, LN-229,


Panc-1, MCF-7, SV- FHAS, SMA560,
human fibroblasts, human mammary
epithelial cells, PBL, Schwann cells, primary
neuroblastoma tumor cells, Human glioma
xenograft


— [102]


BH3 helix Inhibition of
pro-apoptotic Bcl-2 family
members


Penetratin HeLa, PBL HL-60 overexpressing Bcl-2 15–50 [103]


BJAB, & Jurkat transfected with Bcl-2 [104]
HIV Vpr peptide Mitochondrial disruption Tat HUVEC 15 [101]
Apaf-1 peptoid inhibitor Activation of apotosome Penetratin, Tat U937, Saos-2 ∼ 1 [109]


Transcription targeting
p53-derived peptide Activation of


p53-mediated
transcription


Penetratin Saos-2 with wt & mutant p53, HL-60,
HeLa, SW480, EW36 & BL41


— [112–114]


ARF-derived peptide Inhibition of
Foxm1-activated
transcription


D-(R)9 Mouse model with induced liver tumors,
U2OS clone C3, HepG2, PLC/PRF/5,
Hep3B, HMEC-1


— [77]


NEMO-derived peptides NF-jB activation Penetratin Y79, transfected 70Z/3 & Jurkat 5–20 [115]


Signal cascade targeting
P15 peptide Casein kinase 2 activation Tat TC-1 HPV16-transformed cells, H-125


H-82, SiHa, CaSki, HeLa, & Jurkat
20–186 [117]


G7-18NATE
(Grb7-derived peptide)


Grb7 activity Penetratin, Tat SK-BR-3, MDA-MB-231, MDA-MB-361,
ZR-75–30, MCF-7, MC-10A, 3T3


∼ 10 [120]


Gas-derived peptide GPCR receptor Penetratin PC12, HMEC-1 5 [119]
JIP-1/IB1-derived peptide JNK activity Tat Insulin-producing bTC-3 cells — [121]
MEK1-derived peptide Inhibition of ERK


activation
Penetratin, Tat NIH 3T3, PC12, HeLa 0.2–1.5 [118]


Protein folding targeting
Shepherdin Survivin activity Penetratin, Tat HFF, HGF, WS-1, PC3, DU145, MCF-7,


Raji, H-460, HeLa, MDA-MB-435LCC6,
HCT116, JC, mouse embryonic fibroblasts,
PMC, PC3, & MCF-7 mouse xenograft
tumor models


∼ 100 [110]


HT-1080 fibrosarcoma; HCT-116 & HT-29 colorectal carcinoma; MDA-MB-468 & MCF-7 breast carcinoma; PC-3 prostate
carcinoma; MIA PaCa-2 & Panc-1 pancreatic adenocarcinoma; LL/2 Lewis lung carcinoma, MCA205 murine fibrosarcoma; SHEP &
SH-SY5Y neuroblastoma; U87MG, LN-18, & LN-229 malignant glioma; SV-FHAS astrocytes; SMA560 murine glioma; PBL
peripheral blood lymphocytes; HL-60 myeloid leukemia; BJAB; Jurkat T cell leukemia; HUVEC human umbilical vein endothelial
cells; U937 histocytic lymphoma; Saos-2 & U2OS clone C3 osteosarcoma; SW480 colon carcinoma; Ew36 & BL41 Burkitt lymphoma;
HepG2, PLC/PRF/5, & Hep3B hepatoma; HMEC-1; Y79 human retinoblastoma; TC-1 mouse lung HPV 16-transformed cells; H-125
& H-460 non-small cell lung cancer; H-82 small-cell lung cancer; SiHa, CaSki, & HeLa cervical carcinomas; SK-BR-3, MDAMB- 231,
MDA-MB-361, & ZR-75–30 breast cancer cell lines; MC-10A non-malignant human mammary epithelial; 3T3 mouse fibroblast;
PC12; HMEC-1 human microvascular endothelial cells; bTC-3; HFF foreskin fibroblasts; HGF gingival fibroblasts; WS-1 skin
fibroblasts; PC3 & DU145 prostate adenocarcinoma; Raji B lymphoma; MDA-MB-435LCC6 melanoma; JC mammary carcinoma;
PMC peripheral blood mononuclear cells.


inhibitor designed to block the interaction of ERK (extracellular
signal-regulated kinase) and MEK (MAPK/ERK kinase), two
members of a MAPK (mitogen-activated protein kinase) signaling
pathway involved in growth and proliferation, exhibited increased
potency when bound to Tat or antennapedia.141 Chimeric peptides
comprising a peptide transduction domain linked to an inhibitor
domain were shown to disrupt signaling mediated by NMDAR
(N-methyl-D-aspartate receptor),81 GPCR (G-protein coupled
receptor),140 receptor tyrosine kinase,139 JNK (c-Jun N-terminal
kinase),138 and protein kinase C.137 Fusion peptides have also
been developed that contain two additional functional domains


in addition to a transduction domain.145 Two examples of these
combined Tat with a targeting ligand for the CXC chemokine
receptor 4 as well as an anticancer peptide; a p53-activating peptide
and a cyclin-dependent kinase 2 antagonist peptide were both
successfully delivered to tumor cells in this way.145 In addition,
delivery of a dPKC-specific inhibitor with Tat is currently being
investigated as a potent therapeutic agent for patients with acute
myocardial infarction.143,144


While significant advances in CPP-mediated drug delivery have
appreciably improved delivery of therapeutics, further optimiza-
tion of peptide carrier systems is critical. In addition, CPP
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pharmacology and toxicity needs to be extensively examined
in vivo. The effort put forth on these fronts will be extremely
beneficial, as finding a potentially universal peptide carrier for
each class of therapeutic molecules (nucleic acids, small molecules,
peptides, and proteins) will facilitate the development of potential
clinically-relevant delivery systems.


8. CPP-mediated delivery of imaging agents


The ability to visualize internal features and physiological struc-
tures of living organisms and observe cellular functions in vivo
is vital for understanding, diagnosing, and treating disease.
For example, directly visualizing diseased tissue during surgical
procedures and identifying pre-disease states in patients will
have profound implications in medicine. In biomedical research,
assessing stem cell differentiation or following the dynamics of the
immune cells in living animals will provide a fundamental under-
standing of these biological processes. Non-invasive biomedical
imaging techniques such as fluorescence imaging and magnetic
resonance imaging (MRI) have been developed for these types of
in vivo applications. As some useful imaging agents are not able to
penetrate cells or tissues, CPPs have proven useful in this field as
delivery vehicles (Fig. 6).


Fluorescence imaging relies on tracking molecular imaging
agents and has been shown to be useful for visualizing tissues
in vivo.146,147 However, poor cellular uptake, inadequate targeting,
and the lack of photostability of fluorophores can be problematic.
CPPs have been combined with imaging labels in an effort to
optimize aspects of in vivo fluorescence imaging related to cellular
targeting.


Various fluorophore–CPP conjugates with improved stability
and uptake have been developed as imaging agents.148,149 For
example, fluorescein-doped monodisperse silica particles of ap-


proximately 70 nm in diameter were modified with Tat peptides
for cellular delivery and shown to efficiently cross the blood–brain
barrier, labeling the neuronal tissue of rats in vivo.148 Another
very elegant example of the application of CPPs for imaging was
recently reported by Tsien and coworkers (Fig. 7).149 A fluorescein-
peptide hairpin was designed that took advantage of the increased
number of extracellular proteases surrounding tumor tissues. The
construct consisted of a polyarginine peptide covalently attached
to a polyanionic segment, which would only be internalized upon
proteolytic cleavage of the anionic domain and—because the
protease targeted is overexpressed on cancerous cells—selectively
label tumors.


The development of semiconductor nanocrystals, or quantum
dots (QDs), has presented a robust alternative to molecular
fluorophores that may eventually dominate imaging applications.
A QD’s size and composition results in quantum confinement
of electrons, and as a consequence, these materials exhibit many
advantageous optical characteristics.150 Along with a strong lumi-
nescence, QDs are characterized by a resistance to photobleaching,
remarkably long luminescent lifetimes, broad adsorption and
narrow emission profiles.151 Even with these ideal properties, QDs
are not always stable in a biological environment and have little
cellular uptake, presenting a hurdle for use in in vivo imaging.


The functionalization of QDs with CPPs has been shown to im-
prove biocompatibility. For example, Tat-modified CdS:Mn/ZnS
quantum dots were delivered intra-arterially into rats and were
able to efficiently label brain tissue within minutes.152 The Tat-QDs
not only crossed the blood–brain barrier, but were visualized with
a hand-held lamp, further demonstrating the potential of this type
of imaging agent for the visualization of diseased tissues in surgical
procedures. Other CPPs such as Pep-1,153 and polyarginines154,155


have also been used for the cellular delivery of QDs. While non-
covalent delivery of QDs has been achieved, this is specific to


Fig. 6 CPP-mediated delivery of imaging agents.
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Fig. 7 Engineering cancer specificity into CPP-delivered therapeutics using protease-triggered cellular uptake.


Pep-1;153 all other CPPs appear to require chemical conjugation
to facilitate cellular uptake.


Attachment of CPPs to QDs has been carried out in mul-
tiple ways: e.g. with covalent bonding between a cysteine and
lysine residues,152 using biotin-conjugated peptides to streptavidin-
coated nanoparticles,154,155 or via a polyhistidine peptide linker
exhibiting affinity for the metals contained within nanocrystals.156


In addition, tioprion, a molecule with both a terminal thiol and
carboxylic acid, has been used to functionalize QDs with Tat via
a two-step process.157


CPPs have additionally been exploited for use in the delivery
of MRI contrast agents.32,158,159 MRI avoids artifacts caused
by light scattering by relying on magnetic spin coupling of
protons in water molecules, which are enhanced with the ad-
ministration of magnetic contrast agents. However, a major
barrier associated with this imaging technique is the poor cell
permeability and non-specific localization of many agents. Conse-
quently, extracellular labeling160 or microinjection are commonly
employed.161 Using CPPs to enhance the cellular delivery of con-
trast agents in MRI represents an alternative solution with many
advantages.


Superparamagnetic iron oxide nanoparticles are sensitive and
biologically compatible contrast agents for MRI.162 Weissleder
and coworkers have reported that 40 nm dextran cross-linked
iron oxide nanoparticles could be functionalized with CPPs to
increase levels of cellular internalization.163 Superparamagnetic
nanoparticles with >10 attached Tat sequences exhibited a 100-
fold increase in cellular uptake31 and were retained in HeLa cells for
up to 7 days.164 Tat-iron oxide nanoparticles have shown significant
promise for in vivo imaging as these agents exhibit good tissue
penetration.165 In addition, they allowed for in vivo tracking of stem


cells32 and T-cell migration,166 two applications that necessitate
real-time monitoring. Importantly, CPP-modified contrast agents
did not interfere with biological function; stem cells loaded with
the nanoparticles exhibited normal differentiation32 and T-cells
demonstrated normal activation for immune response.166


Paramagnetic cations such as gandolinium (Gd3+) can be
used as MRI contrast agents. By conjugating CPPs to
the ion chelators, lanthanide contrast agents can be de-
livered into cells.167,168 The macrocyclic chelators 1,4,7,10-
tetraazacyclododecane-N,N ′,N ′′,N ′′′-tetraacetic acid (DOTA) and
diethylenetriaminepentaacetic acid anhydride (DTPA) have been
covalently linked with Tat and polyargine peptides to aid with
plasma membrane permeability.158,159,167–169 Alternatively, Polyakov
et al. used a peptide-based metal chelator (e-KGC) attached to
a Tat peptide for the intracellular delivery of diagnostic metal
complexes.170


CPP-derivatized contrast agents have been further engineered
to gain cellular specificity. To obtain access to the nuclear
compartment, a homologue of penetratin was linked to the nuclear
localization sequences of SV40T-antigen, which rapidly entered
cells after 10 minutes, achieved nuclear localization, and exhibited
a stable imaging signal for as long as 48 hours.171 To achieve tissue
specificity, an imaging construct was designed that consisted of a
Gd3+ complexed with terminal lysines of a PNA sequence which
was linked to a penetratin analogue via a disulfide bond.172 The
PNA sequence was complementary to the oncogene c-myc and
upon binding to the target mRNA, trapped the lanthanide ion
inside the cell. While the CPP portion was responsible for cell
permeability, the PNA allowed for tumor specificity both in cancer
cell lines and in rat adenocarcinoma. This design was improved by
using a more stable metal complex and developing a continuous
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solid-phase synthesis scheme for each portion of the contrast agent
(i.e. CPP, PNA, chelating agent).173 In addition to tissue labeling,
synthetic contrast agents featuring a PNA sequence have potential
for use in cellular and whole-body gene expression imaging.


9. Organelle-specific delivery with CPPs


In addition to facilitating transport across the plasma membrane,
applications of CPPs where other cellular barriers are crossed
can be envisioned. The ability to target specific organelles creates
opportunities to study biological processes at the subcellular
level and to deliver therapeutics to targets within cellular com-
partments. Currently, the nucleus and the mitochondria have
been successfully targeted with CPPs. As the storehouse of
genomic DNA, the nucleus is a desirable target and the necessary
destination for agents used in gene therapy.174 The mitochondrion
is an especially interesting organelle for drug therapy given its
role in the pathology of cancer, neurodegenerative diseases, and
others where reactive oxygen species are linked with disease
progression.175–177


One effective strategy for organelle-specific targeting is the use
of signal peptides, used by cellular machinery to identify newly
translated peptides and traffic them to the correct destination in
the cell.178,179 Nuclear localization sequences (NLS), highly cationic
peptides approximately 10 amino acids in length, exhibit high
levels of cell-permeability.174,180,181 NLS peptides, most notably the
NLS from simian virus 40 (SV40) large T antigen, have been used
in a number of studies to drive uptake of DNA for nonviral gene
therapy.174 Most studies have focused on the ability of the NLS
sequences to drive localization of the DNA into the nucleus, aiding
uptake efficiency with transfection agents or microinjection,182–186


but there are several examples of unaided uptake of the DNA–
peptide complexes into the cell, with the cell-penetrating prop-
erties of the NLS peptides driving translocation.187–190 Although
all of the studies showed an improvement in nuclear local-
ization, a smaller number demonstrated improved transfection
efficiency.182–186 In some studies, the DNA was encapsulated in
polymer nanospheres191 or phage particles with NLS peptide
displayed on the exterior.192,193 Antisense oligonucleotides were
also delivered successfully through NLS derivatization, blocking
translation of Bcl-2 and PKC-a in two cancer cell lines.194 The NLS
peptides have been demonstrated to guide uptake and nuclear
localization of other species, including gold nanoparticles,195


carboplatin-based anti-cancer therapeutics,196 and green fluores-
cent protein (GFP).197


Several examples of mitochondrial targeting using CPPs ex-
ist where artificial, rather than natural signal sequences, were
used.198–200 Naturally occurring mitochondrial signaling sequences
can be quite long, and often require the presence of a full-length
protein for mitochondrial import. As an alternative approach,
Szeto and coworkers used tetrapeptide sequences to localize
antioxidants to mitochondria.198 The sequences included the
unnatural amino acid dimethyltyrosine (dmt), which has radical
scavenging properties. Upon induction of oxidative stress by tert-
butylhydroperoxide, cells treated with the antioxidant peptides
had decreased levels of mitochondrial reactive oxygen species
and halted the progression of apoptosis.198 No information was
collected on these compounds, however, to document their cellular


permeability or to identify critical functional groups that are
responsible for mitochondria localization.


Recently, we developed a class of mitochondria-penetrating
peptides (MPPs) with a number of unique and useful features.199


These sequences, containing both cationic and lipophilic residues,
were designed and engineered to display levels of cellular uptake
that rival conventional CPPs, but with strong mitochondrial
localization not attainable with other sequences. Moreover, the
exact physiochemical properties leading to the organellar speci-
ficity of these mitochondria-penetrating peptides were identified,
providing an important conceptual framework for understanding
how mitochondrial localization can be achieved with synthetic
compounds (Fig. 8). By studying a panel of MPPs with different
charges and lipophilicities, we were able to observe that both of
these molecular-level properties strongly impact mitochondrial
specificity. Critical lipophilicity thresholds were identified that
control organellar localization, and it was discovered that these
thresholds are strongly dependent on molecular charge. The
MPPs represent a promising new class of CPPs that will enable
mitochondria-specific delivery of cargo.


Our laboratories have used organelle-specific CPPs to trigger
oxidative stress selectively in different subcellular compartments,
allowing the oxidative stress response induced by stress originating
at different subcellular sites to be monitored.200 The sequence F-
r-F-K was shown to localize specifically to the mitochondria of
HeLa and MRC-5 cells, while the sequence R-r-R-K was shown to
localize to the nuclei. This difference in subcellular sequestration
was used to study the cellular response to site-specific oxidative
stress (Fig. 9).200 To mediate the production of ROS, the peptides
were linked to the singlet oxygen-sensitizer thiazole orange (to).
The response of HeLa cells to the differential subcellular oxidative
stress was characterized by monitoring cytotoxicity, apoptosis
levels, gene expression, and survival signal transduction pathway
activation. Interestingly, it was found that increased levels of
apoptosis were observed when ROS were produced in the nucleus
versus the mitochondria. Additionally, it was found that different
survival pathways were activated by oxidative stress in these
organelles, with the PKC pathway activated by to-R-r-R-K
induced damage, the ERK signaling pathway by to-F-r-F-K, and
the PI3K pathway by both agents. Gene expression profiling also
revealed differences in the cellular response to mitochondrial and
nuclear oxidative stress, with upregulation of a number of growth
factors observed specifically when oxidative stress originated in
mitochondria. These studies demonstrated that oxidative stress in
the mitochondria elicits a different cellular response than when
oxidative stress is localized in the nucleus.


Summary and outlook


The multiple studies described here highlight the numerous appli-
cations of CPPs as powerful delivery agents. Cellular delivery of
many different types of cargos has been improved via conjugation
to CPPs, improving the performance of agents useful for imaging
and as therapeutics. A survey of the many examples where CPPs
have been applied to systems where enhanced cellular uptake
was desired indicates that CPPs represent a general solution and
powerful tool for the development cell-permeable agents.
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Fig. 8 Mitochondrial targeting of CPP-like sequences.199 Modulation of the lipophilicity of synthetic cell-penetrating peptides controls intracellular
localization. Synthetic octamers of the general sequence XrXKXrXK (X = phenylalanine, cyclohexylalanine (FX), or tyrosine) localized to the
mitochondria above a lipophilicity threshold (logP −2.5) or to the nucleus and cytosol below this lipophilicity threshold.


Fig. 9 Delivery of organelle-specific oxidants.200 A. CPP-mediated mitochondria- or nucleus-specific delivery of the ROS source thiazole orange
(1) enabled the induction of site-specific oxidative stress (2) and analysis of differential cellular response to nuclear vs. mitochondrially-localized oxidative
stress (3). B. Analysis of the stress response by cellular assays and gene profiling exposed differences in the response to mitochondrially (to-FrFK) or
nuclear (to-RrRK) localized oxidative stress.
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Starting from quinic acid 7 the synthesis of 1,4-butanediol-linked macrocyclic aminocyclitols 30, 32, 34,
36 and 38 is described. Assembly was achieved by olefin cross-metathesis of appropriate cyclohexyl allyl
ethers followed by ring-closing metathesis of bis-O-allyl homodimers. In all five cases studied, the only
products that were formed were those resulting from direct ring-closing metathesis; the formation of
larger rings was not detected. These macrocycles exhibited diverse conformational behaviour which
included formation of stable separable conformers 31a and 31b as well as conformationally dynamic
macrocycles 35 in which a ring flip in one cyclohexane chair conformer induces a ring flip of the other
cyclohexane ring through the linking chains of the macrocycles. The activation energy for the inversion
of the chair conformation in this process was determined to be about 38 kJ mol−1, which is about
7 kJ mol−1 lower than the activation energy for the ring flip of the unsubstituted cyclohexane ring. In all
cases, the conformational studies strongly suggest that intramolecular H-bonding between 1,3-diaxially
oriented amido and alcohol or ether groups exerts a decisive contribution to the overall stabilisation of
the preferred cyclohexane chair conformation.


Introduction


Many natural products of pharmaceutical relevance are composed
of macrocycles with embedded smaller rings such as pyrans or
furans (often present as lactols or lactones). Typical examples
are the polyketides bryostatin and sorangicin, and the diterpene
tonantzitlolone. Their ability to target their receptors is very likely
closely related to their conformational flexibility. On one hand
the macrocycle adopts a preferred global conformation when
being bound to the biomacromolecule.1 But besides the influence
imposed by the receptor it can be assumed that the conformational
characteristics of the embedded five- or six-membered rings will
also influence the macrocycle conformation in a relay type mode
of action. Relay of conformational information has emerged as a
new important research field for so-called small molecules.2–4


Recently, we and other research groups have been involved in
synthesising aminoglycoside antibiotics and derivatives as well as
mimetics that are able to selectively bind to biomacromolecules.5–8


In this context, we described the first preparation of novel
macrocyclic 1,4-butanediol-linked aminodeoxyglycosides 3 and 4
(Fig. 1),8 which can be regarded as glycomimetics derived from
aminoglycoside antibiotics. Like the natural products described
above, these glycosides are composed of a macrocycle with
embedded pyranose rings. In detailed NMR studies,9 we showed
that the conformational flexibility of the macrocycle, as well as
conformational changes in the pyranose units, were responsible
for 3 forming a complex with TAR RNA.10
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1B, D-30167, Hannover, Germany. E-mail: andreas.kirschning@oci.uni-
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Fig. 1 Structures of neomycin (1) and streptomycin (2), and macrocyclic
neoaminoglycosides 3 and 4.


Aminoglycoside antibiotics like neomycin (1) and streptomycin
(2) are commonly not only composed of hexoses or pentoses but
also contain cylictols such as the 2-deoxystreptamine ring system
(3). In continuation of our recent work, we now disclose detailed
synthetic and conformational studies on aminocyclitols embedded
in a macrocyclic environment, as depicted in the general structures
5 and 6 (Fig. 2). Compared to pyranoses the cyclohexane ring
shows a larger conformational flexibility,10 which in the present
case should have an effect on the outcome of the RCM and
the conformational dynamics of the macrocycles formed. In this
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report, we provide detailed synthetic studies and conformational
analyses on two out of four macrocycles of type 5 and 6 that can
also be of relevance for macrocyclic natural products containing
six-membered rings within a macrocycle.


Fig. 2 General formulae of macrocyclic aminocyclitols 5 and 6.


Results and discussion


Synthesis of macrocycles


The syntheses of macrocyclic cyclitols utilised D-quinic acid 7 as
the starting building block (Scheme 1).11 It readily provides four
stereogenic centres of which three can be conserved for the target
products. Quinic acid 7 was converted via known sequences into
ketone 8,12–14 which was then transformed into the corresponding
oxime 9. Reduction to the corresponding amine was achieved
with sodium borohydride in the presence of a catalytic amount of
nickel(II) acetate, a rather uncommon reagent system, but in our
hands the best we tested for this transformation.15 After protection
as trifluoroacetamide and formation of diastereoisomers 10a and
10b followed by O-allylation at C-5, two cyclitol derivatives
11a and 11b (2 : 1) were obtained and separated. However, we
encountered distortion of the cyclohexane ring by the annelated
acetonide, which hampered determination of the configuration
at the amido-substituted stereogenic center at C-1. Removal of
the this protection yielded diols 12a and 12b, at which point
structure elucidation of both diastereoisomers became possible.
Diastereoisomer 10a and all products derived therefrom have
the L-configuration, while 10b was determined as having the D-
configuration.16


In the following transformations, the allyl moiety served as a
functional group for metathesis olefinations. Thus, independent
treatment of allyl ethers 11a and 11b with the Grubbs I catalyst 1317


yielded homodimers (E/Z = 10 : 1, configurational assignment
was conducted with compound 18 which is discussed in detail in
the ESI†).18 However, the transformation was incomplete, and so
the starting material was re-isolated and re-employed in order to
achieve almost quantitative yield.


The double bonds were then hydrogenated (to furnish homo-
dimers 14 and 15) and the acetal groups were hydrolysed to
yield tetrols 16 and 17 (Scheme 1). At this stage, we chemically
distinguished both hydroxy groups on each cyclohexane ring
by stannylidene formation and ring opening using allyl iodide
as an electrophile, which yielded allyl ethers 19–21, 25 and 26
(Scheme 2).19 Usually, this method is very selective in distinguish-
ing syn alcohol groups.20 Nevertheless, we encountered a total
absence of selectivity in the case of the L-diastereoisomer 16 (1 : 1
allylation at O-3 and O-4) and only a slight preference at O-4 for the
D-diastereoisomer 17 (1.7 : 1 in favour of O-4 allylation). As shown
in the second part of this report, most of these oligosubstituted
amino cyclohexanes are conformationally flexible, which affects


Scheme 1 Preparation of homodimers 16 and 17. Reagents and conditions:
a) HONH3Cl, NaOAc, MeOH, rt, 24 h (95%); b) NaBH4, cat. Ni(OAc)2,
MeOH, rt, 3 h; c) CF3CO2Et, Et3N, MeOH, rt, 24 h (93% over two steps);
d) allyl iodide, Ag2O, MeCN, 45 ◦C, 24 h (75–85%); e) conc. HCl(aq),
MeOH–H2O (10 : 1), 1 h, quantitative yield for 12a and 12b; f) 13, CH2Cl2,
37 ◦C, 52 h, 77% from 11a (23% recovered 11a) and 46% from 11b (50%
recovered 11b); g) PtO2, H2, EtOAc–CH2Cl2–MeOH (16 : 8 : 1), 16 h; h)
conc. HCl(aq), MeOH–H2O (10 : 1), 1 h (86% of 16 for two steps and 69%
of 17 for two steps); Tfa = trifluoroacetyl, Cy = cyclohexyl.


the outcome of reactions like the present protection protocol.
Separation of positional isomers was achieved after formation
of the corresponding acetates 22–24, 27 and 28.


With these dimeric bis-O-allylated 1,4-butanediol-linked cy-
clitols in hand, we conducted macrocyclisations under RCM
conditions, again employing the Grubbs I catalyst 13. In our
earlier work with O-allylated glycosides we found that the mode
of macrocyclisation depends on several factors, one of them being
the relative configuration of all substituents at the pyran ring.
Thus, starting from a diene precursor, direct macrocyclisation
(e.g. formation of macrocycle 4 with an arabino configuration
around the pyranose ring) or dimerisation and trimerisation (e.g.
formation of macrocycle 3 with a lyxo configuration around the
pyranose ring)8c can occur, making the outcome of the RCM
difficult to predict.
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Scheme 2 Reagents and conditions: a) Bu2SnO, toluene, D, 2 h; b) allyl bromide, CsF, DMF, 60 ◦C to rt, 18 h (from 16: 67% for two steps; from 17: 86%
for two steps); c) Ac2O, DMAP, Et3N, 30 min; quantitative yields.


In the present cases (acetates 22–24, 27 and 28) RCM yielded
only direct ring-closing products irrespective of the stereochem-
istry associated with the amido group, as was confirmed by mass
spectrometric analysis. Formation of larger macrocycles could not
be detected by TLC and MS after sampling the crude RCM
products. The free alcohols 19–21, 25 and 26 could also be
employed but RCM afforded lower yields. The RCM products are
again E/Z mixtures of C2-symmetric alkenes that can be analysed
by the NMR method described in the ESI†.18c After hydrogenation
of the newly formed olefinic double bond we obtained macrocycles
29, 31, 33, 35 and 37 (Scheme 3).


To our surprise each metathesis reaction yielded two or three
products with distinctly different TLC Rf values. However, in most
cases the compounds could not be separated by flash column
chromatography. The mixtures clearly revealed only one mass in
the mass spectra, while the NMR spectrum distinctly showed the
presence of different compounds or very broad signals, which
hampered detailed assignment. Careful investigations of these
products indicate the presence of conformational isomers, which
will be discussed in detail below. After having worked out this
behaviour, we terminated the sequence by deprotection under
standard conditions to yield the target macrocycles 30, 32, 34,
36 and 38. As for many other aminoalcohols of rather complex
structure, the NMR spectra of these products were difficult to fully
solve and interpret. Therefore, we first focused on the precursors
and protected aminoalcohols 29, 31, 33, 35 and 37.


Analytical and conformational considerations


Prior to discussing conformational aspects in detail, we wish to
define conformations 1C4 and 4C1 for clarity, in analogy to the
IUPAC rules for carbohydrates (Fig. 3).21 In this context we regard
the carbon C-6 as the pseudo ring oxygen atom. The numbering is
consistent with the labelling in all schemes in this paper, which is


based on the original labelling of the starting D-quinic acid 7. In
order to differentiate the cyclohexane rings with acetyl groups at
O-3 from those acetylated at O-4 we shall label the cyclohexanes
to be endo when the acetate group is at C-4 while exo-acetate
groups are at C-3 irrespective of whether acyclic RCM precursors
or macrocycles are being discussed. In fact, in macrocycles the C-3
position is located outside the macrocycle while the C-4 position
lies inside.


The most important tool used to determine the cyclohexane ring
conformation is the analysis of the 3J scalar coupling constants
according to the Karplus equation which can straightforwardly
can be adopted to cyclohexanes in ideal chair conformations.22


In the present cases, however, we often encountered broadened
signals in the 1H as well as 13C NMR spectra at room temperature,
which can be taken as an indication of a fast equilibrium relative
to the NMR timescale. If necessary, we also used NOE contacts to
determine the arrangement of atoms in space and thus elucidate
the cyclohexane chair conformation.


Acyclic precursors


We first conducted conformational studies on the cyclohexane
rings in precursor building blocks as well as on acyclic homod-
imers. These analyses turned out to be important for understand-
ing conformational peculiarities found in the macrocycles, which
are strongly influenced by the conformations of the individual
cyclohexane moieties present (vide supra) (Table 1).


In chloroform the cyclohexane ring in 12a adopts a 1C4 chair
conformation and the amido group is oriented in an axial position.
An intramolecular H-bond is possible and would stabilise the 1C4


conformation. The chemical shift of the NH proton in chloroform
at 295 K can be regarded as an indicator of intramolecular H-
bonding. NH chemical shifts higher than 7.4 ppm are always a
diagnostic tool for an intramolecular H-bond to an oxygen atom
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Scheme 3 RCM of dienes 22, 23, 24, 27 and 28. Reagents and conditions: a) 13 (10 mol%), CH2Cl2, 37 ◦C; b) PtO2, H2, CH2Cl2–ethyl acetate–MeOH
(29: 43%; 31: 66%; 33: 53%; 35: 53%; 37: 39% for two steps); c) NaOH, H2O–MeOH (30: 67%; 32: 81%; 34: 83%; 36: 61%; 38: 86%).


Fig. 3 Definition of the prefixes “endo” and “exo” and 1C4 and 4C1 in the
present context.


in a 1,3-diaxial relationship. The NH signal of the NHTfa group
of 12a in chloroform is located at 8.11 ppm and indicates an
intramolecular H-bond. On the other hand, in methanol, which
is a polar H-bond competing solvent, the cyclohexane ring of 12a


adopts a 4C1 chair conformation with the amido group oriented
in an equatorial position for which no intramolecular H-bond is
possible.


NMR analyses of the more polar compounds 12b, 16 and 17 had
to be conducted in CD3OD instead of CDCl3. Consequently the
amido group occupies an equatorial position and no intramolec-
ular H-bond is formed.


RCM products


Conformational analysis was carried out with N-acylated macro-
cycles 29, 31, 33, 35 and 37 and with the fully deprotected
derivatives 30, 32, 34, 36 and 38. The NMR spectra of the latter
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macrocycles commonly revealed poor resolution. In part, the
results collected for the protected macrocycles could be used for
the analysis of the latter ones. Among the five acylated macrocycles
only the conformations of the two macrocycles 31 and 35 could
be analysed in great detail. They showed remarkably different
behaviour (vide supra). Analysis of the other three macrocycles 29,
33 and 37 can be found in the ESI†. In essence, they show similar
conformational effects.


RCM products 31a,b


The diene precursor 23 is composed of an endo- and an exo-
acetate cyclohexane ring. For better recognition, the labels of
the exo-acetate cyclohexane rings are marked with a prime (′)
and are always placed on the right-hand side. In CDCl3 both
cyclohexane rings adopt a 1C4 conformation. The amido groups
at C-1 and at C-1′ are placed in an axial position and can form a
stabilizing hydrogen bond with O-3 and O-3′. NMR investigations
in CDCl3 of the macrocycles 31a and 31b prepared from 23
(coupling constants J, selective TOCSY and selective NOESY
NMR experiments) showed that both compounds are identical
with respect to their stereo- and regiochemistry. Further proof
for these considerations was collected when both conformers 31a
and 31b separately as well as a mixture of both conformers were
independently deacetylated to yield macrocycle 32 as a single
product.


It is important to note that in the macrocycles 31a and 31b
the exo-acetate rings did not give sharp NMR signals even
at low temperatures (210 K), which created difficulties in fully
interpreting all data. The coupling constants listed in Table 2 of
the remaining sharp signals of the exo-acetate cyclohexane ring


of 31a and 31b cannot unequivocally be attributed to a certain
chair conformation. The cyclohexane ring that holds the endo-
acetate group gives sharp NMR signals in both conformers of
31. From the coupling constants it can be concluded that the
endo-acetate ring adopts a 4C1 conformation in 31a and a 1C4


conformation in 31b. The chair conformations of the endo-acetate
cyclohexane rings (4C1 in 31a and 1C4 in 31b) cannot invert into
each other due to steric hindrance between the acetyl group
and the backbone of the macrocycle. The two conformers 31a
and 31b are stable for months in solution at room temperature.
Even in refluxing toluene (1 h) inversion of conformation was
not observed. Further structural proof was collected from X-ray
analysis of crystalline 31b (Fig. 4).23 In the crystal the cyclohexane
ring with the endo-acetyl group clearly adopts a 1C4-conformation,
while the cyclohexane ring with the exo-acetyl group shows a 4C1


conformation.
Free aminoalcohol 32 was independently prepared by deprotec-


tion of 31a or 31b, respectively. As is evident from the coupling
constants in Table 2, the whole ring systems appears to be highly
flexible, as only the amino group adopts an equatorial position,
whereas for the other ring protons no defined coupling constants
could be determined. This observation clearly reveals a change of
conformation with respect to the NMR timescale.


RCM products 35a,b


Diene 27 is the C-1 epimer of diene 24 with D-configured cyclohex-
ane rings and two exo-acetate groups. As for 28, the cyclohexane
rings of diene 27 adopt an axial-rich 4C1 conformation that is
stabilised by an intramolecular H-bond from NH to O-5 (see NH
chemical shift in Table 3). Macrocycle 35 has two exo-acetate


Table 1 Conformations of cyclohexanes 12a and 12b as well as dimers 16 and 17 obtained from NMR analysis


3J/Hz a d/ppm b


Compound Solvent 1-H 2ax-H 2eq-H 3-H 4-H 5-H 6ax-H 6eq-H HNTfa


12a CDCl3 4.1, 3.6, 3.6, 3.5 4.1, 2.9 3.6, 3.0, 2.9 3.0, 3.0, 2.9 9.1, 3.0 11.2, 9.1, 3.9 11.2, 3.5 3.9, 3.6 8.11
12a CD3OD m m m 10.7, 4.5, 3.2 3.5, 3.2 3.7, 3.7, 3.5 m m n.d.
12b CD3OD 11.5, 11.2, 3.9, 3.9 11.5, 3.5 4.5, 4.0 m m 10.5, 9.1, 4.9 11.2, 10.5 4.9, 3.9 n.d.
16 CD3OD 10.9, 10.9, 4.6, 4.6 m m 10.5, 4.8, 3.0 3.8, 3.0 3.8, 3.6, 3.6 m m n.d.
17 CD3OD 10.9, 10.8, 4.2, 4.1 10.8, 2.6 5.1, 4.2 5.1, 2.8, 2.6 8.3, 2.8 m 10.9, 10.9 6.3, 4.1 n.d.


a Coupling constants between 1-H and NH (around 8.0 Hz) not listed; large geminal 2J couplings at positions 2 and 6 (around 12 Hz) not listed; m =
multiplet, caused by overlapping of signals, higher order signals or broad signals. b Determined at 295 K; n.d. = not detectable because of use of CD3OD
as solvent.
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Table 2 Conformations of homodimer 23 as well as cyclohexanes 31a,b and 32 obtained by NMR analysis in CDCl3


3J/Hz a d/ppm b


Compound Solvent 1-H 2ax-H 2eq-H 3-H 4-H 5-H 6ax-H 6eq-H HNTfa


23 (endo) CDCl3 5.4, 5.3, 5.2, 5.0 m m 4.1, 4.1, 3.0 7.8, 3.0 8.0, 7.8, 4.0 m m 7.55
23 (exo) CDCl3 5.0, 4.8, 4.6, 4.5 m m m m m m m 6.58
31a (endo) CDCl3 12.4, 12.4, 4.2, 3.9 4.2, 2.4 3.9, 3.8 11.9, 3.6, 2.9 2.9, 2.7 m m m 6.50
31a (exo) CDCl3 4.6, 4.6, 4.5, 4.3 m m br s 7.3, 2.5 br dd 9.0, 5.4 m m 7.19
31b (endo) CDCl3 m 4.4, 2.4 5.6, 2.6 br dd 5.6, 2.7 10.3, 2.7 11.2, 10.3, 4.2 m br d 8.24
31b (exo) CDCl3 m m m br s 6.8, 3.0 m m m 6.90
32 (endo) CD3OD 11.2, 11.2, 3.9, 3.9 m m m br d 2.7 m m m n.d.
32 (exo) CD3OD 9.5, 9.5, 3.9, 3.9 m m 10.0, 3.5, 2.7 m m m m n.d.


a Coupling constants between 1-H and NH (around 8.0 Hz) not listed; large geminal 2J couplings at positions 2 and 6 (around 12 Hz) not listed; m =
multiplet, caused by overlapping of signals, higher order signals or broad signals. b Determined at 295 K; n.d. = not detectable because of use of CD3OD
as solvent.


Fig. 4 X-Ray analysis of macrocycle 31b.24


groups and derives from diene 27. In CD3OD, only one con-
formation is present with a single set of sharp signals for both
cyclohexane rings. This indicates that the molecule has a C2-
symmetry in methanol. The analysis of the coupling constants
indicates that both cyclohexane rings adopt an equatorial-rich
1C4 conformation.


Deprotected aminoalcohol 36 adopts also a 1C4 conformation,
as does 35 in methanol. With three substituents in equatorial


positions in the cyclohexane ring, the conformation is rather more
defined than in 32, where only two substituents can adopt the same
orientation. Nevertheless, this configuration still enables the ring
system to be very flexible, as can be judged from the behaviour of
35 in CDCl3 (Fig. 5).


These sets of signals belong to two interconverting confor-
mations (see equilibrium in Fig. 6). ROESY spectra recorded
at 220 K in CDCl3 clearly reveal exchange cross-peaks between
the two sets of signals. One set of NMR signals belongs to an
unsymmetrical conformation (94% for 35a) whereas the other
set belongs to a C2-symmetrical conformation (6% of 35b)
(Fig. 6).


In macrocycle 35a the two cyclohexane rings adopt different
conformations: an equatorial-rich 1C4 conformation (denoted B)
and an axial-rich 4C1 conformation (denoted A).25 Consequently,
the 1H-NMR chemical shifts of the two cyclohexanes differ. The
coupling constants at 3-H in conformation A (singlet, line width =
10 Hz) and at 3-H in the conformation B (dd, J = 11.6, 5.5 Hz)
indicate correspondingly an equatorial-rich 1C4 and an axial-rich
4C1 cyclohexane ring conformation.


The axial-rich conformer is presumably stabilised by an in-
tramolecular hydrogen bond between NH and O-5. Additional
support for this conformation was collected from the ROESY
spectra recorded at 220 K. Characteristic ROE connectivi-
ties found for the two chair conformations are depicted in
Fig. 7.
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Table 3 Preferred conformations of epimeric diene 27 as well as corresponding macrocycles 34 and 35


3J/Hz a d/ppm b


Compound Solvent 1-H 2ax-H 2eq-H 3-H 4-H 5-H 6ax-H 6eq-H HNTfa


27 CDCl3 3.9, 3.9, 3.9, 3.9 12.5, 3.9 br d 3.9 12.5, 4.0, 3.0 4.0, 3.8 4.1, 3.8, 3.7 br dd 4.1, 3.9 br d 3.9 7.83
35a (A) CDCl3 m m m 11.6, 5.5 m m m m 8.28c


35a (B) CDCl3 m m m br s m m m m 7.00–7.08c


35b (C) CDCl3 m m m br s m m m m 8.02c


35 CD3OD 12.1, 12.0, 4.1, 3.9 m 3.9, 3.5 3.5, 3.2, 3.1 9.4, 3.2 11.4, 9.4, 4.4 12.0, 11.4 4.5, 4.4 n.d.
36 CD3OD 11.6, 11.5, 4.0, 3.9 11.5, 2.6 6.5, 3.5 3.5, 3.1, 2.6 9.2, 3.0 m 11.8, 11.6 7.1, 4.0 n.d.


a Coupling constants between 1-H and NH (around 8.0 Hz) not listed; large geminal 2J couplings at positions 2 and 6 (around 12 Hz) not listed; m =
multiplet, caused by overlapping of signals, higher order signals or broad signals. b Determined at 295 K; n.d. = not detectable because of use of CD3OD
as solvent. c Determined at 220 K.


For the minor conformer only one set of signals could be
detected. This is a clear indication that 35b has a C2-symmetry with
two cyclohexane rings populating the same chair conformation.
The 1H NMR chemical shifts of the cyclohexane protons in
35b resemble the chemical shifts of the equatorial-rich 1C4 (B)
conformation in 35a. This indicates that in 35b both cyclohexane
rings presumably adopt an equatorial-rich 1C4 conformation.


Line-shape analysis of the 1H NMR spectra of 35 provided
cyclohexane chair flipping rates (k).26 Computer-generated line
shapes for the 3-H resonances at temperatures between 300 K and
220 K and the determined rate constants are listed alongside the
experimental spectra in Fig. 8.


By plotting ln(k/T) vs. 1/T and fitting these results to the Eyring
equation, one is able to determine the enthalpy of activation
for the cyclohexane ring flip. The activation energy amounts to
38 kJ mol−1, which is about 7 kJ mol−1 lower than the activation
energy for the ring flip of the unsubstituted cyclohexane ring.27


It should be noted that in CD3OD only one conformation can be
detected in which both cyclohexane rings adopt the equatorial-rich
1C4 chair conformations.


Conclusions


In conclusion, we were able to synthesise several cyclohexane-
based macrocyclic aminoalcohols 30, 32, 34, 36 and 38 with poten-
tial nucleic acid binding properties.8,9,28 Each of these macrocycles
contains two tetrasubstituted cyclohexane rings linked though two
butanediol units. Unlike sugar-derived pyrans, these individual
tetrasubstituted cyclohexane moieties show high conformational
flexibility. On being incorporated into a macrocyclic system as
in 29, 31, 33, 35 and 37, diverse static as well as dynamic
conformational phenomena occurred. The relative configuration
and the nature of substituents around the cyclohexane moieties
influence not only the overall conformation of the macrocycle, but
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Fig. 5 Temperature dependence of the 1H NMR spectra of macrocycle
35. The signal splitting at 220 K is exemplified for 3-H.


Fig. 6 Exchange cross-peaks in the ROESY spectra of 35 at 220 K; the
chemical exchange between 3-H in 35a (conformation A and B) and 35b
(conformation C) is shown (dotted line).


Fig. 7 Significant NOE connectivities found for 35a which support the
two chair conformations A and B.


also the interaction between the two cyclohexane rings through
the linking chains. In macrocycle 31 we observed the existence
of two distinct stable conformations that do not interconvert and
thus can be separated. On the other hand, compound 34 contains
cyclohexane rings that rapidly switch from one conformation to
the other at room temperature. The energy barrier for the ring flip
was calculated and determined to be significantly lower than in
unsubstituted cyclohexane rings. In all cases, the conformational


Fig. 8 Experimental vs. calculated line shapes for the 1H NMR reso-
nances of 3-H in 35 at different temperatures.


studies strongly suggest that the intramolecular H-bonding from
an amido H-atom to an alcohol or ether functionality exerts a
decisive contribution to the overall stabilisation of the cyclohexane
chair conformation, thus overcoming increased steric energy when
switching from an equatorial-rich to an axial-rich arrangement of
substituents. Thus, oligosubstituted cyclohexane moieties embed-
ded in macrocycles behave very differently to analogous pyran
rings.8 It needs to be noted that the conformational switch
occurs in non-polar solvents like chloroform and not in a protic
medium like methanol, the latter more closely resembling a
biological system. However, biomacromolecules induce active
conformations upon small ligands. Therefore, the present study
is of importance as it clearly reveals that cyclohexane-based
ligands are conformationally more flexible than the corresponding
pyranyl analogues. The enhanced flexibility of both acyclic as
well as embedded cyclohexanes also has an impact on the
chemical behaviour; for example, protection protocols based on
stannylidene intermediates derived from 16 and 17 proceeded with
poor regioselectivity compared to pyran-based carbohydrates.
RCM always gave the small macrocycles, an observation which
is in contrast to the corresponding sugar-based precursors.8,29


Finally, we are certain that our conformational studies should
be of relevance to related macrocyclic natural products in general
because such conformational flexibility may enable molecules of
this kind to bind to different substrate structures. Investigations
on that subject are underway in our laboratories.


Experimental


General remarks and starting materials


NMR spectra were recorded on Bruker Avance DPX spectrome-
ters at 200 and 400 MHz and on a Bruker Avance DRX spectrom-
eter at 500 MHz, using tetramethylsilane as the internal standard,
if not otherwise mentioned. 1H multiplicities are described using
the following abbreviations: s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet, br = broad. Chemical shift values of
13C NMR spectra are reported as values in ppm relative to residual
CDCl3 (77 ppm) or CD3OD (49 ppm) as internal standards.
The multiplicities refer to the resonances in the off-resonance
spectra and were elucidated using the distortionless enhancement
by polarisation transfer (DEPT) spectral editing technique, with
secondary pulses at 90◦ and 135◦. 13C multiplicities are reported
using the following abbreviations: s = singlet (due to quaternary
carbon), d = doublet (methine), q = quartet (methyl), t = triplet
(methylene). The atom labelling is consistent with the numbering
used in the respective schemes. Mass spectra were recorded on a
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LCT spectrometer (Micromass) with a lock-spray unit for ESI or
on a VG Autospec spectrometer (Micromass). Ion mass (m/z)
signals are reported as values in atomic mass units, followed
in parentheses by the peak intensities relative to the base peak
(100%). Optical rotations [a] were collected on a Polarimeter 341
(Perkin Elmer) at a wavelength of 589 nm and are given in 10−1


deg cm2 g−1. All solvents used were of reagent grade and were
further dried. Reactions were monitored by thin layer chromatog-
raphy (TLC) on silica gel 60 F254 (E. Merck, Darmstadt), and
spots were detected either by UV-absorption or by charring with
KMnO4/NaOH in water. Amines were detected using a ninhydrin
solution in propanol. Preparative column chromatography was
performed on silica gel 60 (E. Merck, Darmstadt). Quinic acid
7 was purchased from Fluka in >98% purity. All compounds
starting from quinic acid 7 to yield ketone 8 were prepared
according to the literature.12–14 The preparation of compounds
9, 10a,b, 11a,b, 12a,b, 14, 15 and macrocycles 29, 33, 37 as well as
aminoalcohols 30, 34 and 38 are described in the ESI†. Compound
purities were assessed by NMR analysis.


1′,4′-O-(5)-Di-(3(R),4(S),5(R)-trihydroxycyclohexane)-1(R)-(tri-
fluoroacetamido)-1,4-butane (16). The butanediol-linked dimer
14 (416 mg, 0.670 mmol) was dissolved in 25 ml of MeOH–H2O
(5 : 1) and treated with Amberlyst 15 (230 mg). The solution was
shaken for 18 h. After filtration and evaporation of the solvent,
product 16 (342 mg, 0.633 mmol; 94% yield) was isolated as
a colourless solid. Likewise, the HCl procedure described for
compound 17 works equally well.


Rf = 0.39 (CH2Cl2–MeOH = 9 : 1); [a]20
D = −3.5 (c = 1, MeOH);


1H NMR (400 MHz, CD3OD, TMS = 0 ppm): d = 1.64 (m, 4 H,
8-H), 1.70–1.88 (m, 8 H, 2-H, 6-H), 3.48 (ddd, J = 11.5, 5.6,
3.4 Hz, 2 H, 7b-H), 3.59 (ddd, J = 11.5, 5.6, 3.4 Hz, 2 H, 7a-H),
3.63 (ddd, J = 3.8, 3.6, 3.6 Hz, 2 H, 5-H), 3.81 (dd, J = 3.8,
3.0 Hz, 2 H, 4-H), 3.88 (ddd, J = 10.5, 4.8, 3.0 Hz, 2 H, 3-H),
4.31 (dddd, J = 10.9, 10.9, 4.6, 4.6 Hz, 2 H, 1-H) ppm; 13C NMR
(100 MHz, CD3OD, CD3OD = 49 ppm): d = 27.9 (t, C-8), 30.8
(t, C-6), 34.3 (t, C-2), 45.2 (d, C-1), 68.7 (d, C-3), 70.1 (t, C-7),
71.0 (d, C-4), 78.5 (d, C-5), 117.5 (s, CF3, 1JC,F = 286.4 Hz), 158.0
(s, COCF3, 2JC,F = 36.8 Hz) ppm; HRMS (ESI): m/z for positive
ions; calculated: 563.1804 (M + Na+); found: 563.1804.


1′,4′-O-(5)-Di-(3(R),4(S),5(R)-trihydroxycyclohexane)-1(S)-(tri-
fluoroacetamido)-1,4-butane (17). The butanediol-linked dimer
15 (959 mg, 1.545 mmol) was dissolved in 33 ml MeOH–H2O
(10 : 1) and 0.5 ml concentrated HCl(aq). This solution was stirred
for 1 h at RT. The solvents were evaporated in vacuum to yield
the product 17 (838 mg, 1.551 mmol) in quantitative yield as
a colourless solid. The Amberlyst 15 procedure described for
compound 16 works equally well. The product is not very soluble
in methanol or chloroform.


Rf = 0.15 (CH2Cl2–MeOH = 9 : 1); m.p. = 155–160 ◦C; 1H
NMR (400 MHz, CDCl3–CD3OD, TMS = 0 ppm): d = 1.35 (ddd,
J = 12.2, 10.9, 10.9 Hz, 2 H, 6ax-H), 1.62 (ddd, J = 13.3, 10.8,
2.6 Hz, 2 H, 2ax-H), 1.66 (m, 4 H, 8-H), 1.97 (ddd, J = 13.3, 5.1,
4.2 Hz, 2 H, 2eq-H), 2.22 (ddd, J = 12.2, 6.3, 4.1 Hz, 2 H, 6eq-H),
3.46 (dd, J = 8.3, 2.8 Hz, 2 H, 4-H), 3.55–3.67 (m, 6 H, 5-H, 7-H),
4.01 (ddd, J = 5.1, 2.8, 2.6 Hz, 2 H, 3-H), 4.22 (dddd, J = 10.9,
10.8, 4.2, 4.1 Hz, 2 H, 1-H) ppm; 13C NMR (100 MHz, CDCl3–
CD3OD, CD3OD = 49 ppm): d = 27.8 (t, 8-C), 35.1 (t, 6-C), 36.7
(t, 2-C), 44.9 (d, 1-C), 69.4 (d, 3-C), 70.9 (t, 7-C), 75.2 (d, 4-C), 78.3


(d, 5-C), 117.5 (s, CF3, 1JC,F = 286.8 Hz), 158.0 (s, COCF3, 2JC,F =
36.9 Hz) ppm; HRMS (ESI): m/z for negative ions; calculated:
539.1834 (M − H+); found: 539.1846.


1′,4′-O-(5)-Di-3-allyl-(3(R),4(S),5(R)-trihydroxycyclohexane)-1-
(R)-(trifluoroacetamido)-1,4-butane (19), 1′,4′-O-(5)-(3-Allyl)-(4′-
allyl)-di-(3(R),4(S),5(R)-trihydroxycyclohexane)-1(R)-(trifluoroac-
etamido)-1,4-butane (20) and 1′,4′-O-(5)-di-4-allyl-(3(R),4(S),5-
(R)-trihydroxy-cyclohexane)-1(R)-(trifluoroacetamido)-1,4-butane
(21). Tetrol 16 (674 mg, 1.248 mmol) and Bu2SnO (776 mg,
3.12 mmol) were dissolved in 20 ml toluene and heated under
reflux for 2 h until the solution has become homogeneous. The
solvent was removed in vacuo and the residue was dissolved in
20 ml anhydrous DMF under an argon atmosphere and cooled to
−15 ◦C. Allyl bromide (1.43 ml, 6.24 mmol) was added and the
solution stirred for 10 min. Afterwards CsF (947 mg, 6.24 mmol)
was added to the mixture and stirring was continued for 1 h.
After removal of the icebath the reaction mixture was stirred
for additional 20 h at RT. After dilution with 70 ml CH2Cl2, the
organic layer was washed three times with water and brine and
dried (Na2SO4). The solvent was removed under reduced pressure
and the crude oil was purified by column chromatography over
silica gel (petroleum ether–ethyl acetate = 3 : 1) to afford a
colourless oil (517 mg, 0.834 mmol; 67% yield) consisting of
three regioisomers which were separated in the following step.
For analytical reasons only a small amount was separated and
characterised at this stage.


19: Rf = 0.40 (CH2Cl2–MeOH = 9 : 1); [a]20
D = −76.3 (c = 1,


CHCl3); 1H-NMR (400 MHz, CDCl3, TMS = 0 ppm): d = 1.51–
1.58 (m, 2 H, 6ax-H), 1.65 (m, 4 H, 11-H), 1.79 (ddd, J = 14.0, 4.5,
3.9 Hz, 2 H, 2ax-H), 1.94 (ddd, J = 14.0, 5.4, 4.7 Hz, 2 H, 2eq-H),
2.18 (br d, J = 13.6 Hz, 2 H, 6eq-H), 3.26 (br s, 2 H, OH), 3.45
(ddd, J = 12.0, 5.8, 3.0 Hz, 2 H, 10b-H), 3.61 (ddd, J = 12.0, 8.0,
4.0 Hz, 2 H, 10a-H), 3.58–3.67 (m, 4 H, 5-H, 4-H), 3.93 (ddd, J =
5.4, 3.9, 3.0 Hz, 2 H, 3-H), 4.12 (ddt, J = 12.5, 6.0, 1.4 Hz, 1 H,
7b-H), 4.14 (ddt, J = 8.8, 5.7, 1.3 Hz, 1 H, 7b


′-H), 4.25 (ddt, J =
12.5, 5.7, 1.3 Hz, 2 H, 7a-H), 4.30 (ddddd, J = 8.7, 4.7, 4.4, 4.4,
3.9 Hz, 2 H, 1-H), 5.22 (ddd, J = 10.3, 2.7, 1.3 Hz, 2 H, 9b-H), 5.29
(ddd, J = 17.2, 3.1, 1.3 Hz, 2 H, 9a-H), 5.91 (ddt, J = 17.2, 10.3,
5.7 Hz, 2 H, 8-H), 7.70 (br s, 2 H, NH) ppm; 13C-NMR (100 MHz,
CDCl3, CDCl3 = 77 ppm): d = 26.7 (t, C-11), 31.4 (t, C-2), 32.6
(broad signal, t, C-6), 45.0 (d, C-1), 69.3 (t, C-10), 72.1 (t, C-7),
73.3 (broad signal, d, C-4), 75.4 (d, C-5), 77.2 (d, C-3), 115.8 (s,
CF3, 1JC,F = 287.9 Hz), 117.7 (t, C-9), 134.1 (d, C-8), 156.0 (s,
COCF3, 2JC,F = 36.9 Hz) ppm; HRMS (ESI): m/z for positive
ions; calculated: 643.2430 (M + Na+); found: 643.2430.


20: Rf = 0.67 (CH2Cl2–MeOH = 9 : 1); [a]20
D = −77.3 (c = 1,


CHCl3); 1H-NMR (400 MHz, CDCl3, TMS = 0 ppm): dH = 1.54
(m, 2 H, 2′-H), 1.63 (m, 4 H, 11-H), 1.78 (m, 2 H, 6′-H), 1.96 (m,
2 H, 6-H), 2.19 (m, 2 H, 2-H), 2.83 (s, 1 H, OH), 3.06 (s, 1 H,
OH), 3.31 (dd, J = 8.4, 2.9 Hz, 1 H, 4-H), 3.40–3.47 (m, 1 H,
10′-H), 3.49–3.55 (m, 1 H, 10′-H), 3.55–3.67 (m, 4 H, 4′-H, 5-H,
10-H), 3.92 (ddd, J = 5.6, 2.7, 2.7 Hz, 1 H, 3′-H), 4.12 (ddt, J =
12.7, 6.0, 1.3 Hz, 1 H, 7a


′-H), 4.18 (ddt, J = 12.7, 6.9, 1.3 Hz,
1 H, 7b


′-H), 4.21–4.26 (m, 4 H, 3-H, 5′-H, 7a-H, 7b-H), 4.26–4.34
(m, 2 H, 1-H, 1′-H), 5.21 (ddd, J = 10.2, 6.3, 2.3 Hz, 2 H, 9′-H),
5.30 (ddd, J = 17.2, 6.2, 3.2 Hz, 2 H, 9-H), 5.89 (ddd, J = 10.2,
5.8, 4.1 Hz, 1 H, 8-H), 5.95 (ddd, J = 10.2, 6.9, 4.1 Hz, 1 H,
8′-H), 7.69 (br s, 1 H, NH′), 7.95 (br s, 1 H, NH) ppm; 13C-NMR
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(100 MHz, CDCl3, CDCl3 = 77 ppm): d = 26.7 (t, C-11′), 26.8 (t,
C-11), 31.4 (t, C-6′), 32.6 (t, C-6), 32.6 (t, C-2′), 33.6 (t, C-2), 45.0
(d, C-1), 45.0 (C-1′), 69.1 (d, C-5), 69.2 (t, C-10′), 70.0 (t, C-10),
71.9 (t, C-7), 74.2 (d, C-3′), 75,3 (broad signal, d, C-4′), 76,8 (d,
C-3), 81.2 (broad signal, d, C-4), 115.8 (s, CF3, 1JC,F = 287.9 Hz),
117.2 (t, C-9′),117.6 (t, C-9), 134.0 (d, C-8′), 134.6 (d, C-8), 156.2
(s, COCF3, 2JC,F = 36.7 Hz) ppm; HRMS (ESI): m/z for positive
ions; calculated: 643.2430 (M + Na+); found: 643.2430.


21: Rf = 0.70 (CH2Cl2–MeOH = 9 : 1); [a]20
D = −84.2 (c = 1,


CHCl3); 1H-NMR (400 MHz, CDCl3, TMS = 0 ppm): d = 1.52
(ddd, J = 13.6, 10.4, 3.7 Hz, 2 H, 6ax-H), 1.61 (m, 4 H, 11-H),
1.75 (ddd, J = 14.4, 3.4, 2.9 Hz, 2 H, 2ax-H), 1.99 (m, 2 H, 2eq-H),
2.21 (br d, J = 12.9 Hz, 2 H, 6eq-H), 3.03 (s, 2 H, OH), 3.30 (dd,
J = 8.2, 3.1 Hz, 2 H, 4-H), 3.51 (ddd, J = 6.0, 5.8, 2.7 Hz, 2 H,
10′-H), 3.56 (ddd, J = 6.0, 5.8, 2.7 Hz, 2 H, 10-H), 3.62 (ddd,
J = 10.4, 8.2, 4.3 Hz, 2 H, 5-H), 4.16 (ddt, J = 12.7, 5.6, 1.4 Hz,
2 H, 7b-H), 4.24–4.19 (m, 2 H, 3-H), 4.23 (ddt, J = 12.7, 5.6,
1.4 Hz, 2 H, 7a-H), 4.28 (ddddd, J = 7.9, 3.9, 3.9, 3.7, 3.4 Hz,
2 H, 1-H), 5.20 (ddd, J = 10.5, 3.0, 1.4 Hz, 2 H, 9b-H), 5.29 (ddd,
J = 17.2, 3.0, 1.4 Hz, 2 H, 9a-H), 5.92 (dddd, J = 17.2, 10.5, 5.6,
5.6 Hz, 2 H, 8-H), 7.93 (br s, 2 H, NH) ppm; 13C-NMR (100 MHz,
CDCl3, CDCl3 = 77 ppm): d = 26.8 (t, C-11), 32.6 (t, C-6), 33.6
(t, C-2), 45.0 (d, C-1), 69.1 (d, C-5), 70.0 (t, C-10), 71.9 (t, C-7),
74.2 (d, C-3), 81.2 (d, C-4), 115.8 (s, CF3, 1JC,F = 287.5 Hz), 117.2
(t, C-9), 134.6 (d, C-8), 156.2 (s, COCF3, 2JC,F = 36.5 Hz) ppm;
HRMS (ESI): m/z for positive ions; calculated: 643.2430 (M +
Na+); found: 643.2430.


Compounds 25 and 26 were not isolated and were immediately
employed in the next step for the preparation of dimers 27 and 28.


1′,4′-O-(5)-Di-3-allyl-di-4-aceto-(3(R),4(S),5(R)-trihydroxycycl-
ohexane)-1(R)-(trifluoroacetamido)-1,4-butane (22), 1′,4′-O-(5)-
(3-Allyl)-(4-aceto)-(3′-aceto)-(4′-allyl)-di-(3(R),4(S),5(R)-trihydro-
xycyclohexane)-1(R)-(trifluoroacetamido)-1,4-butane (23) and
1′,4′-O-(5)-Di-4-allyl-di-3-aceto-[3(R),4(S),5(R)-trihydroxycycloh-
exane)-1(R)-trifluoroacetamido]-1,4-butane (24). To the mixture
of regioisomers 19, 20 and 21 (451 mg, 0.727 mmol) in 20 ml
CH2Cl2 were added Et3N (0.30 ml, 2.181 mmol), Ac2O (0.27 ml,
2.908 mmol) and DMAP (40 mg, 0.327 mmol). This mixture
was stirred for 2 h at RT. After removal of the solvent under
reduced pressure the crude material was purified by flash column
chromatography over silica gel (petroleum ether–ethyl acetate =
3 : 1) to yield the products 22 (63 mg, 0.089 mmol; 12%), 23
(253 mg, 0.359 mmol; 49%) and 24 (124 mg, 0.176 mmol; 24%)
all as colourless oils.


22: Rf = 0.38 (petroleum ether–ethyl acetate = 1 : 1); [a]20
D =


−55.3 (c = 1, CHCl3); 1H-NMR (400 MHz, CDCl3, TMS =
0 ppm): d = 1.55 (m, 4 H, 11-H), 1.65–1.74 (m, 2 H, 6b-H), 1.85–
1.91 (m, 4 H, 2-H), 2.04–2.09 (m, 2 H, 6a-H), 2.10 (s, 3 H, COCH3),
2.11 (s, 3 H, COCH3), 3.42 (ddd, J = 11.7, 5.7, 3.1 Hz, 2 H, 10b-H),
3.54 (ddd, J = 11.7, 5.7, 3.2 Hz, 2 H, 10a-H), 3.69 (ddd, J = 8.3,
8.1, 4.0 Hz, 2 H, 5-H), 3.93 (ddd, J = 4.4, 4.3, 3.2 Hz, 2 H, 3-H),
4.01 (ddt, J = 12.5, 5.8, 1.2 Hz, 2 H, 7b-H), 4.12 (ddt, J = 12.4,
5.8, 1.4 Hz, 2 H, 7a-H), 4.24 (ddddd, J = 8.3, 4.8, 4.8, 4.6, 4.5 Hz,
2 H, 1-H), 4.93 (dd, J = 8.1, 2.4 Hz, 2 H, 4-H), 5.21 (ddd, J =
10.4, 2.7, 1.2 Hz, 2 H, 9b-H), 5.26 (ddd, J = 17.2, 3.0, 1.6 Hz, 2 H,
9a-H), 5.86 (ddt, J = 17.2, 10.4, 5.8 Hz, 2 H, 8-H), 7.54 (br s, 2 H,
NH) ppm; 13C-NMR (100 MHz, CDCl3, CDCl3 = 77 ppm): d =
21.0 (q, COCH3), 26.7 (t, C-11), 31.9 (t, C-2), 33.5 (broad signal, t,


C-6), 44.7 (d, C-1), 69.8 (t, C-10), 71.9 (t, C-7), 72.8 (d, C-5), 74.6
(broad signal, d, C-4), 75.3 (broad signal, d, C-3), 115.8 (s, CF3,
1JC,F = 287.5 Hz), 118.0 (t, C-9), 133.8 (d, C-8), 156.2 (s, COCF3,
2JC,F = 36.7 Hz), 170.2 (s, COCH3) ppm; HRMS (ESI): m/z for
positive ions; calculated: 727.2641 (M + Na+); found: 727.2626.


23: Rf = 0.44 (petroleum ether–ethyl acetate = 1 : 1); [a]20
D =


−33.8 (c = 1, CHCl3); 1H-NMR (400 MHz, CDCl3, TMS =
0 ppm): d = 1.61 (m, 4 H, 11-H), 1.70–2.05 (m, 8 H, 6-H, 2-
H), 2.08 (s, 3 H, COCH3


′), 2.12 (s, 3 H, COCH3), 3.43–3.61 (m,
4 H, 10-H), 3.64–3.68 (m, 2 H, 4′-H, 5′-H), 3.72 (ddd, J = 8.0,
8.0, 4.0 Hz, 1 H, 5-H), 3.94 (ddd, J= 4.1, 4.1, 3.9 Hz, 1 H, 3-H),
4.00–4.10 (m, 2 H, 7-H), 4.11–4.17 (m, 2 H, 7-H), 4.21 (ddddd,
J = 9.3, 5.0, 4.8, 4.6, 4.5 Hz, 1 H, 1′-H), 4.30 (ddddd, J= 7.2, 5.4,
5.3, 5.2, 5.0 Hz, 1 H, 1-H), 4.97 (dd, J= 7.5, 2.1 Hz, 1 H, 4-H),
5.17 (m, 1 H, 3′-H), 5.18 (ddd, J= 10.4, 3.0, 1.3 Hz, 1 H, 9-H),
5.22 (ddd, J = 10.4, 2.8, 1.3 Hz, 1 H, 9-H), 5.24–5.31 (m, 2 H,
9-H), 5.87 (dddd, J = 16.0, 8.9, 5.7, 1.3 Hz, 1 H, 8′H), 5.89 (dddd,
J = 16.1, 11.5, 5.7, 1.1 Hz, 1 H, 8-H), 6.58 (br d, J = 7.3 Hz, 1 H,
NH′), 7.55 (br s, 1 H, NH) ppm; 13C-NMR (100 MHz, CDCl3,
CDCl3 = 77 ppm): d = 21.0 (q, COCH3), 26.6 (t, C-11′), 26.7 (t,
C-11), 31.2 and 31.9 (t, C-2, C-6), 43.8 (d, C-1′), 44.6 (d, C-1),
69.3 (t, C-10′), 69.7 (t, C-10), 70.0 (d, C-3′), 72.0 (broad signal, t,
C-7′), 72.1 (t, C-7), 72.9 (broad signal, d, C-5), 72.9 (broad signal,
d, C-4), 74.8 (d, C-5′), 75.1 (broad signal, d, C-4′), 75.2 (broad
signal, d, C-3), 115.8 (s, CF3


′, J = 288.2 Hz), 115.8 (s, CF3, 1JC,F =
288.2 Hz), 116.9 (t, C-9′), 117.9 (t, C-9), 133.8 (d, C-8), 134.7 (d,
C-8′), 156.2 (s, COCF3, 2JC,F = 36.7 Hz), 169.8 (s, COCH3


′), 170.2
(s, COCH3) ppm; HRMS (ESI): m/z for positive ions; calculated:
727.2641 (M + Na+); found: 727.2626.


24: Rf = 0.54 (petroleum ether–ethyl acetate = 1 : 1); [a]20
D = −3.1


(c = 1, CHCl3); 1H-NMR (400 MHz, CDCl3, TMS = 0 ppm): dH =
1.64 (m, 4 H, 11-H), 1.77 (ddd, J = 13.1, 10.2, 2.4 Hz, 2 H, 6ax-
H), 1.82 (ddd, J = 11.7, 10.7, 10.5 Hz, 2 H, 2ax-H), 1.90–2.08 (m,
4 H, 6eq-H, 2eq-H), 2.10 (s, J = 1.0 Hz, 3 H, COCH3), 2.11 (s, J =
1.0 Hz, 3 H, COCH3), 3.49 (ddd, J = 8.6, 5.8, 3.0 Hz, 2 H, 10b-H),
3.54 (ddd, J = 8.6, 5.6, 3.2 Hz, 2 H, 10a-H), 3.65–3.70 (m, 4 H,
4-H, 5-H), 4.01 (ddt, J = 13.0, 5.6, 1.4 Hz, 2 H, 7b-H), 4.14 (ddt,
J = 13.0, 5.6, 1.5 Hz, 2 H, 7a-H), 4.21 (ddddd, J = 10.5, 10.2, 8.6,
4.7, 4.7 Hz, 2 H, 1-H), 5.15–5.22 (m, 4 H, 9b-H, 3-H), 5.29 (ddd,
J = 17.2, 3.3, 1.7 Hz, 2 H, 9a-H), 5.89 (ddt, J = 17.2, 10.4, 5.6 Hz,
2 H, 8-H), 6.48 (br d, J = 8.6 Hz, 2 H, NH) ppm; 13C-NMR
(100 MHz, CDCl3, CDCl3 = 77 ppm): dC = 21.1 (q, COCH3),
26.6 (t, C-11), 31.2 (t, C-6, C-2), 43.8 (d, C-1), 69.3 (t, C-10), 70.0
(d, C-3), 72.1 (t, C-7), 74.8 (d, C-4), 75.3 (d, C-5), 115.7 (s, CF3,
1JC,F = 288.1 Hz), 117.0 (t, C-9), 134.8 (d, C-8), 156.2 (s, COCF3,
2JC,F = 36.9 Hz), 169.8 (s, COCH3) ppm; HRMS (ESI): m/z for
positive ions; calculated: 727.2641 (M + Na+); found: 727.2647.


1′,4′-O-(5)-Di-4-allyl-di-3-aceto-(3(R),4(S),5(R)-trihydroxycyc-
lohexane)-1(S)-(trifluoroacetamido)-1,4-butane (27) and 1′,4′-O-
(5)-(3-Allyl)-(4-aceto)-(3′-aceto)-(4′-allyl)-di-(3(R),4(S),5(R)-tri-
hydroxycyclohexane)-1(R)-(trifluoroacetamido)-1,4-butane (28).
In analogy to the procedure described for the synthesis of
compounds 19, 20 and 21, tetrol 17 (490 mg, 0.907 mmol) was
dissolved in 25 ml toluene and Bu2SnO (564 mg, 2.268 mmol) was
added. For the second step CsF (689 mg, 4.535 mmol) and allyl
bromide (0.38 ml, 4.535 mmol) in 25 ml DMF were employed.
The resulting products were filtered through a pad of silica gel
(ethyl acetate–petroleum ether = 3 : 1) to yield the mixture


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2412–2425 | 2421







of two regioisomers 25 and 26 (661 mg, 1.066 mmol), which
were employed in the next step without further separation or
purification. According to the procedure for compounds 22–24,
the residue was dissolved in 20 ml CH2Cl2 and treated with
Et3N (0.34 ml, 3.192 mmol), Ac2O (0.40 ml, 4.256 mmol) and
DMAP (12.5 mg, 0.105 mmol). The crude material was purified
by column chromatography over silica gel (petroleum ether–ethyl
acetate = 2.5 : 1) to yield bisallyl ethers 27 (411 mg, 0.584 mmol;
64% for two steps) and 28 (101 mg, 0.143 mmol, 16%).


27: Rf = 0.44 (petroleum ether–ethyl acetate = 1 : 1); [a]20
D = −36


(c = 1, CHCl3); 1H-NMR (400 MHz, CDCl3, TMS = 0 ppm): d =
1.65–1.71 (m, 4 H, 11-H), 1.74 (br dd, J = 4.1, 3.9 Hz, 2 H, 6b-H),
1.90 (ddd, J = 12.5, 4.0, 3.9 Hz, 2 H, 2b-H), 2.07 (s, 6 H, COCH3),
2.08 (br dd, J = 12.1, 3.9 Hz, 2 H, 6a-H), 2.11 (br dd, J = 7.3,
3.9 Hz, 2 H, 2a-H), 3.52 (ddd, J = 11.1, 5.5, 3.1 Hz, 2 H, 10′-H),
3.69 (ddd, J = 11.8, 5.6, 2.9 Hz, 2 H, 10-H), 3.79 (ddd, J = 4.1, 3.8,
3.7 Hz, 2 H, 5-H), 3.89 (dd, J = 4.0, 3.8 Hz, 2 H, 4-H), 4.04 (ddt,
J = 12.9, 5.6, 1.4 Hz, 2 H, 7′-H), 4.14 (ddt, J = 12.9, 5.6, 1.4 Hz,
2 H, 7-H), 4.34 (ddddd, J = 7.6, 3.9, 3.9, 3.9, 3.9 Hz, 2 H, 1-H),
5.15 (ddd, J = 12.5, 4.0, 3.0 Hz, 2 H, 3-H), 5.19 (ddd, J = 10.4,
2.9, 1.3 Hz, 2 H, 9′-H), 5.27 (ddd, J = 17.2, 3.2, 1.6 Hz, 2 H, 9-H),
5.87 (ddt, J = 17.2, 10.4, 5.6 Hz, 2 H, 8-H), 7.83 (br s, 2 H, NH)
ppm; 13C-NMR (100 MHz, CDCl3, CDCl3 = 77 ppm): d = 21.1
(q, COCH3), 26.7 (t, C-11), 29.0 (broad signal, t, C-6), 29.9 (broad
signal, t, C-2), 45.3 (d, C-1), 67.9 (d, C-3), 69.9 (t, C-10), 72.4
(t, C-7), 73.0 (broad signal, d, C-4), 77.6 (d, C-5), 115.9 (s, CF3,
1JC,F = 288.1 Hz), 117.2 (t, C-9), 134.6 (d, C-8), 156.1 (s, COCF3,
2JC,F = 36.7 Hz), 170.3 (s, COCH3) ppm. HRMS (ESI): m/z for
positive ions; calculated: 727.2641 (M + Na+); found: 727.2650.


28: Not every signal could be unequivocally assigned to each
of the two cyclohexane rings. Rf = 0.39 (petroleum ether–ethyl
acetate = 1 : 1); [a]20


D = −46.2 (c = 1, CHCl3); 1H-NMR (400 MHz,
CDCl3, TMS = 0 ppm): d = 1.60–1.79 (m, 7 H, 11-H, CH2), 1.86–
2.08 (m, 4 H, 2b


′-H, CH2), 2.08 (s, 3 H, COCH3
′), 2.11 (s, 3 H,


COCH3), 2.14 (dddm, J = 8.1, 4.1, 0.9 Hz, 1 H, 2a
′-H), 3.51 (ddd,


J = 8.8, 5.7, 5.7 Hz, 1 H, 10-H), 3.58 (ddd, J = 9.0, 5.8, 5.8 Hz, 1 H,
10′H), 3.68 (ddd, J = 11.8, 6.5, 2.4 Hz, 2 H, 10-H), 3.75–3.82 (m,
3 H, 3-H, 5′-H, 5-H), 3.88 (br s, 1 H, 4′-H), 3.99 (ddt, J = 12.6,
5.8, 1.3 Hz, 1 H, 7b-H), 4.03 (ddt, J = 5.8, 4.5, 1.3 Hz, 1 H, 7a-
H), 4.06 (ddt, J = 5.6, 4.4, 1.4 Hz, 1 H, 7b


′-H), 4.14 (ddt, J =
12.9, 5.6, 1.4 Hz, 1 H, 7a


′-H), 4.35 (ddddd, J = 8.0, 4.0, 4.0, 4.0,
4.0 Hz, 2 H, 1′-H, 1-H), 5.14 (ddd, J = 11.6, 4.1, 2.6 Hz, 1 H,
3′-H), 5.18 (ddd, J = 5.7, 3.0, 1.3 Hz, 1 H, 9b-H), 5.20 (ddd, J =
5.7, 3.0, 1.3 Hz, 1 H, 9a-H), 5.24 (ddd, J = 7.5, 3.2, 1.6 Hz, 1 H,
9b


′-H), 5.29 (ddd, J = 7.4, 3.2, 1.6 Hz, 1 H, 9a
′-H), 5.33 (br s, 1 H,


4-H), 5.85 (dddd, J = 11.3, 10.4, 5.8, 3.3 Hz, 1 H, 8-H), 5.88
(dddd, J = 11.4, 10.4, 5.8, 3.3 Hz, 1 H, 8-H), 7.68 (br s, 1 H,
NH), 7.77 (br s, 1 H, NH′) ppm; 13C-NMR (100 MHz, CDCl3,
CDCl3 = 77 ppm): d = 21.0 (q, COCH3), 21.1 (q, COCH3), 26.6
(t, C-11), 26.7 (t, C-11), 29.2 (broad signal, t), 29.9 (broad signal,
t), 30.0 (broad signal, t), 31.1 (broad signal, t), 45.3 (d, C-1′), 45.3
(d, C-1), 67.9 (d, C-3′), 69.9 (broad signal, d, C-4), 70.0 (t, C-10),
70.3 (t, C-7), 72.4 (t, C-7′), 74.0 (broad signal, d, C-4′), 76.3 (broad
signal, d, C-3), 77.2 (d, C-5), 77.6 (d, C-5), 115.9 (s, CF3, 1JC,F =
287.5 Hz), 117.2 (t, C-9′), 117.4 (t, C-9), 134.4 (d, C-8), 134.6 (d,
C-8), 156.0 (s, COCF3, 2JC,F = 36.5 Hz), 156.0 (s, COCF3, 2JC,F =
36.6 Hz), 170.2 (s, COCH3), 170.3 (s, COCH3) ppm. HRMS (ESI):
m/z for positive ions; calculated: 727.2641 (M + Na+); found:
727.2653.


Macrocycles 31a and 31b. According to the procedure de-
scribed for the preparation of macrocycle 29, bisallylether 23
(328 mg, 466 mmol) and Grubbs catalyst 13 (38 mg, 0.047 mmol)
were dissolved in 50 ml degassed benzene under an argon
atmosphere and heated at 40 ◦C for 36 h. After 6 h an additional
portion of catalyst 13 (19 mg, 0.023 mmol) was added. Then, all
volatile compounds were removed under reduced pressure and
the residue was filtered through silica gel (petroleum ether–ethyl
acetate = 2 : 1) to yield a colourless oil (236 mg, 0.349 mmol; 75%
yield). The product was immediately employed in the next step.


A portion of this crude material (180 mg, 0.266 mmol) was
dissolved in ethyl acetate–CH2Cl2–MeOH (16 : 8 : 1; 12.5 ml),
Pt2O (24.2 mg, 0.106 mmol) was added and the reaction mixture
was kept under hydrogen atmosphere for 14 h. The resulting
mixture of products 31a and 31b were separated by flash column
chromatography over silica gel (petroleum ether–ethyl acetate =
2 : 1) to yield macrocycle 31a (77.5 mg, 0.114 mmol; 42%) as a
colourless oil. Besides a mixed fraction (27.4 mg, 0.040 mmol;
15%), macrocycle 31b was collected in a minor fraction (15.9 mg,
0.023 mmol; 9%).


31a: m.p.: 230–232 ◦C; Rf = 0.60 (CH2Cl2–MeOH = 9 : 1);
[a]20


D = −42.4 (c = 1, CHCl3); 1H-NMR (500 MHz, CDCl3, TMS =
0 ppm): d = 1.43–1.54 (m, 4 H, 6b-H, CH2), 1.55–1.76 (m, 12 H,
6b


′-H, CH2), 1.79 (ddd, J = 14.0, 4.2, 2.4 Hz, 1 H, 2b-H), 1.87–1.97
(m, 2 H, 2a


′-H, 2b
′-H), 2.02 (ddd, J = 14.0, 3.9, 3.8 Hz, 1 H, 2a-H),


2.09–2.12 (m, 1 H, 6a
′-H), 2.11 (s, 3 H, COCH3), 2.13 (s, 3 H,


COCH3), 2.14–2.21 (m, 1 H, 6a-H), 3.38 (ddd, J = 9.5, 8.6, 3.6 Hz,
1 H, 7b


′-H), 3.41 (dd, J = 7.3, 2.5 Hz, 1 H, 4′-H), 3.50 (ddd, J =
8.6. 8.6, 3.7 Hz, 1 H, 10b-H), 3.54–3.64 (m, 5 H, 5-H, CH2), 3.65
(ddm, J = 9.0, 5.4 Hz, 1 H, 5′-H), 3.68 (ddd, J = 9.5, 4.7, 4.6 Hz,
1 H, 10a-H), 3.78 (ddd, J = 10.1, 4.9, 4.9 Hz, 1 H, 7a


′-H), 3.82
(ddd, J= 11.9, 3.6, 2.9 Hz, 1 H, 3-H), 4.20 (ddddd, J = 12.4, 12.4,
8.0, 4.2, 3.9 Hz, 1 H, 1-H), 4.35 (ddddd, J = 8.1, 4.6, 4.6, 4.5,
4.3 Hz, 1 H, 1′-H), 5.29 (dd, J = 2.9, 2.7 Hz, 1 H, 4-H), 5.50 (br s,
3′-H), 6.50 (br d, J = 8.0 Hz, 1 H, NH), 7.19 (br d, J = 8.1 Hz,
1 H, NH′) ppm; 13C-NMR (125 MHz, CDCl3, CDCl3 = 77 ppm):
d = 20.9 (t, COCH3), 21.1 (t, COCH3), 25.2 (t, C-8′, C-11′), 26.2 (t,
C-8), 27.0 (t, C-11), 31.3 (t, C-2), 31.5 (t, C-2′), 32.4 (t, C-6), 33.3
(t, C-6′), 43.7 (d, C-1′), 44.6 (d, C-1), 67.8 (d, C-4), 68.1 (t, C-10′),
69.4 (d, C-3′), 69.7 (t, C-7′), 69.9 (t, C-7), 70.3 (t, C-10), 71.0 (d,
C-3), 73.6 (d, C-5′), 74.2 (d, C-5), 78.7 (broad signal, d, C-4′), 115.7
(s, CF3, 1JC,F = 288.0 Hz), 115.8 (s, CF3, 1JC,F = 287.9 Hz), 155.2
(s, COCF3, 2JC,F = 36.8 Hz), 156.4 (s, COCF3, 2JC,F = 37.0 Hz),
169.3 (q, COCH3), 170.0 (q, COCH3) ppm; HRMS (ESI): m/z for
positive ions: calculated: 701.2485 (M + Na+), found: 701.2490.


31b: m.p.: 205–208 ◦C; Rf = 0.67 (CH2Cl2–MeOH = 9 : 1);
[a]20


D = −63.8 (c = 1, CHCl3); 1H-NMR (500 MHz, CDCl3, TMS =
0 ppm): d = 1.43–1.54 (m, 4 H, 6b-H, CH2), 1.55–1.76 (m, 12 H,
6b


′-H, CH2), 1.79 (ddd, J = 15.0, 4.4, 2.4 Hz, 1 H, 2b-H), 1.87–1.97
(m, 2 H, 2a


′-H, 2b
′-H), 2.02 (ddd, J = 15.1, 5.7, 2.6 Hz, 1 H, 2a-H),


2.11 (s, 3 H, COCH3), 2.09–2.12 (m, 1 H, 6a
′-H), 2.13 (s, 3 H,


COCH3), 2.42 (br d, J = 13.7 Hz, 1 H, 6a-H), 3.37 (dd, J = 6.8,
3.0 Hz, 1 H, 4′-H), 3.43–3.50 (m, 4 H, CH2), 3.50–3.56 (m, 2 H,
CH2), 3.57–3.63 (m, 2 H, CH2), 3.63–3.70 (m, 4 H, CH2, 5′-H), 3.83
(dd, J = 8.3, 4.0 Hz, 1 H, CH2), 3.89 (ddd, J = 11.2, 10.5, 4.2 Hz,
1 H, 5-H), 4.00 (br dd, J = 5.4, 2.7 Hz, 2 H, 3-H), 4.29–4.34 (m,
1 H, 1′-H), 4.35–4.40 (m, 1 H, 1-H), 4.77 (dd, J = 10.1, 2.7 Hz, 1 H,
4-H), 5.45 (br s, 3′-H), 6.90 (br s, 1 H, NH′), 8.24 (br d, J = 7.8 Hz,
1 H, NH) ppm; 13C-NMR (125 MHz, CDCl3, CDCl3 = 77 ppm):
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d= 20.9 (t, COCH3), 21.1 (t, COCH3), 25.2 (t), 26.2 (t), 27.4 (t),
32.2 (t, C-2, C-6′), 34.4 (t, C-6), 45.4 (d, C-1′), 45.4 (d, C-1), 68.4 (t,
C-10, C-10′), 68.9 (t), 69.5 (d, C-3′), 70.0 (d, C-5), 70.7 (t), 72.9 (t,
C-7, C-7′), 73.1 (d, C-5′), 77.1 (d, C-4), 77.8 (d, C-3), 78.5 (broad
signal, d, C-4′), 115.8 (s, CF3, 1JC,F = 288.1 Hz), 116.0 (s, CF3,
1JC,F = 288.6 Hz), 155.7 (s, COCF3, 2JC,F = 36.5 Hz), 156.0 (s,
COCF3, 2JC,F = 36.7 Hz), 169.2 (q, COCH3), 170.1 (q, COCH3)
ppm. HRMS (ESI): m/z for positive ions: calculated: 701.2485
(M + Na+); found: 701.2452. HRMS (ESI): m/z for negative ions:
calculated: 677.2509 (M − H+); found: 677.2493.


Aminoalcohol 32. Based on the procedure described for the
preparation of aminoalcohol 30, a mixture of the protected
aminoalcohols 31a and 31b (27.4 mg, 0.040 mmol) were dissolved
in a mixture of water and methanol (1 : 1; 4 ml) and were treated
with NaOH (19.4 mg, 0.485 mmol). The solution was stirred for
2 h at RT and was then neutralised with dry ice. After evaporation
of all volatile compounds the residue was purified by reverse-phase
chromatography (RP18; H2O → H2O–MeOH = 4 : 1 → 3 : 2 →
1 : 1) to furnish product 32 (12.9 mg, 0.032 mmol; 81%) as a
colourless sticky solid.


[a]20
D = −11.1 (c = 1, MeOH); 1H NMR (400 MHz, CD3OD,


CD3OH = 3.31 ppm): d = 1.46–1.80 (m, 14 H), 1.81–1.91 (m, 2 H,
2-H, 6-H), 2.90 (dddd, J = 11.2, 11.2, 3.9, 3.9 Hz, 1 H, 1-H), 2.96
(dddd, J = 9.5, 9.5, 3.9, 3.9 Hz, 1 H, 1′-H), 3.40–3.47 (m, 2 H,
4′-H, CH2), 3.52–3.63 (m, 5 H, 5-H, CH2), 3.63–3.70 (m, 3 H, 5-H,
2 × CH2), 3.72–3.79 (m, 2 H, 5′-H, CH2), 3.88 (ddd, J = 10.0, 3.5,
2.7 Hz, 1 H, 3′-H), 3.94 (br d, J = 2.7 Hz, 1 H, 4-H) ppm; 13C
NMR (100 MHz, CD3OD, CD3OD = 49 ppm): d 26.7 (t), 27.1 (t),
27.2 (t), 28.3 (t), 34.9 (t, C-2), 35.6 (t, C-6), 36.3 (t), 38.6 (t), 45.7
and 45.9 (d, C-1, C-1′), 68.6 (t), 69.1 (d, C-4, C-3′), 70.2 (t), 70.8
(t), 71.4 (t), 76.1 (d, C-5, C-5′), 79.2 (d, C-3), 80.0 (d, C-4′) ppm.
HRMS (ESI): m/z for positive ions: calculated: 425.2628 (M +
Na+); found: 425.2636.


Macrocycle 35. According to the procedure described for
the preparation of macrocycle 29, bisallylether 27 (361 mg,
0.512 mmol) and Grubbs catalyst 13 (31 mg, 0.010 mmol)
were dissolved in 170 ml degassed CH2Cl2. The resulting crude
product was purified by column chromatography over silica gel
(ethyl acetate–petroleum ether = 3 : 1) to yield the unsaturated
macrocycle (230 mg, 0.340 mmol; 66%) as a colourless oil as
well as the starting material 27 (43.2 mg, 0.061 mmol; 12%).
The macrocycle (230 mg, 0.340 mmol) was dissolved in 5 ml
of ethyl acetate–CH2Cl2–MeOH and treated with Pt2O (31 mg,
0.136 mmol) under a hydrogen atmosphere to furnish macrocycle
35 (187 mg, 0.276 mmol; 81%) as a colourless oil.


Rf = 0.48 (CH2Cl2–MeOH = 9 : 1); [a]20
D = −48.2 (c = 1, CHCl3);


room temperature NMR spectra with CDCl3 as solvent showed
broadened signals: 1H NMR (400 MHz, CDCl3, TMS = 0 ppm):
d = 1.31–1.45 (m, 2 H, 6b-H), 1.46–1.71 (m, 10 H, 2b-H, 8-H and
11-H), 1.98–2.09 (m, 8 H, Ac, 2a-H), 2.11–2.29 (m, 2 H, 6a-H),
3.21–3.33 (m, 2 H, CH2), 3.35–3.48 (m, 4 H, 4-H, CH2), 3.57–3.74
(m, 6 H, 5-H, CH2), 4.12–4.26 (m, 2 H, 1-H), 5.18–5.35 (br s,
2 H, 3-H), 6.64–7.11 (br m, 2 H, NH) ppm; at 220 K signals
sharpened considerably and three ring conformations (labelled A,
B, C) became visible: 1H NMR (400 MHz, CDCl3, TMS = 0 ppm):
dH = 1.11–1.21 (m, 3 H, 6B, ax-H), 1.21–1.30 (m, 1 H), 1.31–1.43 (m,
3 H), 1.45–1.61 (m, 4 H), 1.62–1.69 (m, 1 H, 6A, eq-H), 1.79–1.94
(m, 3 H, 6A, ax-H), 2.00–2.06 (m, 3 H), 2.08 (s, 3 H, COCH3), 2.12


(s, 3 H, COCH3), 2.53–2.61 (m, 1 H, 6B, eq-H), 3.02–3.10 (m, 1 H,
7B


′-H), 3.12–3.19 (m, 2 H, 4B-H, 10B
′-H), 3.20–3.31 (m, 1 H, 7A


′-
H), 3.33–3.53 (m, 1 H + 2 H, 5C-H, 10A


′-H, 10C
′-H), 3.57–3.69 (m,


3 H, 5B-H, 10A-H, 7A-H), 3.70–3.77 (m, 2 H, 4A-H, 5A-H), 3.78–
3.84 (m, 1 H, 10B-H), 3.85–3.92 (m, 1 H, 7B-H), 4.13–4.24 (m,
1 H, 1B-H), 4.24–4.30 (m, 1 H, 1A-H), 4.99 (dd, J = 11.6, 5.5 Hz,
3A-H), 5.44 (br t, 1 H, 3c-H), 5.53–5.59 (br s, 1 H, 3B-H), 7.00–7.08
(br s, 1 H, NHB), 8.28 (br d, J = 7.4 Hz, 1 H, NHA) ppm; at room
temperature with CD3OD as solvent the signals also sharpened:
1H NMR (400 MHz, CD3OD, TMS = 0 ppm): d = 1.37 (ddd, J =
12.1, 12.0, 11.4 Hz, 2 H, 6b-H), 1.50–1.77 (m, 10 H, 2b-H, 8-H,
11-H), 2.00 (ddd, J = 13.8, 3.9, 3.5 Hz, 2 H, 2a-H), 2.09 (s, 6 H,
COCH3), 2.27 (ddd, J = 12.1, 4.5, 4.4 Hz, 2 H, 6a-H), 3.22 (dd, J =
9.4, 3.2 Hz, 2 H, 4-H), 3.44–3.51 (m, 2 H, CH2), 3.52–3.61 (m, 2 H,
CH2), 3.53 (ddd, J = 11.4, 9.4, 4.4 Hz, 2 H, 5-H), 3.65–3.73 (m,
4 H, CH2), 4.10 (dddd, J = 12.1, 12.0, 4.1, 3.9 Hz, 2 H, 1-H), 5.49
(ddd, J = 3.5, 3.2, 3.1 Hz, 2 H, 3-H) ppm; at room temperature
with CDCl3 as solvent the signals showed broadened signals; C-4
not detectable: 13C NMR (125 MHz, CDCl3, CDCl3 = 77 ppm):
d= 21.1 (t, COCH3), 26.0 and 26.3 (t, C-8, C-11), 32.2 (t, broad
signal), 44.4 (d, C-1), 67.2 (d, C-3), 69.2 (t), 70.3 (t, broad signal),
75.6 (d, C-5), no signal for C-4, 115.7 (s, CF3, 1JC,F = 288.1 Hz),
156.4 (s, COCF3, 2JC,F = 36.9 Hz), 170.2 (s, COCH3) ppm; room
temperature in CD3OD: 13C NMR (125 MHz, CD3OD, CD3OD =
49 ppm): d= 21.0 (t, COCH3), 27.8 and 28.2 (t, C-8, C-11), 34.7
(t, C-2), 36.6 (t, C-6), 44.6 (d, C-1), 69.3 (d, C-3), 71.6 and 71.7
(t, C-7, C-10), 77.2 (d, C-5), 82.7 (d, C-4), 117.4 (s, CF3, 1JC,F =
286.7 Hz), 158.2 (s, COCF3, 2JC,F = 37.0 Hz), 171.9 (s, COCH3)
ppm. HRMS (ESI): m/z for positive ions: calculated: 701.2485
(M + Na+); found: 701.2482.


Aminoalcohol 36. Based on the procedure described for the
preparation of aminoalcohol 30, the protected aminoalcohol 35
(77.6 mg, 0.114 mmol) and NaOH (91.5 mg, 2.288 mmol) were
dissolved in a mixture of water and methanol (1 : 1; 4 ml). The
resulting residue was purified by reverse-phase chromatography
(RP18; H2O → H2O–MeOH = 4 : 1 → 3 : 2 → 1 : 1) to isolate
aminoalcohol 36 (28 mg, 0.070 mmol; 61%) as a colourless syrup.


[a]20
D = −93.4 (c = 1, MeOH); 1H NMR (400 MHz, CD3OD,


CD3OH = 3.31 ppm): d = 1.11 (ddd, J = 11.8, 11.8, 11.6 Hz, 2 H,
6b-H), 1.29 (ddd, J = 13.5, 11.5, 2.6, 2 H, 2b-H), 1.68 (m, 4 H,
11-H), 1.75 (m, 4 H, 8-H), 2.02 (ddd, J = 13.5, 6.5, 3.5 Hz, 2 H,
2a-H), 2.21 (ddd, J = 11.8, 7.1, 4.0 Hz, 2 H, 6a-H), 3.08 (dddd,
J = 11.6, 11.5, 4.0, 3.9 Hz, 2 H, 1-H), 3.11 (dd, J = 9.2, 3.0 Hz,
2 H, 4-H), 3.47 (dt, J = 4.5, 5.2 Hz, 2 H, 7b-H), 3.52–3.66 (m, 4 H,
5-H, 10b-H), 3.67 (ddd, J = 8.9, 6.0, 5.6 Hz, 2 H, 10a-H), 3.75 (dt,
J = 8.7, 5.4 Hz, 2 H, 7a-H), 4.14 (ddd, J = 3.1, 3.5, 2.6 Hz, 2 H,
3-H) ppm; 13C NMR (100 MHz, CD3OD, CD3OD = 49 ppm):
d = 28.0 and 28.1 (t, C-8, C-11), 41.0 (t, C-2, C-6), 44.5 (d, C-1),
67.5 (d, C-3), 71.3 (t, C-7, C-10), 77.5 (d, C-5), 85.0 (d, C-4) ppm;
HRMS (ESI): m/z for positive ions: calculated: 403.2808 (M +
H+); found: 403.2819.
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A feasibility study based on tailor-made peptide sequences for a new robust luminescence probe-system
using the long-lived luminescence of a Ru(II)-bathophenanthroline complex in combination with an
efficient anthraquinone-type quencher is presented. Due do their high chemical stability, both dyes can
be introduced during solid-phase peptide synthesis avoiding post-synthetic labelling. Photophysical
measurements revealed an intense quenching of the luminescence of the Ru-complex (65–68%) which
was also confirmed by calculations resulting from decay time measurements. The long-lived
luminescence allows for a time-gated detection scheme, which can reduce any luminescence
contribution from matrix components.


Introduction


Luminescence probes as entities of fluorescence resonance en-
ergy transfer (FRET) systems are important tools to study
supramolecular interactions with a special emphasis in the realm
of biomolecules like DNA, RNA and proteins.1 Furthermore, they
allow structural changes in such molecules to be monitored in a
real time mode and in homogeneous formats. Meanwhile, a myriad
of applications has been reported. These involve binding of ligands
to their pertinent protein receptors,2 DNA–protein complexation,3


RNA-folding and catalysis.4 Other applications are enzyme assays
based, e.g., on the Förster resonance energy transfer principle,5


and monitoring of PCR-reactions.6


The basis for FRET is an efficient transfer of energy from
the donor after its electronic excitation to the acceptor. The
intensity of the FRET depends largely on the spectral overlap
between donor and acceptor as well as on the orientation of
their respective dipole transition moments relative to each other.
FRET is highly distance-dependent and decreases according to
the Förster equation with r−6, r being the distance between the
donor and the acceptor. A number of different donor–acceptor
pairs have been reported but despite the multitude of available
systems, sensitivity—especially in the presence of background
luminescence from matrix constituents—still remains an issue. A
further concern is robustness of the applied dyes as well as the
possibility of employing them in a modular way as broadly as
possible via stable covalent bonds and without interference of the
spectral properties of the labelled molecules.


One way to solve the sensitivity issue is the application of
multivalent fluorophores.7 Another solution is the use of FRET-
systems of which one partner possesses a long excited state decay
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time and hence, allows for measurements in a time-resolved mode
in order to reduce background luminescence. The most prominent
candidates for this purpose are lanthanide ions with lifetimes
up to milliseconds. One of the drawbacks is their low extinction
coefficient. Due to that, they are commonly employed as chelate-
complexes such as cryptates. The chromophores of the ligands
act as a kind of light collector and sensitize the lanthanide
luminescence, which is commonly known as “antenna effect”.
Leakage of the lanthanide out of cryptates is an issue of concern.
Furthermore, the very long decay time might be a disadvantage
in monitoring events which occur in the ls range (e.g. rotations of
proteins).


Recently, we have reported a new FRET-system based on a
carbostyril donor 1 and a Ru–bathophenanthroline-complex 2
(Fig. 1).8


The system has a number of interesting properties. It is very
robust, e.g., the dyes are not sensitive towards basic or acidic con-
ditions. Thus, both building blocks can be inserted during solid-
phase peptide synthesis, the donor directly as Fmoc-building block
and the Ru-complex either at the N-terminus or at orthogonally-
protected Lys-side chains. Deprotection and removal from the
support after synthesis by trifluoroacetic acid (TFA) caused no
harm to either dye. The spectral overlap of the emission of the
carbostyril donor and the absorption of the Ru-complex is very
strong and resulted in a FRET with high efficiency. The long
luminescence decay time of the Ru-complex makes the system
well-suited for time-resolved measurements.9 As an application of
the new FRET system, a peptide with the recognition sequence
for the serine protease thrombin flanked by the two dyes was
synthesised and successfully cleaved by the enzyme. The change
in the ratio of the fluorescence intensity before and after cleavage
could be used to monitor the protease reaction in realtime.


Here we report on a different new FRET-system in which
the Ru(II)-bathophenathroline-complex itself serves as the energy
donor unit and a non-fluorescent quencher is employed as
acceptor. Generally, such systems have the advantage, that no
background fluorescence due to the direct excitation of the
acceptor can occur and in biological systems the contribution
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Fig. 1 Carbostyril (1) and Ru-complex (2) building blocks.


of matrix luminescence is greatly reduced due to the excitation at
wavelengths kex > 400 nm. In general, the quenching can proceed
via an energy or an electron transfer but there exists also the
possibility for static quenching caused by intramolecular dimer
formation of the chromophores.10 Static quenching is especially
suited to applications in DNA, e.g., in so called “molecular
beacons”.11 For usage in peptides, luminescence probes present
the danger of changing the conformation of the pertinent peptides
and hence can have an influence, e.g., on enzyme activities acting
on these sequences.


In the new system, the anthraquinone derivative 3, dubbed as
Disperse Blue 3 (Fig. 2), is used to quench the emission of the
Ru(II)–bathophenanthroline complex.


Fig. 2 Structure of Disperse Blue 3 (3).


In a first report, the anthraquinone quencher 3 was used in com-
bination with Disperse Red 1 in an enantioselectivity screening.12


Later, it was applied to oligonucleotides in combination with a
number of commonly employed dyes.13


Chromophore 3 has an absorption minimum at 450 nm, which
matches very well with the excitation wavelength of the Ru
complex 2. Furthermore, the spectroscopic data of 3 and of the
Ru(II)–bathophenathroline complex revealed a good overlap of
the emission wavelength of the Ru-complex with the absorption
spectrum of 3.


Results and discussion


Our first aim was to incorporate the Ru-complex 2 and the
anthraquinone quencher 3 into peptide sequences followed by an
evaluation of the spectroscopic properties in combination with
these biomolecules.


For this reason, compound 3 was transformed into a suitable
Fmoc-amino acid building block amenable to peptide synthesis on
solid support by the Fmoc/tBu strategy (Scheme 1). Preliminary
experiments had shown that the quencher molecule is stable
towards 95% TFA, which means that it is stable under the
conditions for removal of the side-chain protecting groups of
peptides after their assembly on a solid support. Hence, the
quencher amino acid can be introduced into peptides at will during
their synthesis on solid support.


Scheme 1 Synthesis of the quencher-building block 6. Reagents
and conditions: (i) PPh3, DEAD, phthalimide, THF; (ii) N2H4·xH2O,
CH2Cl2–MeOH (1 : 2) (72%, two steps); (iii) Fmoc-Glu-OtBu, TBTU,
DIEA, DMF (73%); (iv) TFA–CH2Cl2–TIS 95 : 3 : 2 (80%).


Disperse Blue 3 (3), obtained in pure form by column chro-
matography from a crude material (Aldrich) which contained
about 25% of the dye, was transformed into 4 by Mitsunobu
reaction with phthalimide followed by hydrazine deprotection.
Reaction of 4 with side chain-unprotected Fmoc-Glu-OtBu using
TBTU14 as coupling reagent led to 5 of which the t-butylester was
cleaved with TFA yielding the desired building block 6. All steps
proceeded with good yields. It was demonstrated that building
block 6 could be introduced with high efficiency during solid-
phase synthesis by applying 1.5 equivalents as demonstrated in
the course of a synthesis of a small peptide. The only problem was
the blue colour of the resin after introduction of 6 which hampered
the monitoring of the coupling efficiency by the Kaiser-test.15
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In order to investigate the photophysical properties of the
system we have synthesized the peptide sequences 7–9 (Scheme 2).
In peptide 7, the Ru-complex as donor (D) and the anthraquinone
entity as quencher (Q) are interspaced by 9 amino acids which
should result in a relatively intense FRET due to the close
proximity of D and Q. Apart from the dyes the peptide contains
also a cleavage site for the serine protease thrombin which
cleaves selectively after Pro-Arg and leads to fragments 8 and
9, respectively. Hence, cleavage of 7 will increase the distance of
the dyes which should result in a diminished FRET.


Scheme 2 a) Representative synthesis of 7. Reagents and conditions: i)
20% piperidine in DMF, 15 min. ii) Ru-Complex 2, TBTU, DIEA, DMF,
1 d. iii) CF3COOH–CH2Cl2–TIS 95 : 3 : 2, 2 h. b) Sequences of Peptides
7–9. The FRET donor and quencher are represented by D and Q.


In Fig. 3 the absorption spectra of compounds 2, and 7–9 are
depicted together with the substrate 7 after cleavage with thrombin
(8 + 9). From the comparison of the absorption spectra it can be
concluded that the spectra of the donor and quencher are not
altered in 7 when compared to the single-labeled compounds (8
and 9) or the pure Ru-complex-donor 2. Hence, the electronic
systems of donor and acceptor in their ground state are basically
unaffected by the proximity of the two moieties in 7. A closer
look reveals that in the donor absorption the vibrational structure
around k = 470 nm is slightly less resolved and for the quencher
in 7 a slight red shift (Dk ≈ 5 nm) is observed.


Fig. 3 Absorption spectra of compounds investigated.


In Fig. 4 the normalized fluorescence spectra of 8 and 2 are
compared. Here, also the shoulder around kem = 665 nm is slightly
less resolved in 8, which could be attributed to the presence of
the polypeptide. In summary, it can be concluded that due to
the presence of the polypeptide in the absorption and in the
fluorescence spectra of 7 only minor changes are observed and
hence, no strong ground-state complex formation is present. The
changes in the absorption spectrum might be indicative of a weak
electronic coupling of donor and quencher. From the absorption
spectra cleaved and uncleaved peptide 7 cannot be distinguished
since in both samples the experimental absorption spectrum is
basically the sum of the two individual spectra of 8 + 9 (see Fig. 3).


Fig. 4 Comparison of fluorescence spectra of 2 (dashed) and 8 (solid)
(kex = 450 nm).


As far as the decay times for compounds 8 and 2 are concerned,
a clear influence of the peptide on the fluorescence decay time
was observed. While 2 shows a fluorescence decay time of 400 ns
under ambient conditions (e.g., in the presence of oxygen), in 8
the fluorescence decay time is increased by a factor of about five
(2150 ns!). This value is close to the decay time found for 2 after
oxygen has been removed from the solution by a pump, freeze
and thaw technique. The effective shielding of 2 against external
quenching, when bound to macromolecules, has been observed
for other luminescence probes by others as well and is attributed
to a kind of protection effect by the peptide chain.16,17


A comparison of the absorption spectrum of the quencher
peptide (9) and the fluorescence spectrum of the donor peptide
(8) demonstrates the large spectral overlap. In Fig. 5 the area-
normalized (area = 1) fluorescence spectrum FD(m) and the
absorption spectrum eA(m) are shown. Although the extinction
coefficient of the quencher is not very large (e.g., compared to
fluorescein or rhodamine-based systems), the spectral overlap is
very intense. Based on the experimental data a spectral overlap
integral J = 1.25 × 10−16 cm6 mol−1 was calculated. Using
the following equation, the critical Förster distance R0 can be
calculated.
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Fig. 5 Spectral overlap between fluorescence emission of 8 (dashed line,
kex = 450 nm) and absorption of 9 (solid line).


R0 describes the distance between D and Q, at which the
probability of energy transfer occurring is 50%. Based on the
experimental data an R0 = (1.5 ± 0.2) nm was calculated, which
corresponds well to distances recently reported for similar D/Q
systems.18 In the calculation a fluorescence quantum yield of the
donor UD = 0.2 was taken into account and the orientation factor
j was set to 2/3. The assumption of j = 2/3 can be questioned
since D and Q are bound to a peptide. However, D and Q are free
to rotate, which makes it probable to assume that no preferential
orientation between D and Q is present.


In Fig. 6 the fluorescence spectra of compound 7 before and
after cleavage with thrombin are depicted. HPLC investigations
had revealed that the cleavage rate was >90%. The fluorescence
measurements were performed under identical experimental con-
ditions. Upon cleavage of 7 the fluorescence intensity is drastically
increased, which indicates that in 7 effective quenching of the
donor fluorescence is present. According to the equation below
from the steady-state measurements a FRET efficiency E = 65%
was calculated. I 0


F and IF are the fluorescence intensities in the
absence and presence of acceptor. For the present samples I 0


F


corresponds to the cleaved sample.


Fig. 6 Fluorescence spectra of 7 (dashed line) and 8 + 9 (after cleavage,
solid line). Both samples were excited at kex = 450 nm.


From the TCSPC measurements the fluorescence decay times
were calculated. In Fig. 7 the fluorescence decays of compound 7
before and after cleavage are shown. For 7 a complex fluorescence
decay was found. Due to an efficient FRET, the experimentally
measured fluorescence decay appears non-monoexponential and
was fitted with a bi-exponential decay law.18,19


Fig. 7 Luminescence decays of 7, 8 + 9 and 8 (inset). kex = 430 nm, kem =
620 nm; measured in TCSPC mode.


The average fluorescence decay time 〈s〉 was calculated accord-
ing to


The complex fluorescence decay in 7 is attributed to a distri-
bution of distances between D and Q due to molecular motion
either of the peptide chain itself or of the linker that attaches D
and Q to the peptide. The remaining fluorescence at long times
(t > 500 ns) is a consequence of conformers with low quenching
efficiency either due to larger distance and/or due to unfavourable
angles between D and Q (influence of j2!). The explanation of
unquenched fluorescence due to single labelled compounds can be
ruled out. This was checked by HPLC comparison of the labelled
peptide sequences.


Upon enzymatic cleavage the fluorescence decay became mono-
exponential with a fluorescence decay time identical to reference
compound 8 (see inset in Fig. 7). The fluorescence decay of the
cleaved sample 7 shows a trace of a remaining FRET (at short
measurement time: first few nanoseconds) which indicated that
the cleavage of 7 was not quantitative. The fluorescence decay
curves were evaluated with respect to the FRET efficiency E i)
based on the total number of counts and ii) based on the averaged
fluorescence decay time sF. The evaluation of the fluorescence
decays has the advantage that they are concentration independent.
The analysis of the time-resolved data yielded FRET efficiencies
E of 68% and 66%, respectively. These results are in excellent
agreement with the efficiency calculated from the steady-state
measurements.
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From the average efficiency E of about 66% and the Förster
radius R0 = (1.5 ± 0.2) nm an average distance between D and Q
in compound 7 of R = (1.3 ± 0.2) nm was determined.


Conclusions


In summary, we have developed a new robust FRET system
composed of a Ru(II)–bathophenanthroline complex and a highly
efficient anthraquinone-type quencher. The feasibility of the
system was demonstrated in taylor-made peptide sequences (7–
9) which illustrated at the same time that both building blocks (2
and 6) can be inserted during solid phase peptide synthesis and are
stable during coupling and the final deprotection with TFA. Hence,
post-synthetic labelling procedures could be avoided.


Photophysical studies revealed an intense fluorescence quench-
ing in peptide 7 which diminished after cleavage with thrombin.
The quenching efficiency was as high as 65–68% determined by
steady state measurements and confirmed by calculations resulting
from the fluorescence decay times. The observed fluorescence
quenching was attributed to an efficient FRET, which is in
excellent agreement with comparable systems reported in literature
for which a Förster radius R0 of 1.5 ± 0.2 nm was reported.18


One advantage of the new system is the excitation wavelength
(kex = 450 nm) which greatly reduces the direct excitation of matrix
background fluorescence. Another advantage is the long decay
time of the Ru-complex allowing for time-gated spectroscopy, in
which any short-lived luminescence contribution of matrix con-
stituents is eliminated. In order to perform measurements at quasi
zero background conditions, further improvement with respect
to the rotational and vibrational freedom of the fluorophores is
necessary. Nevertheless, the system should be suitable for investiga-
tions of supramolecular interactions involving peptides/proteins.
Experiments toward these goals and an extension to applications
in DNA are currently under way.


Experimental


General


All reagents were purchased from commercial sources and used
without further purification. Amine-free DMF (Roth) was em-
ployed throughout peptide synthesis, water for the protease assays
was purified via a Direct-Q system (Millipore), and THF was dried
over Na–benzophenone before use. Column chromatography
(CC): silica gel 60 (Merck). Peptide synthesis: semi automatic SP-
4000 synthesizer (Labortec AG). Semi-prep. HPLC: Agilent-1100
system, with Nucleosil 100–5 C18 PPN columns (Machery Nagel)
for peptides or a Source 5RPC ST 4.6/150 column (Amersham
Pharmacia Boitech) for Ru-complexes. NMR spectra: at 300 or
400 MHz (1H), and at 75.5, 100.6 or 125.7 MHz (13C); chemical
shifts d in ppm relative to the respective solvent signals, J in
Hz. MS: Finnigan MAT-8200 (EI), TSQ-7000 (ESI); in m/z.
The absorption spectra were recorded on a Lambda 750 UV/Vis
Spectrometer (Perkin Elmer). The steady state luminescence
measurements were carried out using a Fluoromax3 spectrometer
(Jobin Yvon). The luminescence decay times were measured on a
FL920 fluorescence spectrometer (Edinburgh Instruments) oper-
ated in the time-correlated single photon counting (TCSPC) mode.
For the excitation the frequency double output (second harmonic


generation, SHG) of a Titan sapphire laser (k = 860 nm, kSHG =
430 nm) was directed into the sample and the luminescence was
measured at 90 degrees using a multichannel plate (Europhoton)
for the detection. The decay curves were measured at different
emission wavelengths 550 nm < kem < 700 nm. The detection
window was set to 20 ls. In the data analysis least-square fitting
based on the Levenberg-Marquardt algorithm was used.


1-[(2-Aminoethyl)amino]-4-(methylamino)anthraquinone (4).
1-[(2-Hydroxyethyl)amino]-4-(methylamino)anthraquinone (Dis-
perse Blue 3, Aldrich) 3 was purified from crude material by
silica gel column chromatography with ethylacetate–cyclohexane
(50 ◦C; 1 : 1). The primary alcohol of pure Disperse Blue
3 (0.10 g, 0.33 mmol), was then transformed first to the
phthalimide protected amine in a Mitsunobu reaction with
DEAD (57 ll, 0.37 mmol), phthalimide (0.06 g, 0.37 mmol) and
PPh3 (0.10 g, 0.37 mmol) according to literature.13 Cleavage of
the phthalimide protecting group with hydrazine monohydrate
(0.08 ml, 1.69 mmol) according to literature13 yielded product 4 in
73% (0.07 g). The obtained spectroscopic data are in accordance
with those reported in literature.13


(S)-tert-Butyl a-(((9H-fluoren-9-yl)methoxy)carbonylamino)-d-
(2-(4-(methylamino)-9,10-dioxo-9,10-dihydroanthracen-1-ylamino)-
ethylamino)-glutamic acid (5). A mixture consisting of 4 (0.23 g,
0.78 mmol, 1.0 eq.), Fmoc-Glu-OtBu (0.40 g, 0.94 mmol,
1.2 eq.), O-(benzotriazol-1-yl)-N,N,N ′,N ′-tetramethyluronium-
tetrafluoroborate (TBTU)14 (0.38 g, 1.18 mmol, 1.5 eq.), and
DIEA (0.80 mL, 4.68 mmol, 6.0 eq.) was suspended in dry
DMF (25 mL) under argon and stirred for 12 h. The solvent
was removed under reduced pressure. The blue residue was
dissolved in CH2Cl2 (200 ml) and extracted with HCl (2 M,
2 × 90 mL) and H2O (3 × 100 mL). After evaporation of the
solvent the product was dried by azeotropic coevaporation with
CH3CN. Recrystallisation from MeOH yielded 5 as a blue solid
(0.40 g, 0.57 mmol, 73%). 1H-NMR (CDCl3, 400 MHz): d = 1.45
(9H, s, -C(CH3)3), 1.92–2.03 (1H, m, -CH-CH2-CH2-), 2.21–2.32
(1H, m, -CH-CH2-CH2-), 2.32–2.40 (2H, m, -CO-CH2-CH2-),
2.99 (3H, d, 3J = 5.2 Hz, -NH-CH3), 3.49 (2H, t, J = 5.0 Hz,
-CH2NH-CO-), 3.54 (2H, t, 3J = 5.1 Hz, -CH2NH-Ar), 4.10 (1H,
t, 3J = 6.7 Hz, Fmoc-CH-), 4.23–4.35 (3H, m, -NH-CH-CH2,
Fmoc-CH2-), 5.74 (1H, d, 3J = 5.7 Hz, -CO-NH-CH-), 6.80 (1H,
t, 3J = 4.9 Hz, -CO-NH-CH2-), 6.96 (1H, d, 3J = 9.8 Hz, CHAr2),
7.08 (1H, d, 3J = 9.9 Hz, CHAr3), 7.18–7.25 (2H, m, arom.
Fmoc), 7.29–7.36 (2H, m, arom. Fmoc), 7.45 (2H, d, 3Japp =
7.5 Hz, arom. Fmoc), 7.61 (2H, m, CHAr5,8), 7.67 (2H, d, 3Japp. =
7.5 Hz, arom. Fmoc), 8.16–8.25 (2H, m, CHAr6,7), 10.49 (1H, q,
3J = 5.1 Hz, -NH-CH3), 10.69 (1H, t, 3J = 5.2 Hz, -CH2-NH-Ar);
13C-NMR (CDCl3, 100 MHz): d = 27.99, 28.94, 29.41, 32.51,
39.51, 41.89, 47.12, 54.03, 67.00, 82.50, 109.63, 110.07, 119.89,
119.92, 122.93, 123.10, 125.04, 125.92, 125.94, 126.99, 127.64,
131.86, 132.01, 134.22, 134.44, 141.21, 143.69, 143.82, 145.70,
146.96, 156.41, 171.14, 172.70, 181.93, 182.44; MS (ESI-pos.):
m/z (%) = 725 (100, [M + Na]+), 703 (11, [M + H]+); elemental
analysis found C 69.8, H 6.0, N 7.9; C41H42N4O7 (702.79) requires
C 70.1, H 6.1, N 8.0%.


(S)-a-(((9H -fluoren-9-yl)methoxy)carbonylamino)-d-(2-(4-(me-
thylamino)-9,10-dioxo-9,10-dihydroanthracen-1-ylamino)ethyl-
amino)-glutamic acid (6). The protected amino acid 5 (0.31 g,
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0.44 mmol, 1.0 eq.) and TIS (0.24 mL, 1.17 mmol, 2.7 eq.) were
dissolved in TFA–CH2Cl2 (1 : 1, 10 mL) and stirred for 3 h.
The solvent was removed in vacuo. Precipitation with Et2O gave
6 as a blue solid (0.23 g, 0.36 mmol, 82%). 1H-NMR (CDCl3,
500 MHz): d = 1.80–1.88 (1H, m, -CH-CH2-CH2-), 2.00–2.09 (1H,
m, -CH-CH2-CH2-), 2.23 (2H, t, 3J = 7.7 Hz, -CO-CH2-CH2-),
3.06 (3H, d, 3J = 5.4 Hz, -NH-CH3), 3.28–3.36 (2H, t, 3J = 5.0 Hz,
-CH2NH-CO-), 3.49–3.56 (2H, m, -CH2NH-Ar), 4.10 (1H, m,
-NH-CH-CH2-), 4.18–4.31 (3H, m, Fmoc-CH-), 7.29–7.33 (2H,
m, arom. Fmoc), 7.36–7.43 (2H, m, arom. Fmoc), 7.55 (1H, d,
3J = 9.8 Hz, CHAr2), 7.68 (1H, d, 3J = 9.7 Hz, CHAr3), 7.71
(2H, d, 3Japp = 7.3 Hz, arom. Fmoc), 7.75–7.78 (2H, m, CHAr5,8),
7.87 (2H, d, 3J = 7.5 Hz, arom. Fmoc), 8.14 (1H, d, 3J = 5.5 Hz,
-NH-CH-CH2), 8.20–8.24 (2H, m, CHAr6,7), 10.60 (1H, q, 3J =
5.2 Hz, -NH-CH3), 10.79 (1H, t, 3J = 6.0 Hz, -CH2-NH-Ar);
13C-NMR (DMSO-d6, 100 MHz): d = 26.69, 29.08, 29.21, 31.76,
41.32. 46.61, 53.47, 65.64, 103.50, 105.85, 107.41, 108.43, 108.63,
110.46, 111.80, 120.07, 124.10, 124.42, 125.60, 125.69, 127.04,
127.60, 132.20, 132.25, 133.80, 133.83, 140.67, 143.78, 145.84,
146.76, 156.10, 171.90, 173.63, 180.56, 180.80; MS (ESI-pos.):
m/z (%) = 669 (42, [M + Na]+), 647 (100, [M + H]+), 527 (16),
381 (14), 289 (27); elemental analysis found C 68.5, H 5.4, N 8.5;
C37H34N4O7 (646.69) requires C 68.7, H 5.3, N 8.7%.


Peptide synthesis


The peptide synthesis was carried out on a 0.02 mmol
scale using the Fmoc/tBu-protocol and Wang resin (load-
ing 0.75 mmol g−1) with O-(benzotriazol-1-yl)-N,N,N ′,N ′-
tetramethyluronium tetrafluoroborate (TBTU) as a coupling
reagent.14 Standard Boc and t-Bu side-chain-protected amino
acids were employed. As building block for the incorporation of
the quencher, compound 6 (20 mg, 0.03 mmol, 1.5 eq.), was used.
For the incorporation of the Ru-complex to the solid phase-bound
peptide at the N-terminus, a solution of 2 (37 mg, 0.022 mmol,
1.1 eq.), DIEA (30 lL, 0.18 mmol, 9.0 eq.) and TBTU (7 mg,
0.022 mmol, 1.1 eq.) in DMF (1.5 mL) was added to the resin,
which was agitated for 24 hours. The peptides were deprotected
and cleaved from the solid support by exposure to CF3COOH–
CH2Cl2–i-Pr3SiH 95 : 3 : 2, and then purified by RP-HPLC and
analyzed by LC-MS.


Data for 7. ESI-MS: 1471 (100, [M − 4Na + 4H − 2Cl]2+), 981
(36, [M − 4Na + 5H − 2Cl]3+).


Data for 8. ESI-MS: 1074 (100, [M − 4Na + 4H − 2Cl]2+).
Data for 9. ESI-MS: 812.2 (100, [M + 1H]+).


Thrombin assay


To a solution of peptide 7 (0.125 lmol) in a mixture of 330 ll of
H2O and 50 ll of buffer (0.2 M Tris·HCl (pH 8), 0.8M NaCl),
20 ll of human thrombin (20 U) were added. Before and after
incubation of the solution at 30 ◦C for 24 h, aliquots were taken,
deactivated at 100 ◦C for 30 s, and diluted with the same volume
of MeCN. The samples were analyzed by RP-HPLC to determine
the cleavage fragments. For the measurement of the fluorescence-


emission spectra, the samples were further diluted with H2O–
MeCN 1 : 1 to result in a final peptide concentration of about
0.4 lM.
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A study, via isotopic labeling, of the stereoselective processes in a Shi-type epoxidation, has revealed
that the chiral platform provided by the catalyst mediates the transfer of the pro-S “O” of the related
dioxirane species to the alkene in a doubly stereoselective manner.


Introduction


The asymmetric epoxidation of alkenes is a powerful route to
chiral epoxides,1 which are useful synthetic intermediates in the
asymmetric synthesis of complex molecules2 or chiral catalysts.3


Amongst the wide repertoire of catalytic asymmetric epoxidation
methods, chiral dioxiranes, which are generated in situ from
chiral ketones and potassium peroxomonosulfate (KHSO5), are
practically unrivalled for the epoxidation of unfunctionalized
trans- and trisubstituted alkenes.1b,d,4 Shi and co-workers have
developed one of the most efficient of these methodologies based
on carbohydrate-derived ketones4a–c as the chiral catalysts and
KHSO5 (Oxone R©) as the stoichiometric oxidant. Shi’s fructose
derivative 1 is the most well-known of these catalysts (Fig. 1).5


Diester-fructose derivative 2 is even more attractive in terms of
robustness and substrate scope in the asymmetric epoxidation
of alkenes: Shi and co-workers6 have already reported its use
in the epoxidation of a,b-unsaturated esters and our group7 has
extended its use to unfunctionalized alkenes using low catalyst
loadings.8 Furthermore, we have developed a selective and efficient
method for the preparation of diester 2 and its hydrate 3 and
recently reported that hydrate 3 shows the same high catalytic
activity as its parent compound 2 in epoxidation studies of a
model trans-alkene.7 Shi’s model for epoxidations mediated by


Fig. 1 Shi’s standard catalyst (1), diester-fructose derivative (2) and its
hydrate (3).
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the tricyclic system 1 is based on analysis of the stereochemistry
of the produced epoxides. The chiral dioxirane derived from
ketone 1, adopting a chair conformation, has two diastereomeric
oxygens and on the basis of sterical arguments the equatorial
oxygen is likely to be the more accessible for approach by the
olefin, with the major enantiomer being produced via a spiro
transition state.5 Singleton and Wang have recently studied the
epoxidation of b-methylstyrene with Shi’s ketone through the
use of experimental kinetic isotope effects (KIE) and DFT
calculations,9 their results supporting Shi’s earlier analysis. They
predicted though, that the observed major enantiomeric product
results from an asynchronous spiro transition state. At the same
time the minor enantiomer arises from neither a planar nor a spiro
transition state, but rather the plane of the developing epoxide is
twisted, ca. 45◦, from the plane of the dioxirane, thereby increasing
the asynchronicity of the transition state.


We considered that a study via the chemoselective isotopic
labeling of the dioxirane species derived from bicyclic chiral
catalyst 2 or 3,10 could experimentally clarify the origin of the
stereodifferentiating processes at hand in the organocatalyzed
epoxidation of unfunctionalized alkenes mediated by these chiral
catalysts.


Results and discussion


Before carrying out the epoxidation with the labeled species, we
first optimized the reaction conditions of the epoxidation of a
model trans-alkene mediated by 3. The epoxidations (Scheme 1)


Scheme 1 Epoxidations of alkenes mediated by hydrate 3.
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Table 1 Epoxidations mediated by hydrate 3


Entry Alkene 4 Reaction conditionsa Yield (%)b ee (%)c


1 4a 10 mol% 3, 1.6 eq. Oxone R©, 2.4 eq. K2CO3 55 89 (R,R)-5a
2 4a 10 mol% 3, 1.6 eq. Oxone R©, 4.4 eq. K2CO3 39 95 (R,R)-5a
3 4a 10 mol% 3, 3.2 eq. Oxone R©, 6.8 eq. K2CO3 63 93.5 (R,R)-5a
4 4a 30 mol% 3, 3.2 eq. Oxone R©, 6.8 eq. K2CO3 95 95.5 (R,R)-5a
5 4b 30 mol% 3, 3.2 eq. Oxone R©, 6.8 eq. K2CO3 83 89 (R,R)-5b
6 4c 10 mol% 3, 1.6 eq. Oxone R©, 2.4 eq. K2CO3 82 92 (R,R)-5c


a Oxone R© and base were simultaneously added over 2 hours. The reaction mixture was further stirred at 0 ◦C for 16 h. pH values increased throughout
the addition period from 6 to ca. 9 when 2.4 eq. of K2CO3 were used, and to ca. 10 in the other cases. b Isolated material. c Enantiomeric excesses.


were carried out in organo-aqueous media with 10 mol% catalyst at
0 ◦C, as this temperature offers a good balance between conversion
and selectivity.7 pH is a key parameter in dioxirane-catalyzed
epoxidations,5 hence the optimal pH value for epoxidation with
3 was investigated using trans-stilbene as a test substrate. pH
values from 9 to 1011 were obtained by simultaneously adding
aqueous K2CO3 and a solution of Oxone R© in pH 6 buffer (See
Table 1). Lower conversion was observed at pH = 10 (entry 2,
39% yield) than at pH = 9, (entry 1, 55% yield). Conversely,
enantioselectivity improved with higher pH. The lower stability
of the oxidant at higher pH5 values could account for the low
conversion in entry 3. In order to overcome this problem, the
amount of Oxone R© was doubled while the pH value was fixed
at 10. As expected, greater conversion was achieved (cf. entries
2 and 3). The best yield (95%) and enantioselectivity (95.5%
ee) of all the epoxidation conditions tested was obtained by
switching from catalytic to sub-stoichiometric amounts of hydrate
3 (30 mol%)8 and doubling the amount of Oxone R© while keeping
the pH constant (entry 4). The epoxidation of two further alkenes
was carried out straightforwardly (entries 5 and 6), thus indicating
that these conditions were general enough for the study of alkene
epoxidations mediated by 3 using isotopically labeled tracers.


Scheme 2 shows the reaction pathways that are believed to
be involved in the catalytic cycle. An equilibrium is established
between the ketone and the hydrate under the epoxidation
conditions.12 According to the commonly accepted mechanism,4,5


chiral dioxirane 8 might thus be formed in three steps from ketone
2. First, addition of KHSO5 onto the carbonyl group would
afford 6. This intermediate would then evolve into dioxirane 8 by
a base-catalyzed intramolecular dioxirane ring-closing reaction.
The higher the pH value, the faster the dioxirane ring formation
would proceed and the faster the active chiral catalytic species
would be formed. The newly formed dioxirane would then transfer
an oxygen atom to the olefin to form the corresponding epoxide,
and consequently regenerate ketone 2. The two diasterotopic
oxygens of the catalyst-derived dioxirane have been colored in
Scheme 2 according to their origin: those originating from the
oxidizing agent have been marked in blue, and those already
incorporated in the chiral platform provided by the catalyst before
entering the catalytic cycle are marked in red.


The epoxidation has four possible stereochemical outcomes:
each of the two diastereotopic oxygens of the chiral dioxirane


Scheme 2 Asymmetric epoxidation catalysed by hydrate 3.


8 can be delivered onto either of the two enantiotopic faces of
the alkene. The four possible diastereomeric transition states for
the epoxidation of an alkene are depicted in Scheme 3. Shi has
postulated that, for catalyst 1, the major epoxide enantiomer
observed results from attack of the least-hindered oxygen of the
dioxirane by the Si-alkene face (pro-S “O” Si-attack). Accord-
ingly, the minor enantiomer could be generated by a pro-S “O”
Re-attack. Epoxidation via pro-R “O” attack is thought to be
unfeasible because of steric interactions between the alkene and
the dioxolane ring of the catalyst 1.
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Scheme 3 Possible stereochemical outcomes of the asymmetric epoxidation.


To experimentally clarify the origin of the stereodifferentiating
processes at hand, in the case of hydrate 3, we explored the epoxi-
dation of trans-stilbene with KSO3


18O18OH13 using the previously
optimized reaction conditions. The relative abundance of 18O :
16O isotopologues in the final epoxide were determined by mass
spectrometry. This analysis showed that the epoxidation product
18O-(R,R)-trans-stilbene oxide had the same 18O : 16O proportion
as that of the oxidizing agent (89.4 ± 0.4% experimental vs. 90.0 ±
0.3% theoretical).14 These results indicate that the epoxidation
involves two stereoselective processes. The first comprises highly
stereoselective attack of the b face of 2 by HSO5


−. Subsequent
dioxirane ring formation by intramolecular cyclization gives chiral
dioxirane 8, in which the oxygen marked in blue in Scheme 2 would
be 18O. The second comprises oxygen transfer through approach
of the Si-alkene face onto the b face of dioxirane 8 (pro-S “O” Si-
attack). The fact that the final epoxide is fully 18O-labeled can only
be accounted for by very high stereoselectivity in both processes.
In an analogous way to this doubly stereoselective process, the
methanolysis of hydrate 3 takes place in the absence of acidic or
basic catalysis, with the stereoselective displacement of its pro-S
hydroxyl group. Crystals of the methanolysis product of 3 could be
isolated by slow evaporation of the solvent; the configuration of the
carbon bearing the two oxygen functionalities in the methanolysis
product of hydrate 3 (see Fig. 2 and ESI†) was determined by X-
ray analysis‡, as the known configurations of the spiro carbon and
the carbons bearing the acetoxy groups should remain unchanged
with respect to the starting material (D-fructose).


Epoxidation of trans-stilbene with standard Oxone R© in H2
18O


(10.2 ± 0.3% 18O content) was then carried out, yielding un-
labeled (R,R)-trans-stilbene oxide (18O content <0.1%). Mass
spectrometry revealed an exchange process between the gem-diol
group of 3 and the solvent (experimental 9.8 ± 0.5% vs. 10.2 ±
0.3% theoretical 18O content), thus indicating that the 18O-label is
incorporated into the catalyst. Assuming a preference for attack by
the oxidant at the b face, this 18O-labeled species could evolve into
the dioxirane 8, in which the oxygen marked in red in Scheme 3
would be 18O. Attack of the most hindered face of 8 (pro-R
“O” attack) by the alkene would thereby yield 18O-(R,R)-trans-
stilbene oxide. As the final epoxide did not incorporate any 18O,
we conclude that the facial selectivity of the oxygen transfer is also
very high.


Fig. 2 ORTEP plot (thermal ellipsoids shown at 50% probability level)
of the methanolysis product of 3.


These results reveal several key aspects of the origin of the
stereoinduction and these can be summarized as follows: i) the
epoxidation process comprises a highly stereoselective attack of
the b face of 2 by HSO5


−; ii) subsequent dioxirane ring formation
renders the chiral dioxirane 8, in which the oxygen marked in
blue (Scheme 3) comes from the oxidant; iii) oxygen transfer
from the dioxirane to the alkene proceeds predominately through
approach of the Si-alkene face onto the b face of dioxirane 8
(pro-S “O” Si-attack); iv) attack of the most hindered face of
8 (pro-R “O” attack) by the alkene does not take place to any
measurable extent. Although the two acetate groups have more
conformational freedom with respect to the dioxolane ring in the
standard Shi catalyst, they are bulky enough to prevent the pro-R
“O” attack. Furthermore, while the participation of the pro-R “O”
transition states has been discounted by computational studies
on tricyclic catalysts9 and on the basis of sterics, our labeling
studies experimentally support the currently accepted model of
dioxirane epoxidations by the chiral bicyclic platform provided by
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the catalyst. One potential application of this methodology would
be to use the labeled dioxiranes as a means of investigating oxygen
transfer to some less-than-optimal substrates, with the extent of
label transfer providing an efficient marker of avs. b face approach.


In terms of labeling efficiency in the preparation of non-racemic
18O-epoxides, the synthetic methodology described in this work is
a very efficient one, as it ensures full isotopic labeling from the
oxidizing agent to the alkene (89.4 ± 0.4% experimental vs. 90.0 ±
0.3% theoretical).


Experimental


General procedure for the epoxidation of alkenes


The alkene (2.22 mmol) and the catalyst 3 (10–30 mol%) were
dissolved in 1 : 2 v/v acetonitrile–dimethoxymethane (44 mL).
A solution of pH = 6 buffer§ (8 mL) and tetrabutylammonium
hydrogen sulfate (35 mg, 0.10 mmol) were then slowly added with
stirring, and the mixture was cooled to the desired temperature.
The flask was equipped with two syringe pumps: one was filled
with K2CO3 (5.33–15.10 mmol) in water (14 mL), and the other
with the required amount of Oxone R© (3.55–7.10 mmol) in the pH =
6 buffer (14 mL). The two solutions were added dropwise over a
2 h period by syringe pump. The reaction mixture was stirred at
0 ◦C for the corresponding time. The crude reaction mixture was
quenched by the addition of water (40 mL) and pentane (10 mL),
then extracted with an organic solvent (5a hexane, 4 × 40 mL;
5b–c: 4 × 40 mL DCM). The combined organic extracts were
washed with brine (50 mL), dried over sodium sulfate, filtered,
and concentrated under reduced pressure. The crude material was
purified by flash chromatography on silica gel. Enantioselectivity
was determined by chiral chromatography and the configuration of
epoxides 5 was established by comparison with either the reported
elution order or optical rotation if reported data was available.
For 5a, HPLC, Chiralpak AD, (R,R)-5a elutes first.15 For 5b, GC,
gamma dex, (S,S)-5b elutes first.5 For 5c, GC, gamma dex, (S,S)-5c
elutes first.16


Asymmetric epoxidation of trans-stilbene with 18O-labeled tracers


Preparation of KSO2
18O18OH


18O2-Hydrogen peroxide (Cambridge Isotope Laboratories, 0.93 g,
2.5% H2O2 content in water, 23 mg, 0.60 mmol, 90 ± 0.3% 18O-
content) was carefully concentrated in vacuo (70 ◦C, 90 mbar) by
eliminating 0.84 g of distillate through a 5 cm Vigreux column. The
residue was cooled to −5 ◦C and fuming sulfuric acid (20% as free
SO3, 0.49 g, 1.22 mmol of SO3) was added carefully (10 min). The
mixture was allowed to reach 0 ◦C and was stirred for a further 2 h.
K2CO3 (0.65 g) in 1 mL water was added dropwise (10 min) to the
solution, which was stirred for a further 15 min. The suspension,
which contained KSO2


18O18OH (0.60 mmol theoretical amount),
was stored at 4 ◦C and used in the next step without any further
work-up.


Epoxidation of trans-stilbene with KSO2
18O18OH.13


trans-Stilbene (65 mg, 0.35 mmol) and hydrate 3 (34 mg,
0.10 mmol) were dissolved in acetonitrile–dimethoxymethane


(6 mL, 1 : 2 v/v). A pH = 6 buffer§ solution (1.3 mL) and
tetrabutylammonium hydrogen sulfate (5 mg, 0.015 mmol) were
added slowly with stirring and the mixture was cooled to 0 ◦C.
The flask was equipped with two syringe pumps; one filled with
a solution of KSO2


18O18OH (0.60 mmol theoretical amount,
reaction mixture from the previous step) in the pH = 6 buffer
(2.3 mL) and the other one with a solution of K2CO3 (0.11 g,
0.83 mmol) in water (2.3 mL). The two solutions were added
dropwise over a 2h period (syringe pump). The solution was stirred
at 0 ◦C for 18 h. The reaction mixture was extracted with hexanes
(4 × 6 mL), the combined organic fractions were washed with
saturated NaCl(aq) (10 mL) and then dried over Na2SO4. 18O-(R,R)-
trans-stilbene oxide was obtained, together with starting material,
after filtration and removal of the hexanes in vacuo. No isolation of
18O-(R,R)-trans-stilbene oxide was attempted: chiral HPLC of the
raw material (Chiralpak AD, see general procedure) indicated a
94% ee; 1H-NMR and MS-CI analysis of the raw material provided
the yield of the epoxidation (7 lmol, 2% yield) and the relative
abundance of the 16O : 18O isotopologues.


Mass spectrometric determination of the relative abundance of
16O : 18O isotopologues from the epoxidation of trans-stilbene with
KSO2


18O18OH


A time-of-flight mass (TOF) mass spectrometer (Waters GCT)
coupled to a gas chromatograph (Agilent 6890 N) was used to
determine the relative abundance of 16O : 18O labeled 18O-(R,R)-
trans-stilbene oxide. The GC conditions were as follows: a DB-
XLB (Agilent) column, 30 m × 0.18 mm × 0.18 lm; GC analysis
time 30 min (18O-(R,R)-trans-stilbene oxide retention time 21 min);
inlet temperature 250 ◦C (1 ng of sample injected, split ratio
100 : 1); oven temperature program, 40 ◦C held for 3 min, then a
(10 ◦C min−1) ramp to 340 ◦C; GC carrier gas He; constant flow
0.6 mL min−1. The mass spectrometer was operated in positive
ion mode, using CH4 as the chemical ionization reagent gas at a
source pressure of 2 × 10−4 mbar. The ion source temperature was
165 ◦C with an electron energy of 70 eV and an emission current of
100 lA. Spectra were acquired at 25 000 Hz using an integration
time of 0.45 s and a delay of 0.05 s (2 integrated spectra s−1).


The 16O : 18O isotopologues were not separated using the GC
method applied in this work. Rather the GC sample introduction
provided an accurate means of background ion subtraction,
facilitating subsequent 16O : 18O determination by comparison with
a simulated mixed isotopologue mass spectrum. The simulation is
generated by convolution of the respective 16O : 18O isotopologue
m/z channel intensities, as determined experimentally using a
pure, unlabeled standard (Sigma Aldrich). The relative intensities
in each m/z channel are assumed to be identical for the two
isotopologues. The 16O : 18O proportion, the only free parameter
in the simulation, is obtained from a least squares fit of the
observed intensities as a function of the intensities in the calculated
spectrum.


After the epoxidation the catalyst 3 was analyzed for 16O :
18O content using a time-of-flight (TOF) mass spectrometer
equipped with an electrospray ionization (ESI) source (Waters
LCT premier) applying the following conditions: capillary voltage


§The pH = 6 buffer consisted of 6.8 g of KH2PO4 and 5 mL of 1M
KOH L−1.
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3 kV, cone voltage 30 V, desolvation gas temperature 150 ◦C, source
temperature 100 ◦C. The sample solution (1 ng lL−1 in sodium
acetate doped CH3CN) was introduced into the spectrometer by
direct infusion at 10 lL min−1. Spectra were acquired at 25 000 Hz
using an integration time of 0.9 s and a delay of 0.1 s (1 integrated
spectrum s−1).


Fig. 3 shows the calculated and observed isotopic patterns for
compounds 18O-(R,R)- trans-stilbene oxide and 3. In the case of
compound 18O-(R,R)-trans-stilbene oxide excellent agreement is
found using the least squares determined 16O : 18O proportion,
10.6%, whilst for compound 3 the experimental mass spectrum
is perfectly reproduced by the pure 16O isotopologue calculated
intensities. Fig. 4 demonstrates the reliability of the derived
16O : 18O proportion value for compound 18O-(R,R)-trans-stilbene
oxide; a sharp minimum least squares difference is evident at
around 10–11% 16O.


Fig. 3 Mass spectra and simulated isotopic profiles (squares) of the mixed
16O : 18O isotopologue (M + H) ion of 18O-(R,R)-trans-stilbene oxide
(monoisotopic masses 197 and 199) and the (M + Na + CH3CN) ion
of 3 (monoisotopic masses 384 and 386).


Fig. 4 Least squares fitting of the observed isotopic profile of
18O-(R,R)-trans-stilbene oxide as a function of a simulated mixed 16O :
18O isotopologue profile.


Epoxidation of trans-stilbene with H2
18O


This transformation was carried out at 0 ◦C as described in
the general procedure using: trans-stilbene (20 mg, 0.11 mmol),
hydrate 3 (10 mg, 0.032 mmol) and tetrabutylammonium hydrogen
sulfate (2 mg, 0.005 mmol) and pH = 6 buffer¶ (0.4 mL) in 1 :
2 v/v acetonitrile–dimethoxymethane (2 mL), Oxone R© (0.11 g,
0.17 mmol) in pH = 6 buffer§ (0.7 mL) and K2CO3 (0.35 g,
0.25 mmol) in H2


18O (0.7 mL, 10.2 ± 0.3% 18O content). The
reaction was quenched as described in the general procedure after
stirring for 18 h at 0 ◦C. (R,R)-trans-stilbene oxide was obtained
after extraction, together with starting material. No isolation of
(R,R)-trans-stilbene oxide was attempted: 1H-NMR and MS-CI
analysis of the raw material provided the yield of the epoxidation
(0.08 mmol, 72% yield) and the relative abundance of the 16O :
18O isotopologues. In the case of the recovered catalyst 3 excellent
agreement is found using the least squares determined 18O : 16O
proportion, 9.8 ± 0.5% 18O content, whilst for compound (R,R)-
trans-stilbene oxide the experimental mass spectrum is perfectly
reproduced by the pure 16O isotopologue calculated intensities (18O
content <0.1%).


Conclusions


In summary, we have described a study of the stereoselective
processes in the organocatalytic epoxidation of alkenes, based
on 18O-labeling experiments, which has revealed that the chiral
platform provided by the catalyst mediates the transfer of the pro-
S “O” of the related dioxirane species to the alkene in a doubly
stereoselective manner. Current efforts are directed at exploiting
this phenomenon to develop new epoxidation-related asymmetric
transformations.
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Isoindolo[2,1-a]indol-6-one 1 is formed by a sigmatropic shift–elimination–cyclisation cascade by flash
vacuum pyrolysis (FVP) of methyl 2-(indol-1-yl)benzoate 7 at 950 ◦C. The dihydro compound 16 is
easily obtained by catalytic reduction of 1, but the reaction is very sensitive to steric effects at the
11-position. Attempted ring-opening of 1 in basic methanol provides an equilibrium of
isoindolo[2,1-a]indol-6-one 1 and the ester 19. Lithium aluminium hydride reduction of 1 provides the
alcohol 22 which can be dehydrated to a mixture of 23 and 24 by FVP at 800–950 ◦C.


Introduction


We report a new synthetic route to isoindolo[2,1-a]indol-6-one
derivatives 1, from 1-arylindoles, based upon application of the
sigmatropic shift–elimination–cyclisation pyrolytic cascade which
we reported in 1999.1 Derivatives of this heterocyclic system
have attracted recent interest in the field of medicinal chemistry,
for example as high affinity ligands for the melatonin MT3
binding site,2 as potential anti-tumour agents,3,4 as synthetic
intermediates en route to bacterial NorA pump inhibitors,5 or
as conformationally-restricted model compounds for structure–
activity investigation.6


The isoindolo[2,1-a]indol-6-one system 1 is a dibenzo analogue
of pyrrolizin-3-one 27 and we also show how the chemical
properties of 1 compare and contrast with those of 2 and with
the pyrroloisoindolone (benzopyrrolizinone) 3.1


Our approach to 1 is summarised by the retrosynthetic analysis
shown in Scheme 1. By analogy with our previous work,1


the isoindoloindolone system 1 should be formed by thermal
elimination of methanol from the 2-arylindole 5 which in turn
can be generated in situ from the 1-arylindole 7 by thermal 1,5-
sigmatropic shift.


Scheme 1
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Results and discussion


The known 1-arylindole derivative 7 was made by an Ullmann-
type coupling of indole 9 with 2-iodobenzoic acid, using a mod-
ification of the literature procedure.8 The 1-arylindole carboxylic
acid was then esterified to give 7 (35%, unoptimised) directly,
without isolation (Scheme 2). The method was trivially extended
to the 3-methyl derivative 8 (72%) using 3-methylindole as the
starting material.


Scheme 2 Reagents and conditions: (i) 2-iodobenzoic acid, K2CO3, Cu,
DMF, reflux, 48 h; (ii) MeI, K2CO3 DMF, 20 ◦C, 48 h.


FVP of 7 successfully provided 1 in reasonable yield, though
the pyrolysis conditions are more vigorous than those required for
the formation of 3. Thus, the pyrrole derivative 11 is transformed
exclusively to the pyrroloisoindolone 3 at 925 ◦C in our apparatus.
However, only 84% conversion of 7 was obtained at 950 ◦C, even
in the presence of silica tubes at the trap end of the furnace which
have the effect of increasing the contact time in the hot zone of the
tube.9 Clearly the involvement of quinonoid intermediates (e.g.
12, Scheme 3) in this process leads to the increase in activation
energy, by comparison with the cyclisation mechanism of the
pyrrole analogue (see below).


On a preparative scale (up to at least 2 g), isoindolo[2,1-a]indol-
6-one 1 was obtained by 950 ◦C pyrolysis in up to 76% yield
after chromatography. The 11-methyl derivative 4 was formed
in similar yield, with no evidence of substituent migration to
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Scheme 3


other sites at the extreme conditions of the pyrolysis. Previous
routes to 1 include photochemical cyclisations,10 intramolecular
Wittig reactions11 and various palladium-catalysed12 and copper-
catalysed13 methods. The FVP route has the major advantage that
only two synthetic steps are required from easily available starting
materials, but the potential generality of the method is likely to be
compromised by the very high furnace temperature required for
the sigmatropic shift (see below).


An assignment of the NMR spectra of 1 is shown in Fig. 1. The
two 4-spin systems were readily located by a COSY experiment and
NOESY interactions with the H(11) singlet allowed assignment of
H(1) and H(10). Zig-zag coupling from H(11) to H(4), well known
for indole systems,14 allowed the identification of the ‘left-hand’
ring and completion of the analysis. The carbon atoms due to
the two overlapping signals at dH 7.51 were distinguished by their
multiplicities in the HSQC spectrum.


Fig. 1 1H and 13C NMR parameters (dH and dC, [2H]chloroform), of
compound 1.


Minor products which could be isolated from the pyrolysates
include the isoindolo[1,2-a]indol-10-one 13 (ca. 3%).15 This com-
pound was characterised by its spectra; in particular the mass
spectrum showed a strong molecular ion at m/z 219 and the
13C NMR spectrum showed a carbonyl resonance at dC 181.55,
very different from the lactam carbonyl resonance of 1 at dC


162.51. The NMR spectra of 13 were fully resolved at 360 MHz
in [2H6]acetone solution and the assignments are shown in Fig 2.
Zig-zag coupling from the ‘indole’ proton [H(11)] to H(4)14 again
provided the starting point for the analysis of the ‘left-hand’ ring
and extrapolation to the ‘right-hand’ ring was possible by the


Fig. 2 1H and 13C NMR parameters (dH and dC, [2H6]acetone) for 13.


NOESY interaction between H(4) and H(6). Extension to the
carbon dimension was carried out by an HSQC experiment.


Both 1 and 13 were unchanged by FVP under the conditions
of their formation showing that neither are intermediates on the
route to the other. Compound 13 is therefore likely to be formed
by a competitive mechanism in which cyclisation precedes the
1,5-sigmatropic aryl shift. In addition, a trace of pyrrolo[3,2,1-
jk]indole 14 was also obtained. This compound is probably formed
by cyclisation of a phenyl radical obtained by cleavage of the entire
ester group; a related substituent cleavage provides 14 as the major
product when the nitro compound 15 is pyrolysed.16


The functionality shared by compounds 1–3 include the
core fused 5-membered bridgehead-nitrogen system and the
lactam unit. Our study of the chemistry of 1 has focused on
hydrogenation and on its reactions with nucleophiles.


Catalytic hydrogenation of 1 at 40 psi over Pd/C gives a
quantitative yield of the known17 dihydro-compound 16 after
6 h. Analogous reduction of a 2-substituted example has been
reported.3 Under similar conditions, the 11-methyl derivative 4
is recovered unchanged, and even at 60 psi using 5% Rh/C
only a trace of the dihydro derivative 17 could be identified
from the NMR spectrum of the mixture. At higher pressure
(400 psi), using 5% Rh–Al2O3 in an ethanol–acetic acid mixture
(3 h, 20 ◦C),18 a mixture of products was obtained from which
the dihydro-compound 17 could be isolated in 80% yield.19 The
relative stereochemistry of the two asymmetric centres follows
from the magnitude of the coupling constant JH(11)–Me (7.2 Hz)
which is sensitive to the configuration of 7-methylpyrrolizidin-3-
one isomers [cis-isomer (c.f. 15) 7.4 Hz; trans-isomer 6.0 Hz20] and
is consistent with a cis-hydrogenation mechanism.


Hydrogenation of 4 over the same catalyst but with extended
reaction times (18 h), afforded a mixture of perhydro-derivatives
18 of which one isomer constituted ca. 80% of the mixture.
Further analysis was not carried out, but our experience with
pyrrolizinone hydrogenation would suggest that 18a, formed by
cis-hydrogenation from the least hindered face,20b is the most
likely product. All other hydrogenation conditions attempted were
ineffective.


Pyrrolizin-3-one 2 and its benzo-analogues are ring-opened
quantitatively in basic alcoholic solution.7 Isoindolo[2,1-a]indol-
6-one 1 can be ring opened to 2-(2-indolyl)benzoic acid in the
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presence of potassium tert-butoxide.21 In contrast, reaction of
1 with methanol in the presence of Hünig’s base gave only
partial conversion to the ring-opened ester 19; in one set of
conditions, equilibrium was reached at about 70% conversion
after 60 min (Scheme 4). There is some indication that increasing
the amount of base causes recyclisation to isoindolo[2,1-a]indol-
6-one 1, and this transformation may also take place during
chromatography. Similarly, attempted methylation of 2-(indol-
2-yl)benzoic acid (MeI, K2CO3, DMF) gave only isoindolo[2,1-
a]indol-6-one 1. The ester 19 was not obtained pure and was
identified only by 13C NMR spectroscopy in the presence of 1.
Joule and co-workers have also noted the tendency of 2-(indol-
2-yl)benzoic acid derivatives to cyclise to isoindolo[2,1-a]indol-6-
ones.22 Nevertheless, this behaviour is unexpected because of the
ring strain associated with the two fused 5-membered rings in
1. The mixture of 19 and 1 was completely converted into 1 by
FVP at 800 ◦C. This result confirms that the extreme temperatures
required for the formation of 1 by FVP of 7 are due to the high
energy barrier of the sigmatropic shift to give 10, (which is the first
step of the cascade sequence) rather than the ketene generation
step (Scheme 3).


Scheme 4 Reagents and conditions: (i) MeOH, Hunig’s base.


We have shown that reduction of the benzopyrrolizinone 3
followed by FVP of the resulting 2-(pyrrol-2-yl)benzyl alco-
hol 20 causes elimination of water and cyclisation to form
benzopyrrolizine 21 (Scheme 5), thereby providing a two-step
deoxygenation of the lactam starting material.23


Scheme 5 Reagents and conditions: (i) LiAlH4; (ii) FVP (700 ◦C, 0.01
Torr).


Lithium aluminium hydride reduction of 1 under the conditions
used for 3,23 gave the alcohol 22 (76%); similar ring-opening has
been reported for a substituted isoindolo[2,1-a]indol-6-one.3 In
contrast to the behaviour of 20, FVP of the alcohol 22 at 800–
950 ◦C gave two products in varying ratio (Scheme 6). These were
separated by chromatography and identified as the known isomers
23 and 24. At the lower pyrolysis temperatures, 23 is the major
isomer (e.g. 800 ◦C, 23 : 24 75 : 25) and is therefore the kinetic
product whereas 24 predominates at higher furnace temperatures
(e.g. 950 ◦C with silica tubes in the furnace, 23 : 24 25 : 75) and


is therefore the thermodynamic product. There is significant loss
of resonance energy in the formation of the xylylene intermediate,
accounting for the high furnace temperatures needed for these
transformations and allowing the C=C bond rotation required
for the rearrangement to 24 (Scheme 6).


Scheme 6 Reagents and conditions: (i) LiAlH4; (ii) FVP (800–950 ◦C, ca.
0.01 Torr).


Conclusions


We conclude that the thermal cascade illustrated in Scheme 3
provides a viable synthetic route to isoindolo[2,1-a]indol-6-one 1,
though a high temperature is required for the initial sigmatropic
migration. The chemistry of isoindolo[2,1-a]indol-6-one 1 shows
significant differences from that of pyrrolizin-3-one 2 and its
mono-benzo derivatives such as 3. Catalytic hydrogenation of the
10b–11 site is unexpectedly sensitive to substituents and the nature
of the catalyst. Isoindolo[2,1-a]indol-6-one 1 exists in equilibrium
with the ester 19 in basic methanol, whereas both 2 and 3 are
rapidly ring opened under such conditions. FVP of the benzyl
alcohol 22 provides two isomeric cyclised products, whereas a
single product is obtained by FVP of the pyrrole analogue 20.
Further studies of pyrrolizinones and their benzo-analogues will
be reported in future publications.


Experimental
1H and 13C NMR spectra were recorded at 250 or 63 MHz re-
spectively for solutions in [2H]chloroform unless otherwise stated.
13C NMR signals refer to CH resonances unless otherwise stated.
Mass spectra were recorded under electron impact conditions.


Methyl 2-(indol-1-yl)benzoate 7


A suspension of indole 9 (2.93 g, 25 mmol), o-iodobenzoic acid
(5.70 g, 23 mmol) and anhydrous potassium carbonate (6.91 g,
50 mmol) in dimethylformamide (50 cm3) was heated under reflux,
with stirring, for 48 h to give 2-(indol-1-yl)-benzoic acid. The
product was not isolated but treated with iodomethane (3.55 g,
25 mmol) and anhydrous potassium carbonate (6.91 g, 50 mmol)
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and the reaction left to stir at room temperature for 48 h. Upon
completion of the reaction, water (120 cm3) was added and the
product was extracted into ether (3 × 40 cm3), washed with water
(3 × 50 cm3) and dried over anhydrous MgSO4. The product
was purified by vacuum distillation (Kugelrohr) to give methyl
2-(indol-1-yl)benzoate 7 (2.18 g, 35%) bp 108–110 ◦C (0.4 Torr);
dH 8.02 (1H, d, 3J 8.2), 7.74–7.62 (2H, m), 7.55–7.47 (2H, m),
7.25–7.12 (4H, m), 6.71 (1H, d, 3J 3.1) and 3.48 (3H, s); dC 166.58
(quat), 138.49 (quat), 137.03 (quat), 132.61, 131.09, 128.70, 128.44
(2C, quat), 128.27, 127.42, 122.09, 120.77, 119.94, 109.58, 103.04
and 52.05; m/z 251 (M+, 95%), 232 (24), 231 (80), 229 (36), 228
(26), 220 (41), 203 (50), 191 (47) and 117 (100) (spectra compatible
with published data24).


Methyl 2-(3-methylindol-1-yl)benzoate 8


3-Methylindole 10 (3.28 g, 25 mmol) was reacted under the
conditions above to give methyl 2-(3-methylindol-1-yl)-benzoate 8
(4.74 g, 72%) mp 96–98 ◦C, bp 103–104 ◦C (1 Torr) (Found: M+


265.1094. C17H15NO2 requires M 265.1103) (Found: C, 76.3; H,
5.75; N, 5.3. C17H15NO2·0.1H2O requires C, 76.45, H, 5.65, N,
5.3%); dH 7.85 (1H, m), 7.53–7.49 (2H, m), 7.39–7.33 (2H, m),
7.08–7.03 (3H, m), 6.90 (1H, m), 3.37 (3H, s) and 2.29 (3H, d,
4J 1.1); dC 166.93 (quat), 138.73 (quat), 137.22 (quat), 132.55,
131.01, 128.54 (quat), 128.07, 126.95, 126.19, 122.12, 119.39,
118.91, 112.42 (quat), 109.49, 52.07 (CH3) and 9.49 (CH3) (one
quaternary signal overlapping); m/z 265 (M+, 100%), 264 (71),
263 (31), 262 (82), 250 (40), 232 (54), 231 (89), 204 (72) and 203
(63).


Flash vacuum pyrolysis experiments


The substrate was sublimed under vacuum into a horizontal
silica furnace tube (35 × 2.5 cm) heated by an electrical furnace.
For some of the high temperature pyrolyses, the contact time
was increased by packing the exit end of the furnace tube with
silica tubes.9 Products were collected in a U-tube, cooled by
liquid nitrogen, situated at the exit point of the furnace. When
the pyrolysis was complete, the trap was allowed to warm to
room temperature under an atmosphere of dry nitrogen. Pyrolysis
parameters are quoted as follows: quantity of substrate, inlet
temperature (T i), furnace temperature (T f), pressure range (Prange)
and time of pyrolysis (t).


Isoindolo[2,1-a]indol-6-one 1


Conditions were optimised by small scale pyrolyses of methyl 2-
(indol-1-yl)-benzoate 7 (ca. 30 mg, 0.12 mmol, T i 100 ◦C, Prange


0.02–0.10 Torr, t 10 min), in the presence of silica tubes placed
at the exit end of the furnace. The following conversions were
observed: 800 ◦C, 15%; 850 ◦C, 23%; 900 ◦C, 54%; 950 ◦C, 84%.


A preparative pyrolysis (400 mg, 1.6 mmol, T f 950 ◦C with silica
tubes T i 100 ◦C, Prange 0.01–0.12 Torr, t 40 min) gave a solid yellow
pyrolysate that was purified by dry flash chromatography on silica
(50% DCM in hexane as eluent) to give isoindolo[2,1-a]indol-6-
one 1 (220 mg, 76%) mp 153–154 ◦C (lit.,12a 154 ◦C); dH (360 MHz)
7.88 (1H, d, 3J 7.9), 7.75 (1H, dd, 3J 7.9, 4J 0.8), 7.51 (2H, m), 7.44
(1H, d, 3J 7.8), 7.34 (1H, m), 7.27 (1H, m), 7.14 (1H, td, 3J 7.6,
4J 1.0) and 6.60 (1H, s); dC 162.54 (quat), 138.74 (quat), 134.60
(quat), 134.41 (quat), 133.80 (quat), 133.59, 133.52 (quat), 128.70,


126.22, 125.19, 123.78, 122.16, 121.13, 113.24 and 103.37; m/z 219
(M+, 100%), 191 (42), 190 (80), 164 (44), 163 (46), 110 (56), 96 (48)
and 82 (56).


The first fraction from the column (ca. 2 mg) was pyrrolo[3,2,1-
jk]carbazole 14 dH 8.09 (1H, d, 3J 7.1), 7.92 (1H, d, 3J 7.3), 7.82
(1H, d, 3J 7.5), 7.70 (2H, m), 7.54 (1H, m), 7.37 (2H, m) and 6.87
(1H, d, 3J 3.1); dC 140.71 (quat), 139.24 (quat), 130.81 (quat),
126.41, 123.31, 123.02, 122.33, 122.03, 121.54 (quat), 120.95,
118.82 (quat), 117.25, 111.31 and 109.26; m/z 191 (M+, 100%),
163 (44), 139 (23), 96 (52), 82 (45), 63 (29) and 39 (25) (spectra
compatible with literature data25). A third fraction was shown to
be isoindolo[1,2-a]indol-10-one 13, (9 mg, 3%) mp 166–168 ◦C
(lit.,15 169 ◦C) dH(C[2H]Cl3) 7.63–7.67 (2H, m), 7.48–7.55 (2H, m),
7.34–7.45 (2H, m) and 7.05–7.16 (3H, m); dC(C[2H]Cl3) 181.55
(quat), 145.43 (quat), 135.66 (quat), 135.41, 134.18 (quat), 132.49
(quat), 129.28 (quat), 128.00, 125.06, 124.94, 123.75, 121.87,
111.21 (2CH) and 107.92 (NMR spectra are better dispersed in
[2H6]acetone solution—see Fig. 2); m/z 219 (M+, 100%), 190 (44),
163 (18), 69 (22) and 32 (45).


11-Methylisoindolo[2,1-a]indol-6-one 4


FVP of methyl 2-(3-methylindol-1-yl)-benzoate 8 (265 mg,
1.0 mmol, T f 950 ◦C with silica tubes, T i 120 ◦C, Prange 0.01–
0.11 Torr, t 40 min) using a dry ice–acetone cold-finger trap
gave a solid yellow pyrolysate containing 11-methylisoindolo[2,1-
a]indol-6-one 4 that was purified by dry flash chromatography on
silica (20–50% DCM in hexane as eluent) to afford yellow needles
(121 mg, 72%) mp 173–174 ◦C (lit.,12c 173–175 ◦C), bp 177 ◦C (4.5
Torr) (Found: C, 81.65; H, 4.65; N, 6.2. C16H11NO·0.1H2O requires
C, 81.75, H, 4.7, N, 5.95%) (Found: M+, 233.0840. C16H11NO
requires M, 233.0841); dH 7.75 (1H, dt, 3J 7.9, 4J 0.8), 7.63 (1H, d,
3J 7.5, 4J 1.0), 7.42 (1H, m), 7.38 (1H, td, 3J 7.5, 4J 1.0), 7.26 (1H,
m), 7.22–7.14 (2H, m), 7.05 (1H, td, 3J 7.5, 4J 1.0) and 2.37 (3H,
s); dC 162.15 (quat), 135.68 (quat), 134.95 (quat), 134.49 (quat),
133.87, 133.47 (quat), 133.31, 127.94, 126.39, 125.19, 123.48,
121.02 (quat), 120.05, 115.24 (quat), 113.19 and 9.35 (CH3); m/z
233 (M+, 99%), 232 (77), 219 (100), 204 (59), 203 (79) and 102 (34).


10b,11-Dihydroisoindolo[2,1-a]indol-6-one 16


A solution of isoindolo[2,1-a]indol-6-one 1 (51 mg, 0.23 mmol)
in ethanol (25 cm3) was hydrogenated over 5% Pd–C (5 mg) at
40 psi using a Parr apparatus for 6 h during which time the
solution decolourised. The catalyst was removed by filtration
through Celite and the filtrate was concentrated to provide 10b,11-
dihydroisoindolo[2,1-a]indol-6-one 16 as a colourless solid (50 mg,
98%) mp 127–129 ◦C (lit.,17 136–137 ◦C) (Found: M+ 221.0840.
C15H11NO requires M 221.0841); dH 7.80 (1H, m), 7.60 (1H, d,
3J 7.8), 7.52 (1H, m), 7.44–7.38 (2H, m), 7.27–7.13 (2H, m), 6.98
(1H, t, 3J 7.5), 5.52 (1H, apparent t, 3J ca. 9.5), 3.37 (1H, dd, 3J
15.2 and 8.7) and 2.95 (1H, dd, 3J 15.0 and 10.4); dC 168.25 (quat),
145.87 (quat), 140.43 (quat), 135.82 (quat), 134.01 (quat), 132.42,
128.56, 127.83, 125.21, 124.66, 124.30, 122.70, 116.31, 65.29 and
33.61 (CH2); m/z 221 (M+, 86%), 220 (89), 219 (77), 193 (81), 192
(64), 191 (80), 190 (62), 165 (71), 130 (52), 105 (53) and 95 (100)
(spectra compatible with those previously reported17)
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10b,11-Dihydro-11-methylisoindolo[2,1-a]indol-6-one 17


11-Methylisoindolo[2,1-a]indol-6-one 4 (30 mg, 0.13 mmol) was
hydrogenated in a 10 : 1 mixture of ethanol and acetic acid over 5%
Rh–Al2O3 (5 mg) at room temperature and a pressure of 400 psi for
3 h and gave a mixture of three hydrogenation products. Separation
by dry flash chromatography, using a 2–40% ethyl acetate in
hexane gradient as eluent, afforded one major product which
was identified as 10b,11-dihydro-11-methylisoindolo[2,1-a]indol-
6-one 17 (24 mg, 80%)19 dH 7.91 (1H, m), 7.71 (1H, dd, 3J 7.8,
4J 0.4), 7.62 (1H, td, 3J 7.5, 4J 1.3), 7.54–7.49 (2H, m), 7.35–7.26
(2H, m), 7.11 (1H, td, 3J 7.5, 4J 0.9), 5.53 (1H, d, 3J 7.9), 3.62 (1H,
apparent quin, 3J ca. 7.4) and 0.76 (3H, d, 3J 7.2); dC 168.00 (quat),
142.98 (quat), 141.65 (quat), 138.82 (quat), 134.98 (quat), 132.00,
128.52, 127.99, 124.77, 124.44 (2CH), 123.55, 116.22, 68.65, 37.73
and 18.22 (CH3).


When solutions of 11-methylisoindolo[2,1-a]indol-6-one 4
(30 mg, 0.13 mmol) in toluene (25 cm3) were subjected to
hydrogenation at 600, 850, 1000 Bar at room temperature and
1000 Bar with heating at 50 ◦C over 5% Pd–C, 10% Pd–C or 5%
Rh–C for 6 h, no reaction was observed.


11-Methyltetradecahydro-isoindolo[2,1-a]indol-6-one 18


A hydrogenation of 4 (30 mg, 0.13 mmol) at room temperature and
a pressure of 400 psi under the conditions used for 17, but with a
reaction time of 18 h, gave 11-methyltetradecahydro-isoindolo[2,1-
a]indol-6-one 18 (29 mg, 97%) with one stereoisomer present as
ca. 80% of the mixture (Found: M+ 247.1939. C16H25NO requires
M 247.1936); dH 3.82 (1H, dd, 3J 7.6 and 4.6), 3.52 (1H, m), 2.63
(1H, t, 3J 5.3), 2.42–2.27 (2H, m), 2.22–0.87 (17H, m) and 1.11
(3H, d, 3J 7.5); dC 152.52 (quat), 65.89, 52.98, 48.10, 42.60, 40.47,
37.54, 27.65 (CH2), 25.44 (CH2), 24.33 (CH2), 24.11 (CH2), 23.47
(CH2), 23.08 (CH2), 22.79 (CH2), 22.07 (CH2) and 14.08 (CH3);
m/z 247 (M+, 86%), 204 (79), 190 (51), 152 (55), 138 (83), 95 (70),
81 (89), 67 (84) and 55 (100).


Reaction of isoindolo[2,1-a]indol-6-one 1 with Hünig’s base in
methanol


Isoindolo[2,1-a]indol-6-one 1 (0.009 g, 0.04 mmol) was dissolved
in [2H4]methanol (0.5 cm3), and its 1H NMR spectrum showed a
characteristic signal due to H-11 [dH 6.76 (1H, s)]. Hünig’s base
(0.013 g, 0.1 mmol) was added and the spectrum immediately
showed a new peak at dH 6.45 due to H-3 of compound 19 (20%
conversion). The following conversions were recorded: 15 min,
50%; 60 min, 70%; 150 min, 70%; showing the reaction had reached
equilibrium at 70% conversion under these conditions.


The following reaction conditions allowed a sample of 19 to
be isolated as a mixture with 1. Isoindolo[2,1-a]indol-6-one 1
(0.022 g, 0.1 mmol) was dissolved in methanol and Hünig’s base
(0.026 g, 0.2 mmol) was added. The mixture was left at room
temperature for 1 h and the methanol was evaporated. 1H NMR
analysis showed 47% conversion to 19 and elimination of the
signals of the 13C spectrum of 1 reported above enabled those
of 19 to be identified; dC 169.94 (quat), 136.69 (quat), 136.41
(quat), 134.52 (quat), 131.55, 130.74, 130.06, 129.80 (quat), 128.18
(quat), 127.30, 125.15, 122.24, 120.43, 119.82, 111.17, 103.10,
and 52.69 (CH3). Attempted separation by chromatography on


alumina (ethyl acetate, hexane) gave only 1, suggesting that 19 had
recyclised on the column.


2-(Indol-2-yl)benzoic acid and its attempted methylation under
basic conditions


Using Itahara’s method,21 isoindolo[2,1-a]indol-6-one 1 (0.22 g,
1 mmol) was dissolved in t-butanol and water (5 cm3) and
potassium t-butoxide (1.12 g, 10 mmol) was added. The mixture
was heated under reflux, with stirring, under nitrogen for 60 h. The
solvent was removed, the mixture was diluted with water, acidified
with HCl, then extracted with diethyl ether (3 × 20 cm3). The
organic extracts were dried (MgSO4) and the ether was evaporated
to give 2-(indol-2-yl)benzoic acid (0.23 g, 97%) after trituration
with ether and hexane, mp 156–158 ◦C (lit.,21 155–157 ◦C); dH


9.25 (1H, s), 7.96 (1H, d, 3J 8.2), 7.72 (1H, d, 3J 7.8), 7.62
(2H, m), 7.42 (2H, m), 7.21 (2H, m) and 6.72 (1H, s); dC 136.48
(quat), 133.58 (quat), 132.47, 131.45, 131.03, 128.19 (quat), 127.63,
122.37, 120.53, 119.92, 111.14 and 103.46.


A solution of 2-(indol-2-yl)benzoic acid (0.23 g, 0.97 mmol)
and iodomethane (0.14 g, 1 mmol) in dimethylformamide (15 cm3)
containing potassium carbonate (0.28 g, 2 mmol) was stirred at
room temperature for 24 h. Water (40 cm3) was added and the
product was extracted into ether (3 × 20 cm3). The organic extracts
were washed with water (3 × 10 cm3), dried (MgSO4) then the
solvent was evaporated to give 1 as the sole product.


FVP of a mixture of isoindolo[2,1-a]indol-6-one 1 and methyl
2-(indol-2-yl)benzoate 19


A 30 : 70 mixture of 1 and 19 (0.006 g), was subjected to FVP at
800 ◦C with silica tubes (T i 90–150 ◦C, Prange 0.009–0.012 Torr, t
25 min). NMR analysis of the product indicated that recyclisation
to 1 was complete under these conditions.


2-(2-Hydroxymethylphenyl)indole 22


Lithium aluminium hydride (0.076 g, 2 mmol) was dissolved in
dry THF (10 cm3), and a solution of isoindolo[2,1-a]indol-6-one
1 (0.219 g, 1 mmol) in THF (10 cm3) was added dropwise under
nitrogen. The mixture was heated under reflux, under nitrogen,
with stirring, for 3 h. Wet ether was then added to quench excess
LiAlH4, and the inorganic residue was filtered through Celite.
Water (20 cm3) was added to the filtrate and the product was
extracted into ether (3 × 10 cm3). The organic extracts were washed
with water (3 × 5 cm3), dried (MgSO4) and the solvent was removed
to give a brown oil, which was distilled (Kugelrohr) to give 2-(2-
hydroxymethylphenyl)indole 22 (0.17 g, 76%) as a pale orange
oil, bp 160–162 ◦C (0.8 Torr) (lit.,22 mp 85 ◦C); dH 10.15 (1H, s),
7.68 (1H, d, 3J 7.3), 7.59 (1H, d, 3J 7.7), 7.31 (4H, m), 7.09 (2H,
m), 6.68 (1H, s), 4.67 (2H, s) and 2.21 (1H, s); dC 137.69 (quat),
136.61 (quat), 135.70 (quat), 133.88 (quat), 130.75, 130.09, 129.07,
128.45 (quat), 127.80, 121.87, 120.36, 119.72, 111.23, 101.66 and
65.13 (CH2).


FVP of 2-(2-hydroxymethylphenyl)indole 22


The following optimisation experiments were carried out. 2-
(2-Hydroxymethylphenyl)indole 22 (0.028 g, 0.13 mmol) was
subjected to FVP at 800 ◦C (T i 90–150 ◦C, Prange 0.008–0.013 Torr, t
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35 min). The white solid obtained contained 22, 23 and 24, with an
approximately 3 : 1 ratio of 23 to 24. Repetition of this experiment
at 900 ◦C (0.044 g, 0.2 mmol, T i 90–120 ◦C, Prange 0.008–0.009 Torr,
t 15 min) gave a ca. 1 : 1 mixture of 6H-isoindolo[2,1-a]indole 23
and 5,10-dihydroindeno[1,2-b]indole 24. At 950 ◦C (with silica
tubes inserted in the furnace tube) FVP of 22 (0.023 g, 0.1 mmol,
T i 90–120 ◦C, Prange 0.009–0.012 Torr, t 15 min) gave a pyrolysate
which contained 23 and 24 in 1 : 3 ratio.


On a larger scale, 2-(2-hydroxymethylphenyl)indole 22 (0.104 g,
0.47 mmol) was sublimed into the FVP furnace at 900 ◦C (T i


90–150 ◦C, Prange 0.011–0.017 Torr, t 45 min). The cream–yellow
solid obtained was separated using dry flash chromatography
(dichloromethane, hexane) to give 6H-isoindolo[2,1-a]indole 23
(0.03 g, 31%) mp 214–218 ◦C (lit.,22 209–211 ◦C); dH 7.78 (1H, m),
7.61 (1H, t, 3J 8.1), 7.18 (6H, m), 6.55 (1H, s) and 5.00 (2H, s); dC


144.36 (quat), 141.59 (quat), 134.29 (quat), 133.48 (quat), 133.19
(quat), 130.75, 128.87, 127.45, 123.95, 122.11, 121.91, 121.34,
120.03, 109.65, 91.68 and 48.82 (CH2); m/z 240 (45%), 205 (M+,
33%), 161 (100), 129 (60), 102 (76), 76 (37) and 51 (53) (spectra
compatible with literature data22).


The second component obtained from the column was impure
5,10-dihydroindeno[1,2-b]indole 24 (0.02 g, 21%) mp 230–234 ◦C
(lit.,26 258–259 ◦C); dH 8.34 (1H, s), 7.63 (1H, m), 7.54 (1H, d,
3J 6.6), 7.1–7.5 (6H, m) and 3.73 (2H, s); dC 147.69 (quat), 143.22
(quat), 140.51 (quat), 134.90 (quat), 126.41, 125.35, 124.63, 121.53,
120.05, 118.82, 117.21, 111.96 and 30.83 (CH2) (2 quaternary
signals overlap with impurity peaks in aromatic region); m/z
205 (M+, 100%), 204 (78), 102 (24), 76 (41) and 51 (49) (spectra
compatible with literature data, recorded in a different solvent27).
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The development of broad-spectrum metallo-b-lactamase (MBL) inhibitors is challenging due to
structural diversity and differences in metal utilisation by these enzymes. Analysis of structural data,
followed by non-denturing mass spectrometric analyses, identified thiols proposed to inhibit
representative MBLs from all three sub-classes: B1, B2 and B3. Solution analyses led to the
identification of broad spectrum inhibitors, including potent inhibitors of the CphA MBL (Aeromonas
hydrophila). Structural studies revealed that, as observed for other B1 and B3 MBLs, inhibition of the
L1 MBL thiols involves metal chelation. Evidence is reported that this is not the case for inhibition of
the CphA enzyme by some thiols; the crystal structure of the CphA–Zn–inhibitor complex reveals a
binding mode in which the thiol does not interact with the zinc. The structural data enabled the design
and the production of further more potent inhibitors. Overall the results suggest that the development
of reasonably broad-spectrum MBL inhibitors should be possible.


Introduction


b-Lactamases (BLs) are classified into those employing a nucle-
ophilic serinyl residue (classes A, C and D) and those binding one
or two zinc ions (metallo-b-lactamases, MBLs, class B) at their
active site. Medicinal attention has primarily focused on the serine
BLs, and inhibitors of these enzymes are widely used. However,
MBLs hydrolyze most b-lactam antibiotics and are an increasing
clinical problem (for a review see ref. 1). MBLs can be divided
into three subclasses on the basis of their substrate selectivity.
Sub-classes B1 and B3 display a broad substrate selectivity
whereas sub-class B2 most efficiently hydrolyze carbapenems.2,3 B1
MBLs, including BcII (Bacillus cereus) and IMP-1 (Pseudomonas
aeruginosa), can employ either one or two active site Zn(II) ions,
whereas B3 MBLs, e.g. FEZ-1 (Legionella gormanii) and L1
(Stenotrophomonas maltophilia), are only active with two Zn(II)
ions. The B2 MBL CphA (Aeromonas hydrophilia) is active as
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a mono-zinc protein but is non-competitively inhibited by the
presence of a second Zn(II).4 Crystal and solution structures
of representatives from the three subclasses reveal significant
structural differences in the active site pocket5–7 and in a loop
involved in substrate binding.8,9


The active site metal-binding chemistry and structural vari-
ations make the development of broad-spectrum MBL in-
hibitors challenging. At present, there are no reports of indi-
vidual MBL inhibitors with sub-micromolar K i values against
all three MBL sub-classes; however, such a property will be
highly desirable, if not a prerequisite, for a clinically useful
compound. Thiols are the most studied MBL inhibitors, with
various derivatives having been described (e.g. thiomandelic acid,10


D-captopril,11 6-(mercaptomethyl)penicillinates,12 homocysteinyl-
containing peptides13 and derivatives of mercaptobenzoic acid).14


(±)-Thiomandelic acid (1) and D-captopril (2) are reported to be
potent inhibitors of sub-classes B1 and B3. However, 1 and 2 fail to
potently inhibit members of the B2 sub-class (K i = 144 lM for 1,
and 72 lM for 2), and thus are probably not useful broad-spectrum
inhibitors.


Here we report how the application of MS-based screening
coupled to structural analyses led to the identification of broad-
spectrum inhibitors of clinically relevant metallo-b-lactamases.


Initial screening and assays


With the aim of identifying molecules capable of inhibiting
MBLs from all three sub-classes, we analysed X-ray structures
for representative MBLs from the three sub-classes: BcII (B1),
IMP-1 (B1), CphA (B2), L1 (B3) and FEZ-1 (B3) (Fig. 1).


Based on the structural analyses, selected thiols were then
synthesised (Scheme 1) and screened for binding to representative
MBLs (BcII, CphA and FEZ-1) using electrospray ionisation-MS
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Fig. 1 Superimposition of views derived from the crystal structures of BcII (sub-class B1, orange, PDB code 1BVT),15 IMP-1 (sub-class B1, yellow,
PDB code 1DDK),8 CphA (sub-class B2, blue, PDB code 18XI),5 L1 (sub-class B3, pink, PDB code 1SML)16 and FEZ-1 (sub-class B3, grey, PDB
code 1K07).17 (a) Overall folds and (b) close-up of selected residues at the active sites (nitrogen in blue, oxygen in red and sulfur in orange). The figure
highlights the overall structural similarities between these MBLs, including between the dizinc-binding enzymes (BcII, IMP-1, L1 and FEZ-1) and the
monozinc-binding MBLs (e.g. CphA, in blue). The numbering scheme is that for the BcII enzyme. Figure made using LSQMAN and PyMOL.


under non-denaturing ionisation conditions (Fig. 2). Although
there are limitations to the use of MS for screening for enzyme
inhibitors,18–21 ESI-MS has been productively used to analyse the
binding of inhibitors to MBLs including in dynamic thiol exchange
methodology.14


Compound 3 was prepared in three steps as reported (16%
overall yield)22 (Scheme 1a). a-Mercaptoketone 4 was prepared
from commercially available a-bromoketone (65% overall yield;
all yields unoptimised) (Scheme 1b). a-Bromoketone 16 was


alkylated using potassium thioacetate to give 17, then hydrolysed
to give 4. 5a,b and 8a–c were prepared, using an alternative to
the reported methods,22,23 in three steps from the corresponding
amino acids (overall yields: 12 to 48%) (Scheme 1c). Thus 3-
bromopropionyl chloride was treated with the methyl ester of
suitable amino acid hydrochlorides to give bromides 18–22.
Substitution using potassium thioacetate gave acetylthiolates 23–
27; subsequent hydrolysis of the protecting groups led to the
formation of mercaptocarboxylates 5a,b and 8a–c in moderate


Fig. 2 Deconvoluted ESI-MS spectra under non-denaturing conditions showing a) BcII–Zn2, b) BcII–Zn2 + 3 (1 eq.), c) BcII–Zn2 + 4 (1 eq.),
d) BcII–Zn2 + 5a (1 eq.), e) CphA–Zn, f) CphA–Zn + 3 (1 eq.), g) CphA–Zn + 4 (1 eq.), h) CphA–Zn + 5a (1 eq.), i) FEZ-1–Zn2, j) FEZ-1–Zn2 + 3
(1 eq.), k) FEZ-1–Zn2 + 4 (1 eq.) and l) FEZ-1–Zn2 + 5a (1 eq.). * FEZ-1–Zn2 + methionine (N-terminal ± methionine residue was confirmed by tryptic
digestion followed by MALDI-MS analyses).
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Scheme 1 Reagents and conditions: (a) a) NBS, dibenzoyl peroxide, CCl4, reflux, 1.5 h, 28%; b) AcSK, EtOAc, rt, 14 h, 69%; c) NaOH (1 N), 70 ◦C, 3 h,
82%. (b) a) AcSK, CH2Cl2, rt, 14 h, 94%; b) NaOH (1 N), rt, 6 h, 69%. (c) a) 3-bromopropionyl chloride, NaHCO3 (5% aq.), CH2Cl2, rt, 1–3 h, 22–99%;
b) AcSK, EtOAc, rt, 12 h, 54–99%; c) NaOH (1 N), 70 ◦C, 1.5 h, 88–97%. (d) a) TBDPSCl, imidazole, DMF, rt, 12 h, 65%; b) LiOH, THF–MeOH, 0 ◦C
→ rt, 20 h, 89%; c) (i) (COCl)2, benzene, 0 ◦C, 3 h; (ii) D-proline, Et3N, rt, 18 h, 76%; d) HF·pyridine, THF, rt, 12 h, 50%. (e) a) Et3N, dioxane–H2O,
−10 ◦C → rt, 18 h, 73%. (f) a) NaOH (4 N), AcCl, 0 ◦C, 1 h, 41%. (g) a) b-propiolactone, AcONa, EtOH, 0 ◦C→rt, 15 h, 21%; b) NaOH (1 N), rt, 15 h,
53%.


yields. D-Phenylglycine derivative 8a was obtained as a racemic
mixture in the last deprotection step. Compound 9 was prepared
in two steps from D-phenylalanine methyl ester hydrochloride (22%
overall yield) (Scheme 1d). Protection of commercially available
alcohol 29 using tert-butyldiphenylsilyl chloride (TBDPSCl) and
imidazole to give 30, followed by methyl ester hydrolysis (LiOH)
gave 31 in good yield. Carboxylic acid 31 was converted into
the corresponding acyl chloride (oxalyl chloride), which was then
reacted with D-proline to give carboxylic acid 32 in good overall
yield. Deprotection of the silyl group using fluoridric acid in
pyridine afforded the desired hydroxycarboxylic acid in reasonable
yield. 10 was prepared in one step from D-proline (Scheme 1e).
11 was prepared in two steps from D-phenylalanine methyl ester
hydrochloride (11% overall yield) (Scheme 1g). 12 was prepared


in one step from D-phenylalanine in 41% yield under Schotten–
Baumann conditions (Scheme 1f).24


With the exceptions of 5a and 5b, which were not observed
to bind significantly to CphA and FEZ-1 by ESI-MS under the
applied experimental conditions, two of the tested compounds
(3 and 4, Fig. 3) showed a significant ability to form enzyme–
metal–ligand complexes with all the tested MBLs; CphA–Zn–5a
or 5b and FEZ-1–Zn2–5a or 5b complexes were observed when
an excess of 5a,b was used (data not shown). Thiols 5a,b are less
functionalised derivatives of the reported MBL inhibitors 6 and
7 (see below).8,25 Thiols 3 and 4 formed significant CphA–Zn–
ligand complexes (Fig. 2d,e), but did not induce the binding of
a second zinc ion in the active site of CphA as reported for 1.14


These results implied that the distance between the thiol and the
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Fig. 3 Structures of the thiols and their derivatives under investigation in
this study.


carboxylate groups of inhibitors not only influences the potency of
MBL inhibition by mercaptocarboxylate, as proposed,10 but can
also influence the mechanism of inhibition via modification of the
MBL–metal–ligand stoichiometry, i.e. 1 binds as a CphA–Zn2–
ligand complex but 3 and 4 bind as CphA–Zn–ligand complexes
(at least by MS analyses).


Compounds 3–5 were then screened for inhibition against
MBLs from all three sub-classes (Table 1). Strikingly, 3 and 4 were
found to inhibit all the tested MBLs. 3 is the first reported broad
spectrum MBL inhibitor with K i values <1 lM for all MBLs. 3
(K i = 90 nM) and 4 (K i = 50 nM) were the most potent reported
inhibitors for the monozinc CphA MBL (Table 1).


The results also imply that mercaptocarboxylate compounds
that bind as CphA–Zn complexes rather than CphA–Zn2 com-
plexes are more potent CphA inhibitors; thus, thiol 4, which
appears to bind as a monozinc complex to CphA (by ESI-MS), is
ca. 3000 times more potent than 1, which binds to the CphA MBL
preferentially as a dizinc complex.14 Compounds 5a and 5b were


found to significantly inhibit sub-classes B1 and B3 MBLs but
not the sub-class B2 CphA MBL, in partial agreement with the
ESI-MS studies. For comparison, 6 displays a K i value of 0.3 lM
vs. BcII25 and 7 K i values of 0.1–0.5 lM vs. IMP-1, BcII and L1
(Fig. 3).8


Modelling and NMR studies


To investigate the broad-spectrum nature of the inhibition of 4,
docking studies were carried out with representatives of each
sub-class (IMP-1, CphA and L1). Initially, to test the utility
of the modelling technique, 7 was docked into IMP-1–Zn–78


(with 7 extracted) using different zinc coordination geometries
(data not shown). A close correlation between the structure of
the IMP-1–Zn–7 complex in the reported X-ray structure8 and
the highest scoring docked conformation was obtained using a
tetrahedral geometry for both active site zinc cations. A trigonal
bipyramidal geometry was used for the monozinc CphA based on
the previously reported crystallographic data for the complexed
CphA structure.5 In all cases, the choice of the metal coordination
type of the enzyme as well as the parametrisation of the ligand
(i.e. ionisation state of the thiol/carboxylate groups and the
tautomeric form of the amide bond) were found to be important
for good correlation between the binding mode observed in the
crystal structures and the modelling data. Generally, for dizinc
MBLs, the lowest rms deviations between the MBL–Zn2–ligand
crystal structures and the highest scoring modelled structures
were obtained when using deprotonated SH/CO2H groups and
the amide tautomer form of the inhibitor. Conversely, the use
of deprotonated SH/CO2H and the imidic acid tautomer form
achieved the most consistent results (and the highest docking
scores) for the monozinc CphA. These observations highlight the
influence of the preparation of molecules for docking studies with
metalloenzymes.


Compound 4 was predicted to interact with the dizinc MBLs
(IMP-1 and L1) via a metal bridging chelation involving its thiolate
and a hydrogen-bond between its carbonyl group and the con-
served MBL hydrogen-bond donor region (Fig. 1, Fig. 4a,c). The
proposed bridging metal chelation of 4 is precedented by various
crystallographic and solution studies on dizinc MBLs.7,8,11,17 In
contrast, the modelling studies led to the prediction that both
the thiolate and carbonyl groups of 4 chelate the monozinc ion
CphA (Fig. 4b), indicating a potential for the same inhibitor
to adopt different (predominant) binding modes to different
MBLs. Docking of 3 resulted in a more complex analysis due
to several possible predicted structures for the MBL–3 complexes
(data not shown). However, the results suggested that the key


Table 1 Competitive inhibition constants K i (lM)


B1 B2 B3


Compound IMP-1 BcII CphA L1 FEZ-1


3 0.36 ± 0.01 0.97 ± 0.2 0.09 ± 0.004 0.21 ± 0.01 0.3a


4 0.67 ± 0.09 2.7 ± 0.2 0.05 ± 0.02 0.24 ± 0.01 1a


5a 68 ± 30 5.6 ± 0.3 —b 6.5 ± 2 240 ± 50
5b 7.5 ± 5 37 ± 1 —b 37 ± 0.7 42 ± 1


a IC50. b Not determined.
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Fig. 4 Results of docking studies (using GOLD) of 4 (carbon atoms in grey) complexed with a) IMP-1 (PDB ID: 1DDK),8 b) CphA (PDB ID: 1X8G)5


and c) L1 (PDB ID: 1SML)16 MBLs, highlighting the potential for different binding modes. Results of docking studies (using GOLD) for 5a (carbon
atom in grey) complexed with d) BcII (PDB ID: 1BVT),15 e) CphA (PDB ID: 1X8G)5 and f) L1 (PDB ID: 1SML)16 MBLs. Results of NMR analyses of
the BcII–Zn2 MBL with 5a showing g) the most significantly affected BcII residues (dark blue) by the presence of 5a mapped onto the predicted structure
of BcII–Zn2–5a complex (Fig. 4d) (left panel). This was determined using minimum chemical shift index calculations26 on BcII–Zn2–5a as well as on
BcII–Zn2–5b for comparison (right panels). Superimposition of the results of the docking studies of (h) 5a, 8a, 8b and 8c (carbon atoms are in grey) in
complex with CphA (PDB ID: 1X8G)5 and (i) 5a and 8a,c in complex with L1 (PDB ID: 1SML).16 Only the D-isomer of 8c was tested. The zinc ions are
represented as green spheres. Figure made using PyMOL.
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enzyme–inhibitor interactions involve the carboxylate group of 3
with the conserved hydrogen-bond region (Fig. 1) and its thiolate
group with the two zinc ions. 5a was predicted to bind similarly to
the dizinc MBLs with similar interactions predicted for 3 and 4,
i.e. the C-7 carboxylate of 5a interacting with the MBL hydrogen-
bond donor region and the thiolate with the zinc ions (Fig. 4d
and Fig. 5f). In contrast, when 5a was docked into the monozinc


MBL CphA the results suggested that 5a may chelate to the zinc
cation via its C-7 carboxylate and imidic acid nitrogen (Fig. 4e).
In this mode the C-4 carbonyl of 5a can interact with the side
chains of Asp120 and His118 and the thiolate group is positioned
to make hydrogen bonds with the hydroxyl side chains of Thr119
and Thr157, i.e. not to the zinc ions. Although not precedented by
any structural work on thiol MBL inhibitors, this binding mode is


Fig. 5 a) Active site view from a crystal structure of L1–Zn2 in complex with 5a (carbon atoms in yellow, PDB ID: 2QDT). Only water molecules
(red spheres) forming H-bonds with 5a are shown; the figure highlights the good correlation between the binding mode of 5a to L1–Zn2 from the
crystallographic data (carbon atoms coloured in yellow) and the binding mode for 5a predicted from modelling studies (carbon atoms coloured in grey).
View from the active sites of b) BlaB (PDB ID: 1M2X),27 in complex with 2 (carbon atoms in grey) c) CphA (PDB ID: 2QDS) in complex with 2 (carbon
atoms in grey) and d) Angiotensin Converting Enzyme (ACE) (PDB ID: 1UZF)28 in complex with 2 (carbon atoms in grey). The zinc ions are in green.
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consistent with the reported mode of zinc chelation in the complex
between hydrolysed biapenem and CphA.5


These modelling studies suggested that the inhibition of CphA
may be enhanced by hydrophobic interactions with residues such
as Val67, possibly explaining the lack of significant inhibition of
5a,b (at 100 lM) vs. CphA. Significantly they also suggest that
mercaptocarboxylates do not always inhibit monozinc MBLs via
a thiol–zinc interaction.


To obtain structural information on the binding of 5a,b to the
sub-class B1 MBL and to test the modelling studies, NMR studies
of BcII–Zn2 with 5a and 5b were then carried out. The imidazole
resonances of the metal binding histidine residues (His86, His88,
His149 and His210)6 are useful probes of the effects of inhibitors.
In the absence of inhibitors, relatively sharp resonances were
observed for His86 and His88 and a broad resonance for His210,
but the signal of His149 was too broad to be detected. Titration of
BcII–Zn2 with 5a resulted in a progressive decrease in the intensity
of the imidazole NH signals of the free enzyme and a progressive
increase in a new set of signals assigned to the enzyme–inhibitor
complex (see ESI†). The intensity of the new peaks increased with
the concentration of the inhibitor but their chemical shift was not
affected. This behaviour is typical of a slow exchange between
complexed and free enzyme, as observed for other compounds of
the same class.10


Through the use of 1H–15N HSQC experiments optimized
to detect long range 1H–(C)–15N couplings in the imidazole
ring the resonance assignments for the histidine Hd2 and He1
protons (C–H), along with the Hd1 and He2 (N–H) protons
and the corresponding nitrogens, can be obtained.6 Analysis of
the imidazole resonances for His88 and His210, which belong to
different zinc binding sites, suggests that 5a binds predominantly
in a single conformation, whereas 5b binds in two, or perhaps
three, conformations (see ESI†).


The inhibitor titrations for 5a and 5b reveal that 5a binds more
tightly to BcII than does 5b, an observation consistent with their
respective K i values. The chemical shift changes, in the form of
minimum chemical shift indices,26 indicate that the binding of both
compounds affects residues in the same loops near the active site
(Fig. 4g, right panels). Both 5a and 5b affect backbone amide
resonances corresponding to the loops b6–a2 (84–88), b9–b10
(144–154), b11–a4 (168–188); in general, the minimum chemical
shift difference index is somewhat greater for 5b, particularly for
residues 83–91, 142–149 and 186–192. In terms of the chemical
shift index, Asp90 and Arg91 are some of the BcII residues
most affected by binding of 5a,b, as previously observed for
mercaptocarboxylate inhibitors.10


Compound 5a appears to make significantly more interactions
with the “mobile” b3–b4 BCII loop, compared to 5b (Fig. 4g,
left panel). Potent MBL inhibition has already been linked to the
ability of an inhibitor to induce the b3–b4 loop closure.8,9 5a but
not 5b was observed to make a significant interaction with Val39
from the b3–b4 loop in solution, consistent with the modelling
studies (Fig. 4d) and with our hypothesis for the design of 5a
derivatives, i.e. the increase of the interactions with this conserved
hydrophobic region.


Compound 5a apparently makes significant interactions with
metal-coordinating histidines at both zinc coordination sites,
and therefore its binding likely involves the previously observed
bridging interaction between its thiolate and the two zincs. 5a also


interacts significantly with the b3–b4 loop and the MBL conserved
hydrophobic region, probably via its Ca methyl group.


Derivatives of 5a


We then sought to identify more potent inhibitors. Superimposi-
tion of the predicted L1–Zn2–5a complex with the IMP-1, BcII,
CphA and FEZ-1 crystal structures revealed that (i) the methyl
group of 5a could be positioned to make an interaction with the
hydrophobic region conserved in all MBL active sites (Fig. 1) and
(ii) derivatisation of 5a at the C-2 and/or C-3 positions (such as
in compounds 6 and 7) would likely lead to structural clashes
with the sub-class B2 CphA active site. These analyses prompted
preparation of derivatives of 5a with bulkier hydrophobic groups
at C-6; it was proposed that increasing the hydrophobicity at
the C-6 position as well as restricting substitution at the C-
2/C-3 positions would increase the potency vs. the B1 and
B3 sub-classes and activity vs. the CphA MBL. Starting from
the appropriate amino acids, 8a–c (Fig. 3) were synthesised in
three steps from DL-phenylglycine, D-phenylalanine and D-valine,
respectively (Scheme 1c).


Compounds 8a–c inhibited all the MBLs tested with K i values
as low as 19 nM (Table 2). CphA was also inhibited by 8a–c with
K i values in the low micromolar range, i.e. these compounds are
up to 20 times more potent at inhibiting CphA than 2. ESI-MS
analyses (see ESI†) conducted with 8a–c and CphA also indicated
the preferential formation of CphA–Zn–ligand complexes (and
not CphA–Zn2–ligand such as observed with 1), supporting the
importance of the monozinc-binding inhibition mode for potent
inhibition of the CphA MBL by this thiol series (8a–c were up to
40 times more potent than 1 vs. CphA).


To investigate how 8a–c bind to MBLs, with both one and two
active site zinc ions, further modelling analyses were then carried
out. On this basis, all derivatives 8a–c were predicted (i) to interact
with the zinc ions through chelation of the thiolate function (except
for CphA), (ii) to have a near-superimposable backbone with the
lead molecule 5a, (iii) to interact with the conserved hydrophobic
region of the MBL active sites (Fig. 1) and (iv) to have a similar
binding mode vs the dizinc enzymes BcII, IMP-1, L1 and FEZ-1
(Fig. 4h). The docking of 8a–c with monozinc CphA resulted in
high docking scores and suggested a near-identical binding mode
to that of 5a to CphA, i.e. without a thiol–metal interaction, with
an apparent increase in the hydrophobic interactions with the side
chain of Val67 (Fig. 4i).


Crystallographic analyses


To investigate the inhibition mechanism of 5a,b and derivatives
8a–c as well as to further test the modelling studies, we then co-
crystallised 5a in complex with the sub-class B3 L1 MBL (Fig. 5a).


Table 2 Competitive inhibition constants K i (lM)a


Compound IMP-1 BcII CphA L1


8a 0.019 ± 0.002 7.7 ± 0.7 5.7 ± 2.0 1.8 ± 0.4
8b 0.088 ± 0.010 0.85 ± 0.08 15.0 ± 5.0 0.96 ± 0.08
8c 0.063 ± 0.009 0.32 ± 0.01 3.6 ± 0.3 0.082 ± 0.002


a For experimental conditions see Kinetic analyses section below.
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Analysis of the interactions between 5a and the L1 enzyme active
site showed that the inhibitor thiolate bridges the two Zn(II) ions
(S−–Zn1 = 2.3 Å; S−–Zn2 = 2.4 Å). The 5a inhibitor carboxylate
group is positioned to form a hydrogen-bond with the Ser225 side
chain (2.6 Å). Hydrophobic contacts apparently occur between
the inhibitor methyl group in C-6 and His263 (4.1 Å) and Trp39
(4.2 Å), and between C4–C7 and the side chains of His118 (3.7 Å),
Phe156 (4.1 Å) and Pro227 (3.5 Å). Furthermore, the crystal
structure of L1–Zn2–5a is in agreement with and supports the
docking studies (Fig. 5a).


There is no reported X-ray diffraction study on the mode
of binding of thiols to mono-zinc MBLs. To gain insight into
the proposed binding mode of thiols such as 5a,b and 8a–c
with the monozinc CphA MBL, where the modelling analyses
suggested that the thiol does not chelate to the zinc, we attempted
crystallisation of CphA–ligand complexes. We were able to obtain
crystals of CphA–Zn in complex with 2, which diffracted to 1.7 Å
resolution (Fig. 1c). As revealed from the crystal structure of BlaB–
Zn2–2 complex (Chryseobacterium meningosepticum),27 2 acts as
an inhibitor of sub-class B1 di-zinc MBLs with bridging of its
thiolate group between the two active site metal ions (Fig. 5b), as
previously established for other thiolate inhibitors.7,8 2 has also the
ability to interact with monozinc enzymes via its thiolate group as
reported with an Angiotensin Converting Enzyme (ACE)–Zn–2
crystal structure in which the thiolate function occupies the single
tetrahedral coordination site left by the zinc-binding triad residues
(Fig. 5d).28


In contrast to the crystal structures of the L1–Zn2–5a complex
(Fig. 5a) and the BlaB–Zn2–2 complex (Fig. 5b) and in agreement
with the modelling predictions (Fig. 4h), the binding of 2 in the
crystalline state was not by chelation to the zinc ion. Instead
the main metal interactions between 2 and the monozinc CphA
occur through the inhibitor carboxylate group, which coordinates
a tetrahedrally cooordinated zinc ion (O2–Zn 2.1 Å) (Fig. 5c).
The carboxylate O1 of 2 is positioned to hydrogen-bond with
the side chains of His196 (3.1 Å) and Asn233 (2.7 Å). These
residues approach the carboxylate group upon inhibitor binding
via “closure” of the mobile loop, observed previously for the CphA
enzyme.5 The sulfhydryl group of 2 likely forms hydrophobic
contacts with Phe156 (3.6 Å) and the side chain of Arg233 (3.8 Å)
as well as with Trp87 (3.9 Å), Leu161 (3.9 Å) and Val67 (4.0 Å). It
is notable that, in contrast to the data for the Zn(II) complex
reported here, evidence from EXAFS and PAC indicates that
in the Cd(II)-substituted form of CphA, 2 appears to bind the
zinc ion preferentially via its thiolate group.11 Inhibitors such as
Enalapril or Lisinopril (non-thiol analogues of 2) are reported to
interact with the active site zinc ion of ACE via their carboxylate
group, which occupies a similar position relative to the metal as
the sulfhydryl group of 2 in complex with ACE–Zn.29 It therefore
seems likely that mercaptocarboxylate inhibitors of zinc hydrolases
can interact with the zinc ion(s) of their target enzymes via either
their carboxylate or their thiolate groups. It cannot be excluded
that the mode of binding of 2 to CphA is influenced by the
experimental conditions, i.e. higher pH values may favor sulfhydryl
group ionisation, leading to better interaction with the metal ion.


To investigate the importance of the thiol group of 2 for inhibi-
tion of CphA and to test the results obtained by crystallographic
studies, non-thiol derivatives of 2 were then synthesised (Fig. 3,
and Scheme 1 compounds 9 and 10) and tested for inhibition


of CphA and IMP-1. Similarly, non-thiol derivatives of 8b were
also synthesised (Fig. 3 and Scheme 1 compounds 11 and 12) and
screened under the same conditions.


Compound 9 retained a significant level of inhibition of the
CphA MBL (K i = 189 ± 12 lM), suggesting that the thiol group
of 2 is not essential for the inhibition of CphA, in support of
the crystallographic and modelling studies, indicating the thiol
of 2 does not chelate to the zinc. In contrast, 9 was inactive (at
100 lM) against IMP-1, demonstrating that the replacement of
the thiol group of 2 is detrimental to the inhibition of IMP-1,
consistent with the apparently general mechanism of inhibition
of the sub-classes B1 and B3 involving a thiol–zinc chelation. No
inhibition was observed when 11 and 12 (at 100 lM) were tested
against CphA and IMP-1, possibly reflecting the necessity of the
thiolate group for potent inhibition of both monozinc and dizinc
MBLs.


Conclusions


This work has demonstrated that it should be possible to develop
individual compounds that are potent inhibitors of all three MBL
sub-classes. An important structural point that has arisen is that
the same compound may bind in different modes to different MBL
sub-classes whilst still retaining inhibition activity. Specifically,
crystallographic analyses revealed that whilst mercaptocarboxy-
late was observed to bind to the zinc ion via its thiolate group in
the cases of the B1 and B3 sub-classes, for the B2 sub-class this
binding mode was not observed. Instead, for the B2 CphA enzyme
the thiolate group of 2 was observed to bind to the alcohol side
chains of Thr119 and Thr157. In some cases, whether or not the
thiol inhibitors preferentially bind with one or two zinc ions can be
important to the potency of inhibitor observed. Thus, compounds
that interact preferentially with monozinc CphA–Zn appear to be
more potent than those that induce binding of a second zinc to
give CphA–Zn2 complexes (e.g. thiomandelate). The useful role
of non-denaturing ESI-MS in rapidly providing data on metal
binding stoichiometry, data that is often not easily obtained for
metallo-proteins, is highlighted in this aspect of the work.


Overall, although the work reveals further complexities in the
way that (thiol) inhibitors bind to different MBL sub-classes, it
also suggests that utilisation of different binding modes for the
same inhibitor binding to different MBL sub-classes may be a
productive route to achieving potent broad-spectrum inhibition.


Experimental


Crystallography


Crystallizations of the wildtype CphA and L1 were performed
as described.5,16 The CphA–Zn–2 and L1–Zn–5a complexes were
obtained by incubation (24 hours) of protein crystals in a drop
of reservoir in which an excess of 2 or 5a was added. Before data
collection, crystals were transferred to a cryoprotectant solution
(reservoir solution containing 20% (v/v) glycerol), then mounted
rapidly in loops and flash-cooled. X-Ray data for the CphA–2
and L1–5a complexes were collected at the beamline BM30A of
the European Synchrotron Radiation Facility (Grenoble, France)
and in-house using a Nonius FR591 rotating anode X-ray
generator coupled to a Mar Research Imagine Plate detector,
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respectively. Data were processed using the CCP4 programs (Table
S1†).30 Initial phases for the CphA–Zn–2 and L1–Zn–5a complex
structures were generated by molecular replacement using the
structure of the wildtype CphA and L1, respectively, as starting
models (PDB accession code 1X8G and 1SML). Refinement was
carried out using Coot31 and REFMAC (CCP4). The calculation
of the first (F o − F c) electron density map clearly showed the
presence of the inhibitor molecules in the active site. Inhibitors
were modelled in the map after most of the protein main chain
and side chain atoms and most of water molecules were built
and refined. Conformational torsion-angle restraints and charges
assignments for the 2 and 5a were obtained using CCP4i Libcheck.
Data collection and refinement statistics are shown in Table S1†.
Coordinates and structure factors have been deposited with the
Protein Data Bank32 with accession codes 2QDS and 2QDT.


NMR


Singly labelled (15N) BcII protein used in all the NMR experiments
was expressed and purified as described previously.6 Sequence-
specific resonance assignments for the BcII enzyme were obtained
by using triple resonance experiments and will be published
elsewhere. All NMR experiments were carried out in 20 mM
MES, 100 mM NaCl, 0.2 mM ZnCl2, pH 6.4 at 298 K. Samples
of the inhibitor–enzyme complexes were prepared by addition of
microlitre volumes of inhibitor solutions (100–200 mM in MES
buffer). 1D 1H and 2D 1H–15N heteronuclear single quantum
coherence (HSQC) spectra were used to establish when the
complex was fully formed. The NMR spectra were obtained
by using Bruker Avance DRX or DMX 600 MHz instruments.
1D 1H spectra were obtained by using a water flip-back pulse
combined with Watergate.33,34 Backbone NH resonances were
observed by 1H–15N HSQC with States TPPI and Watergate.
The imidazole 15N(C)H resonances were observed by 1H–15N
HSQC (heteronuclear single quantum coherence) as previously
described.6 In the absence of resonance assignments for the
inhibitor complexes, residues affected by inhibitor binding were
identified by using minimum chemical shift approach. Here, the
chemical shift difference between an amide cross-peak in the
1H–15N HSQC spectrum of the free protein (whose assignment
is known) and the position of the nearest cross-peak in the
corresponding spectrum of the enzyme–inhibitor complex is
calculated. The 1H and 15N chemical shift differences, DH and DN,
between each pair of cross-peaks provide the minimum chemical
shift index based on the following formula:35


Whereas the true values of the chemical shift changes may be
underestimated, the pattern of interactions observed by this
approach has been found in a number of systems to be similar
to the pattern seen when assignments are available for both free
enzyme and the complex.26,36


Kinetic analyses


Solution of 5a and 5b were prepared as 10 mM DMSO solutions
before dilution with 20 mM HEPES buffer pH 7.0 containing
20 lg mL−1 BSA (and 100 lM ZnCl2 where indicated). Tests


verified that the low concentrations of DMSO present had no
inhibition effects; the rate remained the same upon addition
of 1% DMSO. The inhibitors 3, 4, 8a–c were prepared as
100 lM stock solutions directly into the buffer used. For these
inhibitors the buffer was 20 mM PIPES buffer pH 6.0 containing
20 lg mL−1 BSA (and 100 lM ZnCl2 where indicated). BcII, IMP-
1, CphA, L1 and FEZ-1 enzymes were used at fixed concentrations
between 0.03 and 0.7 nM. The enzyme and inhibitor were pre-
incubated, when found to be necessary (see optimisation below),
at room temperature before the substrate was added. Substrate
concentrations were varied between 20 and 200 lM at a minimum
of 2 inhibitor concentrations and in its absence. Hydrolysis of
imipenem and nitrocefin was monitored by following the variation
in absorbance at 300 nm or 482 nm respectively, using a Uvikon
860 spectrophotometer connected to a computer via a RS232 serial
interface. Cells of 2 mm or 10 mm path length were used depending
on substrate concentration. The experiments were performed at
30 ◦C and initial rate conditions were used to study the inhibition
with imipenem or nitrocefin using the Hanes linearisation of the
Henri–Michaelis equation and the KaleidaGraph 3.5 programme.
Since the FEZ-1 MBL did not show competitive inhibition
with these inhibitors, the IC50 was determined at a substrate
concentration of 200 lM nitrocefin.


To optimise preincubation times, an appropriate amount of
enzyme was incubated with 100 lM inhibitor in a total volume of
5 mL in 10 mM HEPES buffer pH 7.0 (containing 100 lM ZnCl2


with all enzymes except for CphA) at 30 ◦C. Samples of 490 lL
were removed at various time intervals, 10 lL of 5 mM imipenem
or nitrocefin was added and the activity measured at 30 ◦C.


Docking experiments


The program GOLD37 (version 3.0) was used for docking analyzes.
In GOLD, metal ions are considered to bind to hydrogen
bond acceptors in the ligand. Coordination points are added at
points around the metal, where coordination sites are missing.
Tetrahedral and trigonal bipyramidal geometries were used for
zinc metals in dizinc and monozinc MBLs respectively. These
coordination points can then bind to acceptor atoms in the ligand.
The ligands were prepared using MarvinSketch.38 The proteins
were prepared for docking using WHAT IF.39 This online program
generates proteins with the correct input for docking programs
such as GOLD. All water molecules and ligands were removed
from the proteins. For the dizinc MBLs the binding site of the
ligands was defined as a 20 Å sphere centered at the zinc ion
that is coordinated by the triad of zinc-binding histidine residues
and default settings were applied. For CphA, the binding site was
defined as a 20 Å sphere centered at the single zinc ion.


ESI-MS under mild ionisation conditions


Samples were desalted using a Microcon YM-10 (cut-off = 10 000
Da) centrifugal filters (Millipore, Bedford MA, USA) in 15 mM
NH4Ac buffer (pH 7.5). Seven dilution/concentration steps were
performed at 4 ◦C and 14 000 g. The stock enzyme solution was
diluted in NH4OAc buffer to a final concentration of 100 lM. Prior
to each experiment, individual thiols were freshly dissolved in
DMSO at a final concentration of 100 mM. Each thiol was then
diluted to 100 lM in 15 mM ammonium acetate buffer pH 7.5.
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Samples were prepared by mixing the thiols and enzyme to a
final concentration of 15 lM. An aliquot of this mixture was
placed in a 96-well plate and analysed. ESI-MS analyses used a Q-
TOF mass spectrometer (Q-TOFmicro Micromass, Altrincham,
UK) interfaced with a NanoMateTM chip-based nano-ESI source
(Advion Biosciences, Ithaca, NY, USA). Samples were infused
to the Q-TOF through the ESI chip (estimated flow rate ca. 100
nL min−1). Typically a spraying voltage of 1.70 ± 0.1 kV depending
on the “sprayability” of the sample and a sample pressure of
0.25 psi were applied. The instrument was equipped with a
standard Z-spray source block. Clusters of Cs(n+1)In (1 mg mL−1


CsI in 100% methanol) were used for calibration. Calibration and
sample acquisitions were performed in the positive ion mode in
the range of m/z 500–5000. Operating conditions for the mass
spectrometer were: sample cone voltage 50 V, source temperature
40 ◦C. Acquisition and scan time were 30 s and 1 s, respectively.
The pressure at the interface between the atmospheric source and
the high vacuum region was fixed at 6.6 mbar (measured with the
roughing pump Pirani gauge) by throttling the pumping line using
an Edwards Speedivalve to provide collisional cooling.


Synthesis


General. All solvents used were either anhydrous solvents
purchased from Aldrich (Sigma-Aldrich Chemical Co., Dorset,
UK) or dried by passing over an alumina column under nitrogen
pressure. Reagents were used as obtained from commercial sources
unless otherwise stated. Measurement of pH was carried out
using Prolabo RotaTM pH 1–10 paper. Flash chromatography
was performed using silica gel (0.125–0.25 mm, 60–120 mesh)
as the stationary phase. Thin layer chromatography (TLC) was
performed on aluminium plates pre-coated with silica gel (Merck
silica gel 60 F254), which were visualized by the quenching of
UV fluorescence (using an irradiation wavelength k = 254 nm),
and/or by staining with iodine or 10% ammonium molybdate
in 2 M sulfuric acid, followed by heating. Melting points were
obtained using a Büchi 510 Cambridge Instruments Gallen III
hot stage melting point apparatus. Infrared (IR) spectra were
recorded as thin films between NaCl plates or as KBr discs on a
Tensor 27 FT-IR Brüker spectrometer. Only selected absorbances
are reported. Proton magnetic resonance spectra (1H NMR) were
recorded on a Bruker DPX 250 (250 MHz), Bruker DQX 400
(400 MHz), or Bruker AMX500 (500 MHz) spectrometers at am-
bient temperature. 1H NMR spectral assignments are supported
by 1H–1H COSY experiments where necessary. Coupling constant
values (J) are reported to the nearest 0.5 Hz. Carbon magnetic
resonance spectra (13C NMR) were recorded on a Bruker DPX 250
(62.9 MHz), Bruker DQX 400 (100.6 MHz) or Bruker AMX500
(125.8 MHz) spectrometers at ambient temperature. 13C NMR
assignments were made using DEPT-135 along with HMQC, and
HMBC correlation experiments. High-resolution mass spectra
were recorded on a VG Autospec spectrometer by chemical
ionization or on a Micromass LCT electrospray ionization mass
spectrometer operating at a resolution of 5000 full width half
height. High performance liquid chromatography (HPLC) used
a Waters 996 photodiode array detector, a Waters 600E system
controller and a Waters 717 plus autosampler, with a Phenomenex
Synergy 4 l MAX RP80A (250 × 4.60 mm) column for analytical


HPLC and a Phenomenex Luna 5 l C18 (250 × 4.60 mm) column
for preparative HPLC.


Methyl 3,5-bis(bromomethyl)benzoate (14). Prepared as previ-
ously described.22 M.p. 96–97 ◦C (lit.22 100–101 ◦C); 1H NMR
(400 MHz, CDCl3): d = 8.01 (d, 2H, J = 1.5 Hz, 2 × ArCH),
7.63 (s, 1H, ArCH), 4.51 (s, 4H, 2 × CH2), 3.94 ppm (s, 3H,
CH3); 13C NMR (100.6 MHz, CDCl3): d = 165.9 (C=O), 138.9
(2 × ArC), 133.9 (ArCH), 131.4 (ArC), 130.0 (2 × ArCH), 52.4
(OCH3), 31.9 (2 × CH2) ppm; HRMS (CI+): [M + NH4]+ calcd.
for C10H14NO2


79Br81Br, 339.9371; found, 339.9377.


Methyl 3,5-bis[(acetylsulfanyl)methyl]benzoate (15). Prepared
as previously described.40 1H NMR (400 MHz, CDCl3): d = 7.84
(d, 2H, J = 1.5 Hz, 2 × ArCH), 7.41 (s, 1H, ArCH), 4.12 (s,
4H, 2 × CH2), 3.91 (s, 3H, CH3), 2.36 ppm (s, 6H, 2 × CH3);
13C NMR (100.6 MHz, CDCl3): d = 194.7 (2 × CH3C=O), 166.5
(ArC=O), 138.6 (2 × ArC), 133.7 (ArCH), 130.9 (ArC), 128.9 (2 ×
ArCH), 52.3 (OCH3), 32.9 (2 × CH2), 30.4 ppm (2 × CH3CO);
HRMS (ES+): [M + NH4]+ calcd. for C14H20NO4S2, 330.0834;
found, 330.0833.


3,5-Bis(sulfanylmethyl)benzoic acid (3). Prepared as previ-
ously described.22 M.p. 121–123 ◦C (lit.22 133 ◦C); 1H NMR
(400 MHz, DMSO-d6): d = 7.90 (d, 2H, J = 1.5 Hz, 2 × ArCH),
7.59 (s, 1H, ArCH), 3.80 (s, 4H, 2 × CH2); 13C NMR (125.8 MHz,
DMSO-d6): d = 167.1 (C=O), 142.4 (2 × ArC), 132.5 (ArCH),
131.1 (ArC), 127.5 (2 × ArCH), 27.3 ppm (2 × CH2); MS (ES−):
m/z (%): 213 (100) [M − H]−.


(S)-(2-Oxo-2-phenylethyl) ethanethioate (17). Prepared as pre-
viously described.40 1H NMR (400 MHz, CDCl3): d = 8.01–7.98
(m, 2H, 2 × ArCH), 7.63–7.58 (m, 1H, ArCH), 7.51–7.47 (m,
2H, 2 × ArCH), 4.41 (s, 2H, CH2), 2.41 ppm (s, 3H, CH3); 13C
NMR (100.6 MHz, CDCl3): d = 194.2 (C=O), 193.2 (C=O), 135.5
(ArC), 133.8 (ArC), 128.8 (2 × ArCH), 128.5 (2 × ArCH), 36.7
(CH2), 30.3 ppm (CH3); MS (ES+): m/z (%): 195 (100) [M + H]+.


1-Phenyl-2-sulfanylethanone (4). An aqueous solution of 1 N
NaOH (8.25 mL, 8.25 mmol, 4 eq) was added to 17 (400 mg,
2.06 mmol, 1 eq) under a nitrogen atmosphere. The resulting
mixture was stirred at 22 ◦C for 6 h. The reaction mixture was
acidified with HCl (10 N) and extracted with EtOAc (2 × 20 mL).
The combined organic extracts were washed with brine (2 ×
20 mL), dried over MgSO4 and the solvent removed under reduced
pressure. Purification by flash chromatography using a mixture
of CH2Cl2–petroleum ether (40–60)–AcOH (20 : 80 : 1) as eluent
afforded 216 mg (69%) of 4 as a colourless oil. 1H NMR (400 MHz,
CDCl3): d = 7.98–7.96 (m, 2H, 2 × ArCH), 7.63–7.59 (m, 1H,
ArCH), 7.52–7.48 (m, 2H, 2 × ArCH), 3.98 (d, 2H, J = 7.5 Hz,
CH2), 2.15 ppm (t, 1H, J = 7.5 Hz, SH); 13C NMR (100.6 MHz,
CDCl3): d = 194.8 (C=O), 135.0 (ArC), 133.7 (ArC), 128.9 (2 ×
ArCH), 128.5 (2 × ArCH), 31.2 ppm (CH2); HRMS (CI+): [M +
H]+ calcd. for C8H9OS, 153.0374; found, 153.0370.


(R)-Methyl 2-(3-bromopropanamido)-3-phenylpropanoate (18).
Prepared as previously described.41 IR mmax (film): 3055, 2953,
1739 (C=O), 1681 (C=O), 1266, 739 cm−1; 1H NMR (400 MHz,
CDCl3): d = 6.19 (brs, 1H, NH), 4.64 (p, 1H, J = 7 Hz, CHa),
3.77 (s, 3H, OCH3), 3.66–3.63 (m, 2H, CH2), 2.81–2.78 (m, 2H,
CH2), 1.44 ppm (d, 3H, J = 7.0 Hz, CH3); 13C NMR (100.6 MHz,
CDCl3): d = 173.8 (C=O), 169.5 (C=O), 53.0 (OCH3), 48.6 (CHa),
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39.9 (CH2), 27.4 (CH2), 19.0 ppm (CH3); HRMS (ES+): [M + H]+


calcd. for C7H13NO3Br, 238.0079; found, 238.0081.


(R)-Methyl 2-(3-(acetylthio)propanamido)propanoate (23).
Prepared as previously described.40 IR mmax (film): 3055, 2987,
1742 (C=O), 1686 (C=O), 1266, 739 cm−1; 1H NMR (400 MHz,
CDCl3): d = 6.20 (brs, 1H, NH), 4.59 (p, 1H, J = 7.5 Hz, CHa),
3.74 (s, 3H, OCH3), 3.13 (t, 2H, J = 7 Hz, CH2), 2.52 (t, 2H, J =
7 Hz, CH2), 2.32 (s, 3H, CH3COS), 1.40 ppm (d, 3H, J = 7.5 Hz,
CH3b); 13C NMR (100.6 MHz, CDCl3): d = 196.0 (C=O), 173.4
(C=O), 170.1 (C=O), 52.5 (OCH3), 48.1 (CHa), 36.0 (CH2), 30.6
(CH3COS), 24.7 (CH2), 18.4 ppm (CH3b); HRMS (ES+): [M +
H]+ calcd. for C9H16NO4S, 234.0800; found, 234.0802.


(R)-2-(3-Mercaptopropanamido)propanoic acid (5a). Prepared
as previously described.23 M.p. 78–79 ◦C (lit.23 79–81 ◦C); 1H NMR
(250 MHz, CD3OD): d = 4.41 (q, 1H, J = 7.5 Hz, CHa), 2.82–
2.78 (m, 2H, CH2), 2.57–2.54 (m, 2H, CH2), 1.42 ppm (d, 3H, J =
7.5 Hz); MS (ES−): m/z (%): 176 (100) [M − H]−; [a]25


D = +39
(MeOH, c = 0.5).


(S)-2-(3-Mercaptopropanamido)propanoic acid (5b). 5b and its
reaction intermediates (19 and 24) were obtained following the
same procedure that leading to 5a. All analytical data for 5b were
identical to that of 5a with the exception of the optical rotation
(−39.5 (MeOH, c = 0.5)).


(R)-Methyl 2-(3-bromopropanamido)-2-phenylacetate (20).
Prepared as previously described.41 M.p. 61–62 ◦C; IR mmax (film):
3019, 1741 (C=O), 1679 (C=O), 1216, 756 cm−1; 1H NMR
(400 MHz, CDCl3): d = 7.38–7.33 (m, 5H, 5 × ArCH), 6.73 (d,
1H, J = 7 Hz, NH), 5.60 (d, 1H, J = 7 Hz, CHa), 3.74 (s, 3H,
OCH3), 3.61 (t, 2H, J = 7 Hz, CH2), 2.90–2.76 ppm (m, 2H,
CH2); 13C NMR (100.6 MHz, CDCl3): d = 171.2 (C=O), 169.0
(C=O), 136.2 (ArC), 129.0 (2 × ArCH), 128.6 (ArCH), 127.3
(2 × ArCH), 56.5 (CHa), 52.9 (OCH3), 39.3 (CH2), 26.8 ppm
(CH2); HRMS (ES+): [M + H]+ calcd. for C12H15NO3Br, 300.0235;
found, 300.0226; [a]25


D = −145 (CHCl3, c = 0.45).


(R)-Methyl 2-(3-(acetylthio)propanamido)-2-phenylacetate (25).
Prepared as previously described.40 M.p. 48–50 ◦C; IR mmax (film):
1741 (C=O), 1684 (C=O), 909, 734 cm−1; 1H NMR (400 MHz,
CDCl3): d = 7.34 (m, 5H, 5 × ArCH), 6.69 (d, 1H, J = 7 Hz,
NH), 5.57 (d, 1H, J = 7 Hz), 3.72 (s, 3H, OCH3), 3.11 (t, 2H, J =
7 Hz, CH2), 2.56 (m, 2H, CH2), 2.30 ppm (s, 3H, CH3COS); 13C
NMR (100.6 MHz, CDCl3): d = 196.0 (C=O), 171.2 (C=O), 170.1
(C=O), 136.3 (ArC), 129.0 (2 × ArCH), 128.6 (ArCH), 127.3 (2 ×
ArCH), 56.4 (CHa), 52.8 (OCH3), 35.9 (CH2), 30.5 (CH3COS),
24.6 ppm (CH2); HRMS (ES+): [M + H]+ calcd. for C14H18NO4S,
296.0957; found, 296.0959; [a]25


D = −124 (CHCl3, c = 0.10).


(RS)-2-(3-Mercaptopropanamido)-2-phenylacetic acid (8a).
Prepared as previously described.23 M.p. 105–108 ◦C (lit.42 102–
106 ◦C); 1H NMR (250 MHz, CD3OD): d = 7.49–7.34 (m, 5H,
5 × ArCH), 5.48 (s, 1H, CHa), 2.78–2.69 (m, 2H, CH2), 2.67–
2.56 ppm (m, 2H, CH2); MS (ES−): m/z (%): 238 (30) [M −
H]−.


(R)-Methyl 2-(3-bromopropanamido)-3-phenylpropanoate (21).
Prepared as previously described.41 M.p. 54–55 ◦C; IR mmax (film):
3056, 2954, 1743 (C=O), 1665 (C=O), 1266, 738 cm−1; 1H NMR
(400 MHz, CDCl3): d = 7.30–7.24 (m, 3H, 3 × ArCH), 7.13–


7.11 (m, 2H, 2 × ArCH), 6.24 (d, 1H, J = 7 Hz, NH), 4.92 (m,
1H, CHa), 3.73 (s, 3H, OCH3), 3.59 (m, 2H, CH2), 3.16 (AA’B,
dd, 1H, J = 14 Hz, J = 5.5 Hz, CH2b), 3.09 (AA′B, dd, 1H,
J = 14 Hz, J = 5.5 Hz, CH2b), 2.76 ppm (m, 2H, CH2); 13C
NMR (100.6 MHz, CDCl3): d = 171.9 (C=O), 169.2 (C=O), 135.7
(ArC), 129.3 (2 × ArCH), 128.6 (2 × ArCH), 127.2 (ArCH), 53.2
(CHa), 52.4 (OCH3), 39.4 (CH2), 37.8 (CH2b), 27.0 ppm (CH2);
HRMS (ES+): [M + H]+ calcd. for C13H17NO3Br, 314.0392; found,
314.0390.


(R)-Methyl 2-(3-(acetylthio)propanamido)-3-phenylpropanoate
(26). Prepared as previously described.40 IR mmax (film): 3055,
2987, 1743 (C=O), 1686 (C=O), 1266, 737 cm−1; 1H NMR
(400 MHz, CDCl3): d = 7.27 (m, 3H, 3 × ArCH), 7.10 (m, 2H, 2 ×
ArCH), 6.02 (d, 1H, J = 7.5 Hz, NH), 4.89 (m, 1H, CHa), 3.73 (s,
3H, OCH3), 3.12 (m, 4H, 2 × CH2), 2.49 (m, 2H, CH2), 2.32 ppm (s,
3H, CH3COS); 13C NMR (100.6 MHz, CDCl3): d = 196.0 (C=O),
171.9 (C=O), 170.2 (C=O), 135.7 (ArC), 129.3 (2 × ArCH), 128.6
(2 × ArCH), 127.2 (ArCH), 53.1 (CHa), 52.4 (OCH3), 37.8 (CH2),
36.0 (CH2), 30.6 (CH3COS), 24.7 ppm (CH2); HRMS (ES+): [M +
H]+ calcd. for C15H20NO4S, 310.1113; found, 310.1104.


(R)-2-(3-Mercaptopropanamido)-3-phenylpropanoic acid (8b).
Prepared as previously described.23 M.p. 102–104 ◦C (lit.23 106–
107 ◦C); 1H NMR (250 MHz, CD3OD): d = 7.30–7.25 (m, 5H,
5 × ArCH), 4.75–4.69 (m, 1H, CHa), 3.29–3.20 (m, 1H, CH2b),
2.97 (dd, 1H, J = 9.5 Hz, J = 14 Hz, CH2b), 2.64 (m, 2H, CH2),
2.46 (m, 2H, CH2); MS (ES−): m/z (%): 253(100) [M − H]−; [a]25


D =
−10.0 (MeOH, c = 0.5).


(R)-Methyl 2-(3-bromopropanamido)-4-methylpentanoate (22).
Prepared as previously described.41 IR mmax (film): 3055, 2960,
1742 (C=O), 1677 (C=O), 1266, 740 cm−1; 1H NMR (400 MHz,
CDCl3): d = 6.10 (d, 1H, J = 7.5 Hz, NH), 4.70–4.66 (m, 1H,
CHa), 3.74 (s, 3H, OCH3), 3.64–3.62 (m, 2H, CH2), 2.83–2.81 (m,
2H, CH2), 1.68–1.66 (m, 2H, CH2), 1.57–1.56 (m, 1H, CH), 0.95–
0.94 ppm (m, 6H, 2 × CH3); 13C NMR (100.6 MHz, CDCl3): d =
173.4 (C=O), 169.4 (C=O), 52.4 (OCH3), 50.8 (CHa), 41.7 (CH2),
39.5 (CH2), 27.1 (CH2), 24.8 (CH), 22.8 (CH3), 21.9 ppm (CH3);
HRMS (ES+): [M + H]+ calcd. for C10H19NO3Br, 280.0548; found,
280.0540.


(R)-Methyl 2-(3-(acetylthio)propanamido)-4-methylpentanoate
(27). Prepared as previously described.40 IR mmax (film): 3055,
2960, 1742 (C=O), 1685 (C=O), 1266, 739 cm−1; 1H NMR
(400 MHz, CDCl3): d = 6.02 (d, 1H, J = 8 Hz, NH), 4.66–4.61 (m,
1H, CHa), 3.73 (s, 3H, OCH3), 3.13 (t, 2H, J = 7 Hz, CH2), 2.53
(t, 2H, J = 7 Hz, CH2), 2.32 (s, 3H, CH3COS), 1.65–1.60 (m, 2H,
CH2), 1.54–1.50 (m, 1H, CH), 0.94–0.93 ppm (m, 6H, 2 × CH3);
13C NMR (100.6 MHz, CDCl3): d = 196.1 (C=O), 173.5 (C=O),
170.4 (C=O), 52.3 (OCH3), 50.7 (CHa), 41.7 (CH2), 36.1 (CH2),
30.6 (CH3COS), 24.9 (CH), 24.8 (CH2), 22.8 (CH3), 22.0 ppm
(CH3); HRMS (ES+): [M + H]+ calcd. for C12H22NO4S, 276.1270;
found, 276.1261.


(R)-2-(3-Mercaptopropanamido)-4-methylpentanoic acid (8c).
Prepared as previously described.23 1H NMR (400 MHz, CD3OD):
d = 4.50–4.44 (m, 1H, CHa), 2.82–2.74 (m, 2H, CH2), 2.59–2.55
(m, 2H, CH2), 1.79–1.62 (m, 3H, CH + CH2), 1.00–0.94 ppm (m,
6H, 2 × CH3); MS (ES−): m/z (%): 218 (100) [M − H]−; [a]25


D =
+32.0 (MeOH, c = 0.5).
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(R)-Methyl 2-(3-hydroxypropanamido)-3-phenylpropanoate (28).
To an ice-cooled suspension of D-phenylalanine methyl ester
hydrochloride (1.00 g, 4.64 mmol) in absolute EtOH (10 mL) was
added b-propiolactone (0.29 mL, 4.64 mmol) and sodium acetate
(380 mg, 4.64 mmol). The resulting mixture was stirred at 22 ◦C
for 15 h. The reaction mixture was partitioned between EtOAc
(100 mL) and H2O (100 mL) and the aqueous phase was extracted
with EtOAc (2 × 100 mL). The combined organic extracts were
washed with brine (2 × 100 mL), dried over MgSO4 and the
solvent removed under reduced pressure. Purification by flash
chromatography using a gradient of EtOAc–MeOH (from 99 :
1 to 90 : 10) as eluent afforded 230 mg (21%) of 28 as a colourless
oil. 1H NMR (400 MHz, CDCl3): d = 7.32–7.23 (m, 3H, 3 ×
PhCH), 7.13–7.11 (m, 2H, 2 × PhCH), 6.34 (brs, 1H, J = 7.5 Hz,
NH), 4.93–4.88 (m, 1H, CHa), 3.83 (t, 2H, J = 5.5 Hz, CH2OH),
3.74 (s, 3H, OCH3), 3.18 (dd, 1H, J = 5.5 Hz, J = 14.0 Hz, CHb),
3.08 (dd, 1H, J = 6.5 Hz, J = 14.0 Hz, CHb), 2.44–2.41 ppm
(m, 2H, CH2C=O); 13C NMR (100.6 MHz, CDCl3): d = 172.1
(C=O), 170.7 (C=O), 135.7 (PhC), 129.2 (2 × PhCH), 128.6 (2 ×
PhCH), 127.2 (PhCH), 58.8 (CH2O), 53.1 (Ca), 52.5 (OCH3), 38.1
(CH2C=O), 37.8 ppm (Cb); HRMS (ES−): [M − H]− calcd. for
C13H16NO4, 250.1074; found, 250.1079.


(R)-2-(3-Hydroxypropanamido)-3-phenylpropanoic acid (11).
An aqueous solution of 1 N NaOH (2.40 mL, 2.40 mmol) was
added to 28 (200 mg, 0.80 mmol). The resulting mixture was
stirred at 22 ◦C for 15 h. The reaction mixture was acidified
with HCl (10 N) and extracted with EtOAc (5 × 10 mL). The
combined organic extracts were washed with brine (50 mL), dried
over MgSO4 and the solvent removed under reduced pressure.
Purification by flash chromatography using a mixture of EtOAc–
MeOH–AcOH (95 : 5 : 1) as eluent afforded 100 mg (53%) of 11 as
a colourless oil. 1H NMR (400 MHz, DMSO-d6): d = 8.14 (d, 2H,
J = 8.5 Hz, NH), 7.29–7.19 (m, 5H, 5 × PhCH), 4.45–4.41 (m,
1H, CHa), 3.56–3.50 (m, 2H, CH2OH), 3.04 (dd, 1H, J = 5.0 Hz,
J = 14.0 Hz, CHb), 2.86 (dd, 1H, J = 9.0 Hz, J = 14.0 Hz, CHb),
2.24 ppm (t, 2H, J = 7.0 Hz, CH2C=O); 13C NMR (100.6 MHz,
DMSO-d6): d = 173.5 (C=O), 171.1 (C=O), 138.1 (PhC), 129.6
(2 × PhCH), 128.6 (2 × PhCH), 126.9 (PhCH), 58.0 (CH2O), 53.8
(Ca), 39.3 (CH2C=O), 37.3 ppm (CHb); HRMS (ES−): [M − H]−


calcd. for C12H14NO4, 236.0917; found, 236.0918.


(R)-2-Acetamido-3-phenylpropanoic acid (12). Prepared as
previously described.24 1H NMR (400 MHz, CDCl3): d = 8.20
(d, 1H, J = 8.0 Hz, NH), 7.30–7.18 (m, 5H, 5 × PhCH), 4.43–4.37
(m, 1H, CHa), 3.04 (dd, 1H, J = 5.0 Hz, J = 14.0 Hz, CHb), 2.83
(dd, 1H, J = 9.5 Hz, J = 14.0 Hz, CHb), 1.78 ppm (s, 3H, CH3);
13C NMR (100.6 MHz, CDCl3): d = 174.1 (C=O), 170.1 (C=O),
138.6 (ArC), 129.9 (2 × PhCH), 129.0 (2 × PhCH), 127.3 (PhCH),
54.4 (Ca), 37.6 (Cb), 23.2 ppm (CH3).


(R)-Methyl 4-(tert-butyldiphenylsilyloxy)-2-methylbutanoate
(30). To a solution of alcohol 29 (1.0 g, 8.46 mmol) in 2.5 mL of
DMF were added imidazole (1.15 g, 16.9 mmol) and TBDPSCl
(4.4 mL, 8.46 mmol). The mixture was stirred overnight and
poured into 50 mL of 1.2 M HCl. The aqueous phase was
extracted with diethyl ether (3 × 50 mL) and the organic layer
was washed with water and dried over MgSO4. The solvent was
removed under reduced pressure to yield (65%) to the desired
product as a colourless oil which was used without further


purification. 1H NMR (CDCl3, 200 MHz) d 1.03 (s, 9H), 1.16 (d,
J = 7.0 Hz, 3H), 2.72 (m, 1H), 3.69 (s, 3H), 3.76 (m, 2H), 7.3–7.45
(m, 6H), 7.64–7.69 (m, 4H).


(R)-4-(tert-Butyldiphenylsilyloxy)-2-methylbutanoic acid (31).
A solution of 3 N LiOH (4.7 mL) was added dropwise to a stirred
and cooled solution of 30 (1.0 g, 2.81 mmol) in 11 mL of THF
at 0 ◦C. To this was added 11 mL of MeOH and the mixture was
stirred for 20 h at room temperature. The solution was acidified
with 3 N HCl. It was extracted 5 times with diethyl ether. The
organic layer was washed with water and dried over MgSO4. The
solvent was removed under reduced pressure to yield the desired
product as colourless oil (89%), which was used without further
purification. 1H NMR (CDCl3, 200 MHz) d 1.07 (s, 9H), 1.18 (d,
J = 7.0 Hz, 3H), 2.75 (m, 1H), 3.82 (m, 2H), 7.30–7.47 (m, 6H),
7.64–7.73 (m, 4H).


(R)-1-((R)-4-(tert-Butyldiphenylsilyloxy)-2-methylbutanoyl)pyr-
rolidine-2-carboxylic acid (32). Oxalyl chloride (0.3 mL,
3.44 mmol) was added to a stirred and cooled solution of 31
(0.46 g, 1.34 mmol) in 3.9 mL of dry benzene at 0 ◦C under
an atmosphere of argon. The mixture was stirred for 1h at
0 ◦C. Then oxalyl chloride (0.18 mL, 2.06 mmol) was again
added and the stirring was continued at 0 ◦C for 2 h. The
mixture was concentrated in vacuo to give the acid chloride,
which was used without further purification. The acid chloride
in 10 mL of CH2Cl2 was added dropwise to a solution of the
corresponding proline (136 mg, 1.18 mmol) and triethylamine
(164 lL, 1.18 mmol) in 10 mL of CH2Cl2. After stirring at room
temperature for 18 h, the mixture was washed twice with water,
dried with MgSO4, and evaporated to give the desired product
(76%) as colourless oil. 1H NMR (CDCl3, 200 MHz) d 1.01–1.08
(m, 9H), 1.15–1.26 (m, 3H), 1.75–2.40 (m, 3H), 2.60–3.10 (m,
2H), 3.45–3.95 (m, 3H), 4.50–4.65 (m, 1H), 7.3–7.5 (m, 6H),
7.6–7.8 (m, 4H). Anal. Calcd for C25H33O4SiN (439.63): C, 68.30;
H, 7.57; N, 3.19. Found: C, 67.97; H, 7.49; N, 3.33.


(R)-1-((R)-4-Hydroxy-2-methylbutanoyl)pyrrolidine-2-carboxy-
lic acid (9). To a solution of 32 (256 mg, 0.58 mmol) in 10 mL of
THF was added 0.5 mL of HF·pyridine. The mixture was stirred
overnight at room temperature and then evaporated. Water and
AcOEt were added and the aqueous phase was freeze-dried to
give the crude compounds which was then purified by HPLC
(ODS column, k = 218 nm, NH4HCO3 25 mM, pH= 7.5) to
yield the desired product (50%) as a white solid. M.p. 250–280 ◦C
(dec.). 1H NMR (D2O, 400 MHz) d 0.82–0.83 and 0.89–0.98
(m, 3H), 1.69–1.95 (m, 3H), 2.05–2.19 (m, 1H), 2.27–2.37 and
2.40–2.61 and 2.70–2.87 (m, 1H), 3.30–3.66 (m, 4H), 3.95–4.11
and 4.28–4.34 (m, 1H). 13C NMR (CDCl3, 62.9 MHz) d 13.0,
13.1, 23.1, 24.7, 29.9, 31.7, 40.6, 41.1, 47.5, 48.2, 63.1, 64.3, 65.0,
172.9, 173.1, 177.1. IR (KBr) 3432, 1616, 1399 cm−1. LRMS
APCI− m/z 200.4 ([M − H]−, 100). [a]25


D = +26.5 (H2O pH = 7.3,
c = 0.52). Anal. Calcd for C9H15NO4 (201.22): C, 53.72; H, 7.51;
N, 6.96. Found: C, 53.64; H, 7.41; N, 7.11.


(R)-1-Isobutyrylpyrrolidine-2-carboxylic acid (10). To a solu-
tion of D-proline (0.2 g, 1.74 mmol) in CH2Cl2 (15 mL) and
triethylamine (183 lL, 1.74 mmol) was added dropwise at −10 ◦C
in an atmosphere of argon a solution of isobutyryl chloride
(183 lL, 1.74 mmol) in CH2Cl2 (15 mL). The mixture was stirred
at room temperature for 18 h and then washed twice with water
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and dried over MgSO4. The solvent was filtered and evaporated
under reduced pressure to give 10 as a white solid (73%). M.p.
112 ◦C (dec.). 1H NMR (D2O, 250 MHz) d 1.19 and 1.22 (2 ×
d, J = 7.0 Hz, 2 × 3H), 1.93–2.15 and 2.44–2.52 (2 × m, 4H),
2.74 (m, 1H), 3.50–3.73 (m, 2H), 4.63 (m, 1H). 13C NMR (D2O,
62.9 MHz) d 18.9, 19.2, 25.1, 28.5, 32.8, 47.7, 58.8, 174.4, 178.4.
IR (KBr) 3434, 1723, 1600 cm−1. LRMS APCI− m/z 184.4 ([M −
H]−, 100). Anal. Calcd for C9H15NO3 (185.22): C, 58.36; H, 8.13;
N, 7.56. Found C, 58.21; H, 8.25; N, 7.19.
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With the aim of developing a new SPECT imaging agent for the noradrenaline transporter, a
twelve-step stereoselective synthesis of iodinated analogues of (2S,3R)- and (2R,3S)-reboxetine has
been achieved from 4-bromobenzaldehyde. The key steps involve a Sharpless asymmetric epoxidation
to establish the stereogenic centres and a copper catalysed aromatic halogen exchange reaction to
introduce the key iodine atom. In vitro testing of these compounds using a [3H]nisoxetine displacement
assay with homogenised rat brain shows both compounds to have significant affinity, with K i values of
320.8 nM and 58.2 nM for (2S,3R)- and (2R,3S)-iodoreboxetine respectively.


Introduction


The noradrenaline transporter (NAT) is a transmembrane protein
located at the pre-synaptic terminal of noradrenergic neurons. The
principal physiological function of NAT is to regulate the amount
of noradrenaline in the synaptic cleft via a re-uptake mechanism.1,2


A change in the level of noradrenaline in the synapse results in a
down-regulation in the level of NAT within the brain.3 NAT has
been implicated in the patho-physiology of numerous neuropsy-
chiatric and neurodegenerative disorders including depression,
attention-deficit/hyperactivity disorder, anxiety and Alzheimer’s
disease.4–7


To further probe the link between NAT and these disorders
requires the development of a specific radioligand which could
be used in association with single photon emission computed
tomography (SPECT) or positron emission tomography (PET)
for the non-invasive imaging of the receptor. Such a radioligand
could be used to image changes in NAT density in vivo, resulting
in a better understanding of these neuropsychiatric and neurode-
generative disorders. To achieve this goal a number of studies
have investigated the radioiodination of compounds known to
have high affinity with NAT for in vivo SPECT imaging.8–10 A
typical compound used in such studies is reboxetine, the well-
known, selective noradrenaline re-uptake inhibitor.11 Reboxetine
is commercially available under the names Edronax, Prolift, Vestra
and Norebox for the treatment of depressive disorder and, while
the drug is marketed as a racemic mixture of (2R,3R)- and (2S,3S)-
enantiomers, it is (2S,3S)-reboxetine 1 that has the best affinity and
selectivity for NAT.12 Using this information, the groups of Saji
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and Tamagnan have recently designed and synthesised a range of
iodinated analogues of 1 for the SPECT imaging of NAT.8,9 Testing
of these compounds showed one compound in particular, iodo-
analogue 2 to have excellent affinity (K i 2.47 nM), good selectivity
and significant potential as an imaging agent for NAT.9


While much research has been done to develop SPECT imaging
agents based on (2S,3S)- and (2R,3R)-reboxetine, there have been
no reports of investigations using the (2S,3R)- and (2R,3S)-
stereoisomers. Moreover, little is known about the pharmacology
of these stereoisomers of reboxetine. In this paper, we report the
first stereoselective synthesis of iodinated analogues of (2S,3R)-
and (2R,3S)-reboxetine (3 and 4), compounds which could be
easily radioiodinated and used for SPECT imaging. We also report
preliminary biological data showing the high affinity of these
compounds for NAT.13


Results and discussion


A number of approaches have been developed for the preparation
of single stereoisomers of reboxetine analogues, including resolu-
tion of enantiomers, the use of the chiral pool and catalytic asym-
metric methods.14 Our approach to these compounds is shown
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in Scheme 1. It was proposed that the key stereogenic centres
of analogue 3 could be created by the synthesis of an E-allylic
alcohol from 4-bromobenzaldehyde 9 which, following a Sharpless
asymmetric epoxidation, would give epoxide 8. Regioselective
ring-opening of 8 with 2-ethoxyphenol would give diol 7 and
subsequent selective functionalisation of the primary hydroxyl
would give amino alcohol 6. This would then be used to synthesise
the morpholine ring and a halogen exchange reaction would allow
incorporation of the key iodine atom to give the first target,
(2S,3R)-iodoreboxetine 3. We believed that such an approach
would also allow the preparation of the (2R,3S)-stereoisomer 4
by using the opposite enantiomer of diisopropyl tartrate during
the Sharpless asymmetric epoxidation step.


Scheme 1


The first stage of the synthesis of 3 involved the preparation
of amino alcohol 6 (Scheme 2). 4-Bromobenzaldehyde 9 was
subjected to a Horner–Wadsworth–Emmons reaction with triethyl
phosphonoacetate under Masamune–Roush conditions, which
gave E-a,b-unsaturated ester 10 in quantitative yield.15 Reduction
of 10 using DIBAL-H gave E-allylic alcohol 11, again in quantita-
tive yield, and this underwent a Sharpless asymmetric epoxidation
with (+)-diisopropyl tartrate to give known epoxide 8 in 79% yield
and >98% ee.16 Introduction of the 2-ethoxyphenol group was
achieved by regioselective ring-opening of epoxide 8 with the
sodium salt of 2-ethoxyphenol, which gave diol 7 in 67% yield.
Selective activation of the primary alcohol with p-toluenesulfonyl
chloride and triethylamine gave the corresponding tosylate in 82%
yield, and this was reacted with an aqueous solution of ammonia
which gave amino alcohol 6 in a modest 49% yield.


Amino alcohol 6 was then converted to the desired (2S,3R)-
iodoreboxetine 3 in a six-step sequence (Scheme 3). Acetylation
of the amino group with chloroacetyl chloride gave compound 12


Scheme 2 Reagents and conditions: i. triethyl phosphonoacetate, DBU,
LiCl, MeCN, 100%; ii. DIBAL-H (2.2 eq.), Et2O, −78 ◦C to RT,
100%; iii. (+)-DIPT, Ti(OiPr)4, t-BuOOH, 4Å mol. sieves, CH2Cl2, 79%;
iv. 2-ethoxyphenol, NaOH (aq.), 70 ◦C, 67%; v. TsCl, Et3N, DMAP (cat.),
Et2O, 82%; vi. 25% NH3 (aq.), MeCN, 49%.


in 83% yield and this was then treated with sodium tert-butoxide
to give morpholinone 13 in 79% yield.14a Reduction of 13 under
mild conditions using borane·THF gave the corresponding amine
in 73% yield and this was subsequently Boc-protected, which
gave 5 in 75% yield. The last stage of the synthesis required the
introduction of the key iodine atom and this was achieved using a
copper catalysed aromatic halogen exchange reaction, previously
described by Klapars and Buchwald.17 Thus, reaction of bromide
5 with sodium iodide, 1,3-diaminopropane and catalytic amounts
of copper iodide gave iodide 14 in 49% yield. Finally, deprotection
of the amino group using TFA gave (2S,3R)-iodoreboxetine 3 in
57% yield.


Having developed a synthetic route to (2S,3R)-iodoreboxetine
3, the second target compound, (2R,3S)-iodoreboxetine 4
was synthesised using the same approach. Thus, allylic al-
cohol 11 was subjected to a Sharpless asymmetric epoxi-
dation using (−)-diisopropyl tartrate to give (2R,3R)-[3-(4-
bromophenyl)oxiranyl]methanol 15 in 79% yield and this was
converted to (2R,3S)-iodoreboxetine 4 in the same nine-step
sequence as described for the (2S,3R)-stereoisomer 3 (Scheme 4).
During the preparation of the second stereoisomer 4, attempts
were made to optimise some of the steps. For example, during
the synthesis of 3, iodination using 1,3-diaminopropane as a
ligand for the copper iodide catalysed halogen exchange reaction
required a reaction time of 48 hours at 130 ◦C and only gave the
iodide 14 in 49% yield after substantial purification. However, on
screening a range of diamine ligands, we found the use of N,N ′-
dimethylethylenediamine to be more useful, allowing the reaction
to be carried out in 24 hours at 120 ◦C, giving the corresponding
iodide more cleanly in 52% yield.17,18


On successful preparation of both stereoisomers, these were
tested with homogenised rat brain using a [3H]nisoxetine
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Scheme 3 Reagents and conditions: i. chloroacetyl chloride, Et3N, MeCN,
83%; ii. sodium tert-butoxide, t-BuOH, 79%; iii. BH3·THF, THF, 73%;
iv. Boc2O, Et3N, DMAP (cat.), CH2Cl2, 75%; v. CuI (cat.), NaI, 1,3-di-
aminopropane (cat.), 1,4-dioxane, 49%; vi. TFA, CH2Cl2, 57%.


Scheme 4 Reagents and conditions: i. (−)-DIPT, Ti(OiPr)4, t-BuOOH,
4Å mol. sieves, CH2Cl2, 79%; ii. CuI (cat.), NaI, N,N ′-dimethylethyl-
enediamine (cat.), 1,4-dioxane, 52%; iii. TFA, CH2Cl2, 57%.


displacement assay. Table 1 shows the K i values for both com-
pounds along with racemic reboxetine, used as a standard. As can
be seen, both compounds 3 and 4 have substantial affinity with


Table 1 Binding affinity of reboxetine analogues with NAT


Entry Compound K i/nMa


1 rac-1 6.9 ±1.6
2 3 320.8 ±9.0
3 4 58.2 ±9.4


a K i values are the mean of 3 separate determinations.


NAT, with the (2R,3S)-stereoisomer 4 the most potent, with a
K i value of 58.2 nM. While the iodinated (2S,3R)- and (2R,3S)-
compounds do not have the same level of affinity as the parent
compound, reboxetine, the (2R,3S)-iodo compound 4 in particu-
lar, still retains similar levels of affinity compared to the racemic
mixtures of iodinated (2S,3S)-and (2R,3R)-analogues previously
prepared.9 Thus, these results show that, the development of more
potent iodo-analogues around a (2R,3S)-morpholine backbone
may yield compounds that can act as effective SPECT imaging
agents for NAT.


Conclusions


In summary, we have developed a twelve-step synthesis of (2S,3R)-
and (2R,3S)-iodoreboxetine using a Sharpless asymmetric epoxi-
dation to establish the stereogenic centres, and a copper-mediated
aromatic halogen exchange reaction to incorporate the iodine
atom. Preliminary testing of these compounds shows the (2R,3S)-
compound 4 to be particularly potent, with similar levels of
affinity for the NAT in brain tissue to the more studied (2S,3S)-
and (2R,3R)-iodoreboxetine analogues. The work described here
represents the first generation of compounds from our study.
Work is currently underway on the synthesis of further analogues
of iodoreboxetine with the aim of discovering compounds with
greater affinity, for the eventual development of a SPECT imaging
agent for NAT.


Experimental


All reactions were performed under a nitrogen atmosphere unless
otherwise noted. Reagents and starting materials were obtained
from commercial sources and used as received. THF and diethyl
ether were distilled from sodium and benzophenone. Lithium
chloride was oven dried (100 ◦C) for at least 12 h before use. Brine
refers to a saturated solution of sodium chloride. Flash column
chromatography was carried out using Fisher Matrex silica 60.
Macherey-Nagel aluminium backed plates pre-coated with silica
gel 60 (UV254) were used for thin layer chromatography and were
visualised by staining with KMnO4. 1H NMR and 13C NMR
spectra were recorded on a Bruker DPX 400 spectrometer with
chemical shift values in ppm relative to residual chloroform (dH


7.28 & dC 77.2) as standard. Infrared spectra were recorded using
sodium chloride plates on a JASCO FTIR 410 spectrometer and
mass spectra were obtained using a JEOL JMS-700 spectrometer.
Optical rotations were determined as solutions irradiating with
the sodium D line (k = 589 nm) using an AA series Automatic
polarimeter. [a]D Values are given in units 10−1 deg cm2 g−1.
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Ethyl (E)-4-bromocinnamate 1019


Lithium chloride (2.7 g, 65 mmol) was dissolved in acetonitrile
(40 mL). 1,8-Diazobicyclo[5.4.0]undec-7-ene (9.7 mL, 65 mmol)
and triethyl phosphonoacetate (12.9 mL, 65 mmol) were added
sequentially with stirring. A solution of 4-bromobenzaldehyde
(10.0 g, 54 mmol) in acetonitrile (60 mL) was added and the
mixture was allowed to stir at room temperature for 18 h. The
reaction mixture was concentrated in vacuo and the resulting
residue dissolved in ethyl acetate (150 mL). The solution was then
washed with water (4 × 100 mL) and the organic layer dried
(MgSO4). The filtrate was concentrated in vacuo to give ethyl (E)-
4-bromocinnamate 10 as a yellow oil (13.7 g, 100%). dH (400 MHz,
CDCl3) 1.33 (3H, t, J 7.2 Hz, OCH2CH3), 4.27 (2H, q, J 7.2 Hz,
OCH2CH3), 6.42 (1H, d, J 16.0 Hz, 2-H), 7.36–7.40 (2H, m, 2 ×
Ar H), 7.49–7.53 (2H, m, 2 × Ar H), 7.61 (1H, d, J 16.0 Hz, 3-H);
dC (100 MHz, CDCl3) 14.3 (CH3), 60.7 (CH2), 119.0 (CH), 124.5
(C), 129.5 (2 × CH), 132.2 (2 × CH), 133.4 (C), 143.2 (CH), 166.8
(C); m/z (EI) 253.9939 (M+. C11H11O2


79Br requires 253.9942), 209
(89%), 183 (23), 181 (21), 102 (100).


(2E)-3-(4-Bromophenyl)prop-2-en-1-ol 1120


Ethyl (E)-4-bromocinnamate 10 (7.0 g, 27.5 mmol) was dis-
solved in diethyl ether (120 mL) and the solution cooled to
−78 ◦C. DIBAL-H (60.4 mL, 60.4 mmol) was added to the
solution dropwise. After 1 h, the reaction mixture was allowed
to warm to room temperature and left to stir for 18 h. The yellow
solution was cooled to 0 ◦C, before the reaction was quenched
using a saturated solution of ammonium chloride (30 mL). The
white solution was filtered through a pad of Celite R© using diethyl
ether and the filtrate concentrated in vacuo. The white solid
was recrystallised using ethyl acetate–petroleum ether (40–60 ◦C)
to give (2E)-3-(4-bromophenyl)prop-2-en-1-ol 11 as a colourless
solid (5.8 g, 100%). Mp 63–65 ◦C (from ethyl acetate), lit.20 63–
65 ◦C; dH (400 MHz, CDCl3) 1.48 (1H, t, J 6.0 Hz, OH), 4.33 (2H,
dt, J 6.0, 1.6 Hz, 1-H2), 6.36 (1H, dt, J 16.0, 1.6 Hz, 2-H), 6.56
(1H, d, J 16.0 Hz, 3-H), 7.23–7.28 (2H, m, 2 × Ar H), 7.42–7.47
(2H, m, 2 × Ar H); dC (100 MHz, CDCl3) 63.6 (CH2), 121.5 (C),
128.0 (2 × CH), 129.3 (CH), 129.8 (CH), 131.7 (2 × CH), 136.0
(C); m/z (EI) 211.9840 (M+. C9H9O79Br requires 211.9837), 133
(100%), 115 (46), 83 (80).


(2S,3S)-[3-(4-Bromophenyl)oxiranyl]methanol 816


Dichloromethane (150 mL) and activated 4 Å molecular sieves
(3.0 g) were added to a round-bottomed flask and the solvent
cooled to −20 ◦C using an acetone–ice bath. (+)-Diisopropyl
tartrate (0.18 mL, 0.8 mmol) and titanium isopropoxide (0.2 mL,
0.7 mmol) were added sequentially with stirring. Anhydrous tert-
butyl hydroperoxide solution (3.2 mL, 35 mmol, 5.5 M in hexanes)
was added dropwise and the mixture was stirred at −20 ◦C for
0.5 h. A solution of (2E)-3-(4-bromophenyl)prop-2-en-1-ol 11
(3.0 g, 14 mmol) dissolved in dichloromethane (10 mL) was added
to the mixture dropwise over a period of 0.25 h. The mixture
was left to stir at −20 ◦C for 2.5 h. The flask was allowed to
warm to 0 ◦C and the reaction quenched using distilled water
(15 mL). The mixture was left to stir for 0.5 h while allowing
it to warm to room temperature. A solution of 30% sodium
hydroxide saturated with sodium chloride (75 mL) was added


and the mixture stirred for 0.3 h. Dichloromethane (100 mL)
was added to the mixture and left to stir for a further 0.25 h.
The mixture was transferred to a separating funnel and the water
layer removed. The organic layer was dried (MgSO4) and filtered
through a pad of Celite R© which was then washed with diethyl
ether. The yellow solution was concentrated in vacuo. Purification
was carried out by flash column chromatography and elution with
60 : 40 ethyl acetate–petroleum ether (40–60 ◦C) gave (2S,3S)-[3-
(4-bromophenyl)oxiranyl]methanol 8 as a colourless solid (2.55 g,
79%). Mp 61–62 ◦C (from petroleum ether–ethyl acetate) lit.16 67–
68 ◦C (from hexane–ethyl acetate); [a]22


D −38.6 (c 1.0, CHCl3), lit.16


[a]25
D −35.2 (c 1.0, CHCl3); dH (400 MHz, CDCl3) 1.74 (1H, dd, J


7.8, 5.0 Hz, OH), 3.17 (1H, dt, J 3.6, 2.2 Hz, 2-H), 3.81 (1H, ddd,
J 12.8, 7.8, 3.6 Hz, 1-HH), 3.91 (1H, d, J 2.2 Hz, 3-H), 4.05 (1H,
ddd, J 12.8, 5.0, 2.2 Hz, 1-HH), 7.14–7.18 (2H, m, 2 × Ar H),
7.46–7.50 (2H, m, 2 × Ar H); dC (100 MHz, CDCl3) 54.9 (CH),
61.0 (CH2), 62.4 (CH), 122.0 (C), 127.4 (2 × CH), 131.7 (2 × CH),
134.9 (C); m/z (EI) 227.9787 (M+. C9H9O2


79Br requires 227.9786),
212 (10%), 185 (34), 89 (75), 83 (100).


(2R,3R)-[3-(4-Bromophenyl)oxiranyl]methanol 1516


The reaction was carried out as described above except using (−)-
diisopropyl tartrate. On a 20 mmol scale this gave (2R,3R)-[3-(4-
bromophenyl)oxiranyl]methanol 15 (3.56 g, 79%) as a colourless
solid. Mp 61–62 ◦C (from petroleum ether–ethyl acetate) lit.16


67–68 ◦C (from hexane–ethyl acetate); [a]22
D +31.7 (c 1.0, CHCl3);


spectroscopic data as described for 8.


(2S,3R)-3-(4-Bromophenyl)-3-(2-ethoxyphenoxy)propane-1,2-
diol 7


2-Ethoxyphenol (1.10 g, 7.9 mmol) was added to an aqueous
sodium hydroxide solution (0.30 g, 6.6 mmol in 70 mL water) and
the mixture was heated to 70 ◦C until the solid had dissolved. After
1 h of stirring, (2S,3S)-[3-(4-bromophenyl)oxiranyl]methanol 8
(1.50 g, 6.6 mmol) was added and the mixture left to stir for
4 h. The flask was then allowed to cool to room temperature
and acidified to pH 2–3 using 2 M hydrochloric acid. The bulk
solvent was decanted and the remaining solid suspended in
water, and then extracted using dichloromethane (2 × 100 mL)
followed by ethyl acetate (3 × 100 mL). The organic layers were
combined, dried (MgSO4) and the filtrate concentrated in vacuo.
The solid was recrystallised from diethyl ether to give (2S,3R)-
3-(4-bromophenyl)-3-(2-ethoxyphenoxy)propane-1,2-diol 7 as a
colourless solid (1.50 g, 67%). Mp 77–78 ◦C (from diethyl ether);
mmax/cm−1 (NaCl) 3345 (OH), 2943 (CH), 1500 (C=C), 1246, 732;
[a]22


D −57.0 (c 1.0, CHCl3); dH (400 MHz, CDCl3) 1.51 (3H, t, J
7.2 Hz, OCH2CH3), 3.13 (1H, dd, J 10.0, 3.4 Hz, 1-OH), 3.26 (1H,
d, J 8.0 Hz, 2-OH), 3.65 (1H, ddd, J 11.8, 10.0, 4.3, Hz, 1-HH),
3.84–3.89 (1H, m, 2-H), 3.95 (1H, dt, J 11.8, 3.4 Hz, 1-HH), 4.11
(2H, q, J 7.2 Hz, OCH2CH3), 5.22 (1H, d, J 4.3 Hz, 3-H), 6.59
(1H, dd, J 8.0, 1.6 Hz, 1 × Ar H), 6.71–6.75 (1H, m, 1 × Ar
H), 6.87–6.93 (2H, m, 2 × Ar H), 7.27–7.31 (2H, m, 2 × Ar H),
7.49–7.52 (2H, m, 2 × Ar H); dC (100 MHz, CDCl3) 14.8 (CH3),
62.1 (CH2), 64.2 (CH2), 74.2 (CH), 85.6 (CH), 112.5 (CH), 116.4
(CH), 120.8 (CH), 122.2 (C), 122.8 (CH), 128.2 (2 × CH), 131.9
(2 × CH), 137.1 (C), 146.8 (C), 149.2 (C); m/z (EI) 366.0465 (M+.
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C17H19O4
79Br requires 366.0467), 169 (11%), 138 (100), 110 (50),


83 (58), 47 (12).


(2R,3S)-3-(4-Bromophenyl)-3-(2-ethoxyphenoxy)propane-1,2-diol


The reaction was carried out as described above, using (2R,3R)-[3-
(4-bromophenyl)oxiranyl]methanol 15 (3.38 g, 14.8 mmol). This
gave (2R,3S)-3-(4-bromophenyl)-3-(2-ethoxyphenoxy)propane-
1,2-diol as a colourless solid (4.31 g, 79%). Mp 76–78 ◦C (from
diethyl ether); [a]25


D +64.6 (c 1.0, CHCl3); spectroscopic data as
described for 7.


(2S,3R)-1-Amino-3-(4-bromophenyl)-3-(2-ethoxyphenoxy)propan-
2-ol 6


(2S,3R)-3-(4-bromophenyl)-3-(2-ethoxyphenoxy)propane-1,2-diol
7 (0.55 g, 1.49 mmol) was dissolved in dichloromethane (50 mL)
and triethylamine (0.31 mL, 2.24 mmol), 4-dimethylamino-
pyridine (0.004 g, 0.04 mmol) and p-toluenesulfonyl chloride
(0.34 g, 1.79 mmol) were added sequentially with stirring.
The reaction mixture was stirred for 3 h before being diluted
with diethyl ether (20 mL) and washed with 2 M hydrochloric
acid (30 mL). The organic layer was dried (MgSO4) and the
filtrate concentrated in vacuo to give (2S,3R)-3-(4-bromophenyl)-
3-(2-ethoxyphenoxy)-1-(toluenesulfonyloxy)propan-2-ol as a
colourless oil (0.64 g, 82%). (2S,3R)-3-(4-Bromophenyl)-3-
(2-ethoxyphenoxy)-1-(toluenesulfonyloxy)propan-2-ol (0.64 g,
1.23 mmol) was dissolved in acetonitrile (40 mL) and 25%
aqueous ammonia solution (50 mL) was added. The reaction
mixture was left to stir for 96 h in a sealed round-bottomed flask.
The acetonitrile was removed in vacuo and the aqueous solution
diluted with distilled water (100 mL). The aqueous solution was
then extracted with ethyl acetate (3 × 100 mL), dried (MgSO4)
and the filtrate concentrated in vacuo. Purification was carried
out by flash chromatography and elution with 90 : 10 ethyl
acetate–methanol gave (2S,3R)-1-amino-3-(4-bromophenyl)-3-
(2-ethoxyphenoxy)propan-2-ol 6 as a colourless solid (0.22 g,
49%). Mp 60–62 ◦C (from diethyl ether); mmax/cm−1 (neat) 3338,
3303, 2901 (CH), 2115, 1593 (C=C); [a]22


D −68.8 (c 1.0, CHCl3); dH


(400 MHz, CDCl3) 1.47 (3H, t, J 7.0 Hz, OCH2CH3), 2.92 (1H,
dd, J 12.8, 4.6 Hz, 1-HH), 3.03 (1H, dd, J 12.8, 5.6 Hz, 1-HH),
3.99 (1H, m, 2-H), 4.06 (2H, q, J 7.0 Hz, OCH2CH3), 5.11 (1H,
d, J 4.6 Hz, 3-H), 6.63 (1H, dd, J 8.0, 1.4 Hz, 1 × Ar H), 6.72
(1H, dt, J 8.0, 1.4 Hz, 1 × Ar H), 6.85–6.93 (2H, m, 2 × Ar H),
7.27 (2H, d, J 8.2 Hz, 2 × Ar H), 7.47 (2H, d, J 8.2 Hz, 2 × Ar
H); dC (100 MHz, CDCl3) 14.7 (CH3), 42.3 (CH2), 64.3 (CH2),
74.4 (CH), 84.5 (CH), 113.2 (CH), 117.7 (CH), 120.9 (CH), 121.9
(C), 122.8 (CH), 128.7 (2 × CH), 131.5 (2 × CH), 137.8 (C), 147.2
(C), 149.7 (C); m/z (CI) 366.0699 (MH+ C17H21O3N79Br requires
366.0705), 365 (3%), 138 (100), 171 (12), 110 (77), 60 (14).


(2R,3S)-1-Amino-3-(4-bromophenyl)-3-(2-ethoxyphenoxy)propan-
2-ol


The tosylation reaction was carried out as described above, using
(2R,3S)-3-(4-bromophenyl)-3-(2-ethoxyphenoxy)propane-1,2-
diol (3.26 g, 8.88 mmol). This gave (2R,3S)-3-(4-bromophenyl)-
3-(2-ethoxyphenoxy)-1-(toluenesulfonyloxy)propan-2-ol as a
colourless oil (2.42 g, 44%). The aminolysis reaction was carried
out as described above using (2R,3S)-3-(4-bromophenyl)-3-


(2-ethoxyphenoxy)-1-(toluenesulfonyloxy)propan-2-ol (2.42 g,
4.6 mmol). This gave (2R,3S)-1-amino-3-(4-bromophenyl)-3-(2-
ethoxyphenoxy)propan-2-ol as a colourless oil (0.97 g, 57%). [a]22


D


+71.5 (c 1.1, CHCl3); spectroscopic data as described for 6.


(2S,3R)-1-Chloroacetylamino-3-(4-bromophenyl)-3-(2-
ethoxyphenoxy)propan-2-ol 12


(2S,3R)-1-Amino-3-(4-bromophenyl)-3-(2-ethoxyphenoxy)pro-
pan-2-ol 6 (0.15 g, 0.42 mmol) was dissolved in acetonitrile
(6.5 mL) and the mixture cooled to −10 ◦C using an acetone–
ice bath. Triethylamine (0.07 mL, 0.50 mmol) and chloroacetyl
chloride (0.04 mL, 0.46 mmol) were added sequentially and the
solution was allowed to stir at −10 ◦C for 1 h. The reaction
mixture was then warmed to room temperature and left to
stir for 18 h. The reaction mixture was concentrated in vacuo.
Purification was carried out by flash column chromatography
and elution with 50 : 50 ethyl acetate–petroleum ether (40–
60 ◦C) gave (2S,3R)-1-chloroacetylamino-3-(4-bromophenyl)-3-
(2-ethoxyphenoxy)propan-2-ol 12 as a colourless oil (0.15 g, 83%).
mmax/cm−1 (NaCl) 3423, 3020 (CH), 1660 (CO), 1215, 770; [a]22


D


−105.4 (c 1.0, CHCl3); dH (400 MHz, CDCl3) 1.51 (3H, t, J 7.1 Hz,
OCH2CH3), 3.35 (1H, ddd, J 14.0, 7.4, 4.2 Hz, 1-HH), 3.73 (1H,
ddd, J 14.0, 7.2, 3.6 Hz, 1-HH), 3.98–4.00 (1H, m, 2-H), 4.03
(2H, s, CH2Cl), 4.12 (2H, q, J 7.1 Hz, OCH2CH3), 4.97 (1H, d, J
5.2 Hz, 3-H), 6.73–7.00 (4H, m, 4 × Ar H), 7.18 (1H, br s, NH),
7.33 (2H, d, J 8.4 Hz, 2 × Ar H), 7.52 (2H, d, J 8.4 Hz, 2 × Ar H);
dC (100 MHz, CDCl3) 14.9 (CH3), 41.9 (CH2), 42.6 (CH2), 64.5
(CH2), 73.1 (CH), 85.2 (CH), 113.4 (CH), 119.5 (CH), 121.2 (CH),
122.3 (C), 123.8 (CH), 128.8 (2 × CH), 131.8 (2 × CH) 137.0
(C), 147.2 (C), 149.9 (C), 166.9 (C); m/z (CI) 444.0399 (MH+.
C19H22O4N35Cl81Br requires 444.0400), 306 (100%), 304 (74), 226
(62), 192 (19), 139 (80).


(2R,3S)-1-Chloroacetylamino-3-(4-bromophenyl)-3-(2-
ethoxyphenoxy)propan-2-ol


The reaction was carried out as described above, using (2R,3S)-
1-amino-3-(4-bromophenyl)-3-(2-ethoxyphenoxy)propan-2-ol
(1.50 g, 4.10 mmol). This gave (2R,3S)-1-chloroacetylamino-3-(4-
bromophenyl)-3-(2-ethoxyphenoxy)propan-2-ol as a colourless oil
(1.11 g, 62%). [a]22


D +114.6 (c 1.1, CHCl3); spectroscopic data as
described for 12.


(2S,3R)-2-[(4-Bromobenzyl)-(2-ethoxyphenoxy)methyl]morpholin-
5-one 13


A solution of (2S,3R)-1-chloroacetylamino-3-(4-bromophenyl)-
3-(2-ethoxyphenoxy)propan-2-ol 12 (0.35 g, 0.79 mmol) in tert-
butanol (4 mL) was added dropwise to a solution of potassium tert-
butoxide (0.19 g, 2.0 mmol) in tert-butanol (1.0 mL) at 40 ◦C. The
reaction mixture was allowed to stir for 3 h at this temperature. The
solution was acidified to pH 2–3 by the addition of 2 M hydrochlo-
ric and then concentrated in vacuo. The residue was suspended
in water (50 mL) and the aqueous solution extracted with ethyl
acetate (3 × 50 mL), dried (MgSO4), and the filtrate concentrated
in vacuo. Purification was carried out by dry flash chromatog-
raphy and elution with 100% ethyl acetate gave (2S,3R)-2-[(4-
bromobenzyl)-(2-ethoxyphenoxy)methyl]morpholin-5-one 13 as a
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colourless oil (0.25 g, 79%). mmax/cm−1 (NaCl) 3410 (NH), 3019
(CH), 2400, 1679 (CO), 1500, 1216; [a]25


D −79.5 (c 0.6, CHCl3); dH


(400 MHz, CDCl3) 1.46 (3H, t, J 7.0 Hz, OCH2CH3), 3.66–3.80
(2H, m, 3-H2), 3.99–4.02 (1H, m, 2-H), 4.04–4.29 (4H, m, 6-H2,
OCH2CH3), 5.04 (1H, d, J 7.6 Hz, 2-CH), 6.27 (1H, br s, NH),
6.64–6.94 (4H, m, 4 × Ar H), 7.29–7.32 (2H, m, 2 × Ar H), 7.46–
7.51 (2H, m, 2 × Ar H); dC (100 MHz, CDCl3) 15.1 (CH3), 43.9
(CH2), 64.3 (CH2), 67.8 (CH2), 76.0 (CH), 81.5 (CH), 113.6 (CH),
118.4 (CH), 120.7 (CH), 122.4 (C), 123.2 (CH), 129.0 (2 × CH),
131.6 (2 × CH), 137.3 (C), 146.5 (C), 149.9 (C), 168.5 (C); m/z
(EI) 407.0562 (M+. C19H20O4N81Br requires 407.0558), 269 (73%),
267 (73), 171 (86), 169 (87), 138 (100).


(2R,3S)-2-[(4-Bromobenzyl)-(2-ethoxyphenoxy)methyl]morpholin-
5-one


The reaction was carried out as described above, using
(2R,3S)-1-chloroacetylamino-3-(4-bromophenyl)-3-(2-ethoxyphe-
noxy)propan-2-ol (1.07 g, 2.42 mmol). This gave (2R,3S)-2-[(4-
bromobenzyl)-(2-ethoxyphenoxy)methyl]morpholin-5-one as a
colourless oil (0.89 g, 90%). [a]22


D +80.0 (c 0.9, CHCl3);
spectroscopic data as described for 13.


(2S,3R)-2-[(4-Bromophenyl)-(2-ethoxyphenoxy)-
methyl]morpholine 17


(2S,3R)-2-[(4-Bromobenzyl)-(2-ethoxyphenoxy)methyl]morpho-
lin-5-one 13 (0.20 g, 0.5 mmol) was dissolved in THF (0.5 mL)
and the solution cooled to 0 ◦C. Borane·THF complex (1.10 mL,
1.1 mmol) was added to the solution dropwise with stirring. After
0.5 h, the solution was heated under reflux for 4 h. After cooling
in an ice bath, the excess borane was destroyed by the addition
of distilled water (1 mL) and the solution was concentrated
in vacuo. The residue was dissolved in 6 M hydrochloric acid
(5 mL) and allowed to stir for 0.25 h. The solution was then
concentrated in vacuo and the residue dissolved in 2 M sodium
hydroxide (5 mL). The aqueous solution was extracted using
chloroform (3 × 5 mL) and the organic layers combined, dried
(MgSO4), and the filtrate concentrated in vacuo to give (2S,3R)-2-
[(4-bromophenyl)-(2-ethoxyphenoxy)methyl]morpholine 17 as a
colourless oil (0.12 g, 73%). mmax/cm−1 (NaCl) 3413 (NH), 2925
(CH), 2345, 1638, 1593; [a]25


D −67.5 (c 0.2, CHCl3); dH (400 MHz,
CDCl3) 1.45 (3H, t, J 7.0 Hz, OCH2CH3), 2.81–2.94 (3H, m, 5-H2,
3-HH), 3.37 (1H, br d, J 12.4 Hz, 3-HH), 3.53 (1H, td, J 11.2,
2.8 Hz, 6-HH) 3.75–3.80 (1H, m, 2-H), 3.86 (1H, br d, J 11.2 Hz,
6-HH), 4.05 (2H, q, J 7.0 Hz, OCH2CH3), 4.98 (1H, d, J 6.8 Hz,
2-CH), 6.64–6.89 (4H, m, 4 × Ar H), 7.29 (2H, d, J 8.4 Hz, 2 × Ar
H), 7.45 (2H, d, J 8.4 Hz, 2 × Ar H); dC (100 MHz, CDCl3) 15.1
(CH3), 44.6 (CH2), 46.4 (CH2), 64.4 (CH2), 66.5 (CH2), 78.1 (CH),
82.2 (CH), 113.7 (CH), 118.1 (CH), 120.7 (CH), 122.1 (C), 122.8
(CH), 129.1 (2 × CH), 131.5 (2 × CH), 137.5 (C), 146.9 (C), 149.9
(C); m/z (EI) 393.0756 (M+. C19H22O3N81Br requires 393.0765),
255 (86%), 253 (86), 169 (27), 86 (99), 84 (100).


(2R,3S)-2-[(4-Bromophenyl)-(2-ethoxyphenoxy)-
methyl]morpholine


The reaction was carried out as described above, using (2R,3S)-
2-[(4-bromobenzyl)-(2-ethoxyphenoxy)methyl]morpholin-5-one


(0.85 g, 2.1 mmol). This gave (2R,3S)-2-[(4-bromophenyl)-(2-
ethoxyphenoxy)methyl]morpholine as a colourless oil (0.09 g,
11%). [a]22


D +46.8 (c 1.0, CHCl3); spectroscopic data as described
for 17.


(2S,3R)-2-[(4-Bromophenyl)-(2-ethoxyphenoxy)methyl]-N-tert-
butoxycarbonylmorpholine 5


(2S,3R)-2-[(4-Bromophenyl)-(2-ethoxyphenoxy)methyl]morpho-
line (0.14 g, 0.4 mmol) was dissolved in dichloromethane (3 mL).
Triethylamine (0.055 mL, 0.4 mmol), dimethylaminopyridine
(0.01 g, 0.07 mmol) and di-tert-butyl dicarbonate (0.09 g,
0.4 mmol) were added sequentially with stirring and the reaction
mixture allowed to stir at room temperature for 18 h. The reaction
mixture was concentrated in vacuo. Purification was carried out
using flash column chromatography and elution with 20 : 80
ethyl acetate–petroleum ether (40–60 ◦C) gave (2S,3R)-2-[(4-
bromophenyl)-(2-ethoxyphenoxy)methyl]-N -tert-butoxycarbo-
nylmorpholine 5 as a colourless oil (0.13 g, 75%). mmax/cm−1


(NaCl) 2925 (CH), 1695 (CO), 1500 (C=C), 1259, 1106; [a]24
D


−34.8 (c 0.5, CHCl3); dH (400 MHz, CDCl3) 1.44–1.47 (12H,
m, OCH2CH3, C(CH3)3), 2.94–3.00 (2H, m, 3-HH, 5-HH), 3.46
(1H, td, J 11.6, 2.8 Hz, 5-HH), 3.71–3.74 (1H, m, 2-H), 3.86
(2H, dd, J 11.6, 2.8 Hz, 6-H2), 3.97–4.06 (2H, m, OCH2CH3),
4.34 (1H, d, J 13.2 Hz, 3-HH), 5.02 (1H, br m, 2-CH), 6.70–6.91
(4H, m, 4 × Ar H), 7.30 (2H, d, J 8.4 Hz, 2 × Ar H), 7.45 (2H,
d, J 8.4 Hz, 2 × Ar H); dC (100 MHz, CDCl3) 14.0 (CH3), 27.4
(3 × CH3), 42.2 (CH2), 46.1 (CH2), 63.4 (CH2), 65.7 (CH2), 78.1
(CH), 79.0 (C), 81.7 (CH), 113.9 (CH), 117.2 (CH), 120.7 (CH),
121.0 (C), 121.6 (CH), 129.2 (2 × CH), 130.3 (2 × CH), 136.6
(C), 146.1 (C), 148.9 (C), 153.8 (C); m/z (EI) 491.1302 (M+.
C24H30O5N79Br requires 491.1307), 298 (90%), 254 (99), 138.0 (89),
57 (100).


(2R,3S)-2-[(4-Bromophenyl)-(2-ethoxyphenoxy)methyl]-N-tert-
butoxycarbonylmorpholine 16


The reaction was carried out as described above, using (2R,3S)-2-
[(4-bromophenyl)-(2-ethoxyphenoxy)methyl]morpholine (0.06 g,
0.18 mmol). This gave (2R,3S)-2-[(4-bromophenyl)-(2-ethoxy-
phenoxy)methyl]-N-tert-butoxycarbonylmorpholine 16 as a
colourless oil (0.04 g, 53%). [a]26


D +38.8 (c 1.1, CHCl3); spectro-
scopic data as described for 5.


(2S,3R)-2-[(4-Iodophenyl)-(2-ethoxyphenoxy)methyl]-N-tert-
butoxycarbonylmorpholine 14


A Schlenk tube was charged with copper iodide (0.001 g,
0.005 mmol) and sodium iodide (0.01 g, 0.14 mmol), and the
tube evacuated and back filled with argon. 1,3-Diaminopropane
(0.0005 g, 0.007 mmol) and (2S,3R)-2-[(4-bromophenyl)-
(2-ethoxyphenoxy)methyl]-N-tert-butoxycarbonylmorpholine 5
(0.03 g, 0.07 mmol) dissolved in 1,4-dioxane (1 mL) were added
under argon. The Schlenk tube was sealed using a Teflon valve
and the reaction mixture stirred at 130 ◦C for 48 h. The resulting
suspension was cooled to room temperature and diluted with
25% aqueous ammonia solution (2 mL) and poured onto water
(20 mL). The aqueous solution was washed with dichloromethane
(3 × 15 mL) and the organic layers combined, dried (MgSO4) and
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the filtrate concentrated in vacuo. Purification was carried out us-
ing column chromatography and elution with 20 : 80 ethyl acetate–
petroleum ether (40–60 ◦C) gave (2S,3R)-2-[(4-iodophenyl)-(2-
ethoxyphenoxy)methyl]-N-tert-butoxycarbonylmorpholine 14 as
a colourless oil (0.02 g, 49%). mmax/cm−1 (NaCl) 2976 (CH), 2357,
1695 (CO), 1502 (C=C), 1254; [a]25


D −37.1 (c 2.5, CHCl3); dH


(400 MHz, CDCl3) 1.44–1.47 (12H, m, OCH2CH3, (CH3)3), 2.90–
3.01 (2H, m, 3-HH, 5-HH), 3.46 (1H, td, J 11.6, 2.4 Hz, 5-HH),
3.70–3.74 (1H, m, 2-H), 3.86 (2H, dd, J 11.6, 2.4 Hz, 6-H2), 4.05–
4.11 (2H, m, OCH2CH3), 4.42 (1H, br d, J 13.2 Hz, 3-HH), 5.00
(1H, br m, 2-CH), 6.70–6.88 (4H, m, 4 × Ar H), 7.16 (2H, d, J
8.2 Hz, 2 × Ar H), 7.65 (2H, d, J 8.2 Hz, 2 × Ar H); dC (100 MHz,
CDCl3) 14.0 (CH3), 27.4 (3 × CH3), 42.3 (CH2), 44.1 (CH2), 63.4
(CH2), 65.8 (CH2), 77.2 (C), 78.1 (CH), 80.7 (CH), 112.9 (CH),
117.1 (CH), 119.7 (CH), 121.6 (CH), 128.4 (2 × CH), 130.4 (C),
136.3 (2 × Ar C), 137.3 (C), 146.1 (C), 148.9 (C), 153.8 (C); m/z
(EI) 539.1166 (M+. C24H30O5NI requires 539.1169), 346 (93%), 302
(94), 217 (44), 138 (73), 57 (100).


(2R,3S)-2-[(4-Iodophenyl)-(2-ethoxyphenoxy)methyl]-N-tert-
butoxycarbonylmorpholine


A Schlenk tube was charged with copper iodide (0.01 g,
0.05 mmol) and sodium iodide (0.027 g, 0.18 mmol), and the
tube evacuated and back filled with argon. N,N′-Dimethyl-
ethylenediamine (0.01 mL, 0.10 mmol) and a solution of
(2R,3S)-2-[(4-bromophenyl)-(2-ethoxyphenoxy)methyl]-N -tert-
butoxycarbonylmorpholine 16 in butan-1-ol (0.04 g, 0.09 mmol
in 3 mL) were added under argon. The Schlenk tube was sealed
using a Teflon valve and the reaction mixture stirred at 120 ◦C
for 24 h. The resulting suspension was concentrated in vacuo
and the crude material dissolved in diethyl ether (20 mL), and
washed with ammonia solution (1 mL of 30% NH3 (aq) in 20 mL
water) followed by water (2 × 20 mL). The organic fractions were
combined, dried (MgSO4) and the filtrate concentrated in vacuo
to give (2R,3S)-2-[(4-iodophenyl)-(2-ethoxyphenoxy)methyl]-N-
tert-butoxycarbonylmorpholine as a colourless oil (0.03 g, 52%).
[a]22


D +43.2 (c 2.2, CHCl3); spectroscopic data as described for 14.


(2S,3R)-2-[(4-Iodophenyl)-(2-ethoxyphenoxy)methyl]morpholine 3


Trifluoroacetic acid (1 mL, 0.06 mmol) was added to a so-
lution of (2S,3R)-2-[(4-iodophenyl)-(2-ethoxyphenoxy)methyl]-
N-tert-butoxycarbonylmorpholine 14 (0.02 g, 0.04 mmol) in
dichloromethane (5 mL). The reaction mixture was allowed to
stir at room temperature for 4 h. The reaction mixture was
concentrated in vacuo and the crude material redissolved in
dichloromethane (10 mL) and washed with a saturated sodium
hydrogen carbonate solution (10 mL). The organic layer was
separated, dried (MgSO4) and the filtrate concentrated in vacuo
to give (2S,3R)-2-[(4-iodophenyl)-(2-ethoxyphenoxy)methyl]mor-
pholine 3 as a colourless oil (0.01 g, 57%). mmax/cm−1 (NaCl) 3421
(NH), 2084 (CH), 1639 (C=C), 1500, 1255; [a]23


D −38.0 (c 0.9,
CHCl3); dH (400 MHz, CDCl3) 1.45 (3H, t, J 7.0 Hz, OCH2CH3),
1.93 (1H, br s, NH), 2.78–2.94 (3H, m, 3-HH, 5-H2,), 3.37 (1H, br
d, J 11.6 Hz, 3-HH), 3.53 (1H, br t, J 12.4 Hz, 6-HH), 3.77 (1H,
m, 2-H), 3.87 (1H, br d, J 12.4 Hz, 6-HH), 4.06 (2H, qd, J 7.0,
2.0 Hz, OCH2CH3), 4.97 (1H, d, J 7.0 Hz, 2-CH), 6.64–6.73 (2H,
m, 2 × Ar H), 6.84–6.89 (2H, m, 2 × Ar H), 7.16 (2H, d, J 8.4 Hz,


2 × Ar H), 7.65 (2H, d, J 8.4 Hz, 2 × Ar H); dC (100 MHz, CDCl3)
14.0 (CH3), 45.0 (CH2), 47.9 (CH2), 64.5 (CH2), 67.8 (CH2), 77.3
(CH), 82.3 (CH), 113.7 (CH), 117.6 (CH), 120.8 (CH), 122.4 (CH),
129.3 (2 × CH), 130.3 (C), 136.3 (2 × CH), 137.8 (C), 146.3 (C),
148.7 (C); m/z (EI) 439.0642 (M+. C19H22O3NI requires 439.0644),
301 (99%), 220 (96), 138 (61), 85 (77), 56 (100).


(2R,3S)-2-[(4-Iodophenyl)-(2-ethoxyphenoxy)methyl]morpholine 4


The reaction was carried out as described above, using
(2R,3S) - 2 - [(4-iodophenyl) - (2 - ethoxyphenoxy)methyl] - N - tert -
butoxycarbonylmorpholine (0.02 g, 0.04 mmol). This gave
(2R,3S)-2-[(4-iodophenyl)-(2-ethoxyphenoxy)methyl]morpholine
4 as a colourless oil (0.01 g, 57%). [a]22


D +38.3 (c 0.9, CHCl3);
spectroscopic data as described for 3.


[3H]Nisoxetine competition binding assays


Whole brains, excluding the cerebellum, were obtained from male
adult Sprague-Dawley rats and homogenised using a Polytron in
ice-cold 50 mM Tris-HCl, pH 7.4, containing 300 mM NaCl and
5 mM KCl (1 : 10 volumes). Homogenates were centrifuged at
25 400 g for 0.25 h at 4 ◦C and the resulting pellet was washed
(3×) by resuspension and centrifugation then stored at −50 ◦C
until use. For determination of K i values, aliquots of membrane
suspensions (750–850 lg of protein) were incubated for 4 h at
4 ◦C in 50 mM Tris-HCl, pH 7.4, containing 300 mM NaCl
and 5 mM KCl with 1.2 nM [3H]nisoxetine (71 Ci/mmol, GE
Healthcare) in the presence or absence of 14–16 concentrations
of the competitor (range 1 pM–200 lM). The total incubation
volume was 0.5 mL and non-specific binding was determined in
the presence of 10 lM reboxetine. The reaction was terminated
by rapid filtration through Whatman GF/B glass fibre filters pre-
soaked in 0.5% polyethylenimine using a Brandel cell harvester.
Filters were washed three times rapidly in ice-cold Tris buffer
and the radioactivity determined by liquid scintillation counting.
For each compound, 3 independent competition curves were
performed with triplicate samples. K i Values were derived from
nonlinear regression analysis using GraphPad Prism Version 4
(GraphPad Software Inc.) and a Kd value for [3H]nisoxetine
(1.7 nM) determined under the same assay conditions.
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In order to contribute to a rational design of optimised protease inhibitors which can covalently block
the nucleophilic amino acids of the proteases’ active sites, we have chosen three model compounds
(aziridine l, oxirane 2 and acceptor-substituted olefin 3) for the examination of their electron-density
distribution. Therefore, high-resolution low temperature (9, 27 and 100 K) X-ray diffraction
experiments on single-crystals were carried out with synchrotron and conventional X-radiation. It
could be shown by the analysis of the electron density using mainly Bader’s Theory of Atoms in
Molecules, Volkov’s EPMM method for interaction energies, electrostatic potentials and Gatti’s Source
Function that aziridine l is most suitable for drug design in this field. A regioselective nucleophilic
attack at carbon atom C1 could be predicted and even hints about the reaction’s stereoselectivity could
be obtained. Moreover, the comparison between two data sets of aziridine l (conventional X-ray source
vs. synchrotron radiation) gave an estimate concerning the reproducibility of the quantitative results.


Introduction


The pharmacological action of most drugs is initiated by a
recognition process enabling a macromolecular target protein and
a low-molecular weight (LMW) ligand to form a complex. Binding
of a LMW inhibitor can either be reversible or irreversible. In
both cases, the first binding step is the formation of a non-
covalent reversible complex, which in case of irreversible inhibitors
is followed by a covalent reaction between target and ligand which
is not invertible. In each case not only steric interactions but also
complementary electronic properties play a dominant role in this
recognition process. Whereas steric information can already be
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provided by the determination of the molecular structure from
standard X-ray diffraction experiments using the independent
atom model approach, electronic properties can additionally be
obtained by high-resolution X-ray diffraction experiments at low
temperatures followed by an aspherical electron-density modelling
to account for bonding and non-bonding effects.


A molecular association process can be explained by the
principle of electrostatic complementarity.1 This means, steric,
electrostatic, van der Waals and hydrogen-bonding interactions
will generally cause the molecules to pack in a characteristic
way, i.e. the molecules will pack in a key–lock arrangement.
Therein, regions of charge concentration face electron-deficient
regions in adjacent molecules and hydrogen-bond donors will face
hydrogen-bond acceptors. These effects of molecular associations
are present in a crystalline environment as well as in a protein
environment under physiological conditions and can be expected
to be comparable in size. As a consequence, quantitative and qual-
itative properties extracted from the crystallographic experiment
provide more information on the intermolecular interactions in
a greater assembly than gas-phase computations with isolated
molecules. In this study, the tools to describe the reactivity,
i.e. the rate of the reaction, and the activity, i.e. the efficiency
of a specific reaction including the selectivity, are derived from
the geometry and the electron-density distribution: steric effects,
topological electron-density descriptors from a Bader analysis
(quantum theory of atoms in molecules2), interaction energies
from Volkov’s exact potential/multipole moment hybrid method
(EPMM3), electrostatic potentials, zero Laplacian isosurfaces and
the source function after Gatti et al.4


Our aim is to develop cysteine5 and aspartic6 protease inhibitors
consisting of an electrophilic building block which can covalently
block the nucleophilic amino acids of the enzymes’ active sites
(Cys in cysteine proteases or Asp in aspartate proteases). In the
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course of designing optimised inhibitors and to understand the
differences in inhibition properties of the scrutinised building
blocks we synthesised and crystallised three model compounds
1, 2 and 3. These compounds contain the same substituents (two
methyl ester groups at C2, p-nitrophenyl moiety at C1), but differ
in the type of electrophile: aziridine 1,7,8 oxirane 2,9 or acceptor-
substituted olefin 38,10 as shown in Fig. 1.


Fig. 1 Molecular structures with atom numbering scheme in the reactive
region of (a) aziridine 1, (b) oxirane 2 and (c) olefin 3.


At first glance one should expect the oxirane species to be the
most reactive compound and the olefin species the least reactive
regarding a nucleophilic attack. Moreover, carbon atom C1 should
be the preferred centre of attack, because this position is a benzylic
one. But as the C–C bond and not the C–X bond is cleaved in
these special cases and biological conditions are assumed, the
electron-density study grants essential insights into the nature of
the reactions. The results obtained from the electron densities will
be compared with model reactions of the inhibition process of the
three compounds with different model nucleophiles.


The electron-density distributions were derived from high-
resolution X-ray diffraction experiments at low temperatures (9,
27 and 100 K) at the synchrotron beamlines D3 and Fl of
HASYLAB/DESY and at a conventional Mo-Ka source. The
measurements of ultra highly resolved data sets at synchrotron
beamlines can be carried out within a few hours so that, together
with the use of more and more effective computer hardware and
software, the expenditure of time reduces drastically.11 This enables
the screening of electron densities of pharmaceutically promising
compounds with acceptable effort. If the nature of the attacking
centre of the active site of the protein is known, a screening
over functional groups of different ligands that reveal different
reactivities can be a very important step in drug design.


Experimental procedures


The three compounds were synthesised as follows: olefin 3 was
obtained by Knoevenagel condensation of malonate with p-
nitrobenzaldehyde. Reaction of 3 with diphenylsulfimide led to
aziridine 1 and epoxidation of 3 with hypochlorite yielded oxirane
2. Compounds 1 to 3 were crystallised from dichloromethane–
methanol.


X-Ray synchrotron diffraction experiments of aziridine 1 and
olefin 3 were performed at beamline D3 of storage ring DORIS
III at HASYLAB/DESY in Hamburg which is equipped with a
Huber four circle diffractometer and a marCCD 165 area detector.
Wavelengths of 0.560 Å for aziridine 1 and of 0.517 Å for olefin 3
were chosen. The temperature was maintained at 9 K during the
measurement by using an open helium gas flow device (Helijet,
Oxford Diffraction). In both cases more than 100000 reflections
could be measured to a resolution larger than 1.0 Å−1 in exposure
time periods of about 13 h.


Oxirane 2 was measured at beamline F1 of storage ring DORIS
III at HASYLAB/DESY in Hamburg. F1 is equipped with
a Kappa-diffractometer and a marCCD 165 area detector. A
wavelength of 0.560 Å was adjusted and the temperature was
maintained at 100 K using an open flow nitrogen cooling device.
About 125000 reflections could be measured to a resolution of
1.2 Å−1 within 11 h.


In order to allow a comparison of the synchrotron data with
conventional X-ray data, a second measurement of aziridine 1
was performed at the in-house diffractometer. Mo-Ka radiation,
a Huber four circle diffractometer and a Bruker APEX CCD
area detector were used. The temperature was kept at 27 K in an
exposure time period of 10 days with a closed cycle helium cryostat.
Although the measurement yielded 50000 less reflections com-
pared to the synchrotron measurement the maximum resolution
and the completeness of data were slightly higher. For more details
on the measurements and the crystallographic data, see Table 1.


The in-house data set was integrated with the programme
SAINT,12 whereas the synchrotron data sets were integrated
with the programme XDS.13 A programme for the correction of
reflection intensities for incomplete absorption of high energy
X-rays in the CCD phosphor (oblique correction) for special
CCD detectors at HASYLAB was recently published14 and
could successfully be employed for the three synchrotron data
sets. Because of this new correction and the newly developed
versions of the integration programme XDS and the programme
XD for multipole modelling (XD200615), the already published
synchrotron data set of aziridine 116 was processed again in order
to make sure that all data sets were analysed in the same way and
with the newest analysing tools available. For scaling and merging
of all four data sets the programme SORTAV17 was used.


The phase problem was solved with the programme SHELXS18


and yielded all non-hydrogen atom positions of the asymmet-
ric unit that consists of two molecules for aziridine 1 and one
molecule each for oxirane 2 and olefin 3. Conventional spherical
refinement was carried out by the programme SHELXL18 to
establish the starting positional and displacement parameters
(anisotropic for non-hydrogen atoms, isotropic for hydrogen
atoms) for the aspherical refinement steps. For aspherical refine-
ment the Hansen–Coppens multipole formalism19 as implemented
in the programme XD200615 was used. For all four data sets the
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Table 1 Experimental details for X-ray diffraction experiments


Aziridine 1 sync Aziridine 1 Mo-Ka Oxirane 2 sync Olefin 3 sync


Chemical formula C12H12O6N2 C12H12O6N2 C12H11O7N1 C12H11O6N1


M/g mol−1 280.24 280.24 281.22 265.22
Space group P1̄ P1̄ P1̄ P1̄
Z 4 4 2 2
a/Å 8.013(2) 8.027(1) 7.746(1) 7.769(2)
b/Å 13.312(3) 13.333(1) 8.080(1) 7.865(1)
c/Å 13.652(2) 13.674(1) 11.835(1) 10.811(1)
a/◦ 105.98(1) 105.97(1) 86.20(1) 87.61(2)
b/◦ 106.14(2) 106.05(1) 74.11(1) 85.41(4)
c /◦ 107.14(1) 107.14(1) 60.67(1) 62.43(2)
V/Å3 1231.36 1238.46 619.07 583.67
qx/g cm−3 1.512 1.503 1.509 1.509
F(000) 584.0 584.0 292.0 276.0
l/mm−1 0.07 0.07 0.08 0.07
Crystal size/mm3 0.45 × 0.25 × 0.15 0.60 × 0.40 × 0.25 0.60 × 0.40 × 0.15 0.50 × 0.20 × 0.20
Colour Red Red Colourless Colourless
Beamline D3 In-house F1 D3
T/K 9 27 100 9
Wavelength/Å 0.560 0.711 0.560 0.517
sin hmax/k/Å−1 1.02 1.11 1.19 1.02
No. of collected reflections 163095 113442 126224 104810
No. of unique reflections 18527 23550 14724 9203
No. of reflections with I ≥ 3r 13753 16994 8523 7557
Completeness (%) 84.5 85.2 84.2 90.2
Rint (%) 5.36 4.79 7.62 3.76
Spherical refinement:
R(F) (%) 4.28 4.66 4.45 4.00
wR(F 2) (%) 11.91 12.51 13.94 12.92
GooF 1.04 1.02 0.97 1.11
Multipole refinement:
Ratio reflections/parameters 22.81 28.18 20.94 20.26
R(F) (%) 2.92 3.30 3.18 2.67
wR(F) (%) 3.18 3.91 4.38 3.32
GooF 1.03 1.43 0.99 1.47


same chemically most reasonable density model including local
symmetries and chemical constraints was applied as far as possible
(see also Supplementary Material†). For aziridine 1 the multipole
model of the second molecule of the asymmetric unit was com-
pletely constrained to that of the first one. Therefore, all electronic
results from the multipole modelling presented herein will always
refer to an average over both independent molecules. C–H and N–
H distances were fixed to average values obtained from neutron
diffraction analyses.20 All non-hydrogen atoms were treated up to
the hexadecapole level of expansion, while bond-directed dipoles
and quadrupoles were introduced for all hydrogen atoms. The
expansion–contraction parameter j was refined independently
for all non-constrained atoms in the three synchrotron data sets,
but were fixed to theoretical values calculated by the programme
InvariomTool21 within Dittrich’s Invariom approach22 for the Mo-
Ka data set of aziridine 1. The figures of merit for the data reduc-
tion and refinements are collected in Table 1. For analysing the
obtained electron-density distributions the programme XDPROP
of the XD2006 programme package15 was used.


Results and discussion


Geometric results


Fig. 2 shows the experimental geometries of the three different
molecules aziridine 1, oxirane 2 and olefin 3, superimposed in the
plane of the three-membered ring, including the atom numbering


Fig. 2 SCHAKAL23 superposition of the experimental geometries of
aziridine 1 (green), oxirane 2 (red) and olefin 3 (blue). Atom numbering
scheme given for olefin 3 coincides with aziridine 1 and oxirane 2, only
additional atoms numbered separately.


scheme. The molecular conformations are very similar for aziridine
1 (both molecules, see below) and oxirane 2, but differ for olefin
3 due to the double bond between C1 and C2. However, in all
three cases it is obvious that a nucleophilic attack should occur at
carbon atom Cl for steric reasons because the flat aryl ring and
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Table 2 Bond distances (Å), angles (◦) and torsion angles (◦) in the reactive regions of 1, 2 and 3; for aziridine 1 averages over the two independent
molecules of the asymmetric unit are given


Bond or angle Aziridine 1 sync Aziridine 1 Mo-Ka Oxirane 2 Olefin 3


N1/O7–C1 1.4572(6) 1.4603(7) 1.4356(8) —
N1/O7–C2 1.4596(6) 1.4611(7) 1.4211(7) —
C1–C2 1.5079(6) 1.5102(7) 1.4877(6) 1.3454(5)
C1–C3 1.4914(6) 1.4935(7) 1.4872(6) 1.4604(5)
C2–C9 1.5078(5) 1.5124(6) 1.5142(6) 1.4955(5)
C2–C11 1.5034(6) 1.5044(7) 1.5161(5) 1.4883(5)


C1–N1/O7–C2 62.26(3) 62.26(3) 62.77(4) —
N1/O7–C1–C2 58.95(3) 58.90(3) 58.14(3) —
N1/O7–C2–C1 58.80(3) 58.85(3) 59.09(4) —
N1/O7–C1–C3 116.48(3) 116.45(4) 117.39(5) —
C2–C1–C3 119.89(3) 119.89(4) 121.91(4) 130.89(3)
N1/O7–C2–C9 117.16(3) 117.06(4) 116.24(4) —
N1/O7–C2–C11 115.79(3) 115.88(4) 113.75(3) —
C1–C2–C9 117.82(3) 117.79(4) 119.00(3) 126.34(3)
C1–C2–C11 116.36(3) 116.43(4) 117.48(4) 117.18(3)


N1/O7–C1–C3–C4 12.6(1) 12.7(1) −14.7(1) —
C2–C1–C3–C4 80.4(1) 80.3(1) 53.1(1) 12.8(1)
C1–C2–C9–O4 73.6(1) 73.6(1) 80.0(1) 90.2(1)
N1/O7–C2–C9–O4 140.8(1) 140.8(1) 147.6(1) —
C1–C2–C11–O6 −145.7(1) −145.7(1) −157.0(1) −176.0(1)
N1/O7–C2–C11–O6 148.1(1) 148.0(1) 136.8(1) —


the hydrogen atom H1 cause less steric hindrance than the two
methoxycarbonyl substituents at C2.


Table 2 shows geometrical properties of the four data sets in the
reactive region around the three-membered ring or double bond.
For aziridine 1 in both cases an average over the two molecules
of the asymmetric unit is shown because the average difference
of bond lengths/angles/torsion angles is 0.0015 Å/1.29◦/4.1◦ for
the Mo-Ka data set and 0.0017 Å/1.13◦/4.1◦ for the synchrotron
data set (cf. Supplementary Material†). The agreement of the
geometrical data between the two different data sets of aziridine
1 (0.0011 Å for bond lengths, 0.38◦ for bond angles and 0.5◦


for torsion angles) shows that one can consider these two
geometries as nearly identical although coming from two different
measurements.


For the three-membered rings, the C1–C2 bond is longer than
found in other aziridines (1.480 Å from ref. 20; 1.460 Å for free
aziridine at 145 K as discussed in ref. 16) or oxiranes (1.466 Å from
ref. 20; 1.438 Å for free oxirane at 150 K from ref. 24), whereas
the C–X bond lengths are shorter or comparable to typical C–X
bonds in aziridine (1.472 Å from ref. 20; 1.464 Å and 1.463 Å for
free aziridine at 145 K as discussed in ref. 16) or oxirane (1.446 Å
from ref. 20; 1.426 Å and 1.435 Å for free oxirane at 150 K from
ref. 24). Therefore a widening of the triangle at the hetero atom
results due to the special substitution pattern. The same influence
of the substitution pattern on the geometry in the biologically
active region can be seen for olefin 3: the C1–C2 double bond
distance of 1.3454(5) Å is larger than for an isolated double bond
but in the range of a conjugated system like hexatriene (1.345 Å
from ref. 20).


Topological analyses


Fig. 3 shows the static deformation density and Laplacian maps
of the three-membered rings. The typical banana bond character
of all bonds in the strained system can be seen in all maps. Despite


the unsymmetrical substitution pattern, the aziridine ring shows
a symmetrical distribution of the deformation and Laplacian
density. All bonds are normal covalent bonds, the Laplacian map
(Fig. 3c) shows the shared interactions (open shell). The values of
the density and the Laplacian at the corresponding bond critical
points (see Fig. 4 and Supporting Material†) confirm this finding:
at N1–C1 and N1–C2 q(bcpN1–C1) = l.83(3) e Å−3 and q(bcpN1–C2) =
1.80(3) e Å−3 are very similar and in the range of normal single
bonds. The same holds for the Laplacians (∇2q(bcpN1–C1) = −8.9(1)
e Å−5 and ∇2q(bcpN1–C2) = −7.6(1) e Å−5). In Fig. 3b and 3d
the static deformation density and Laplacian distribution of the
oxirane ring show an unsymmetrical behaviour. Moreover, the
Laplacian map in Fig. 3d shows that the bond O7–C1 is an open
shell interaction but the bond O7–C2 contains some closed shell
contributions. This finding can again be confirmed by the values
of the density and the Laplacian at the bond critical points O7–C1
and O7–C2 (q(bcpO7–C1) = 1.81(4) e Å−3 and q(bcpO7–C2) = l.75(4) e
Å−3, ∇2q(bcpO7–C1) = −14.3(2) e Å−5 and ∇2q(bcpO7–C2) = −8.4(2)
e Å−5). The bond O7–C1 has the higher value of the density at the
bcp and the more negative Laplacian value. So this bond shows
a more covalent character than the bond O7–C2. It is not clear if
this effect is caused by the unsymmetrical substitution pattern or
if it is caused by shortcomings in the multipole formalism for C–O
bonds25 (see also Fig. 4).


Fig. 4 visualises the transferability of bond topological proper-
ties for the individual bonds of the three compounds. For q(bcp)
the general agreement looks very satisfactory for cpds. 1–3 while
the differences in the Laplacian are more obvious due to the fact
that the Laplacian is more sensitive as a second spatial derivative
of the density. For the different types of bonds at C1–C2, the
difference between a single bond in cpds. 1 and 2 and a double
bond in cpd. 3 is 0.7 e Å−3 and −15 e Å−5, respectively. For the
three different compounds, the average differences for the density
and the Laplacian at the bond critical points of all shared bonds
are 0.07 e Å−3 and 3.6 e Å−5, respectively. Considering the two
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Fig. 3 Static deformation density distribution (blue: positive with contour interval 0.05 e Å−3; red: negative with contour interval 0.1 e Å−3) of a) aziridine
ring of 1 (synchrotron data set) and b) oxirane ring of 2; Laplacian distribution (blue: negative with contour interval 10 e Å−5; red: positive with contour
interval 25 e Å−5) of c) aziridine ring of 1 (synchrotron data set) and d) oxirane ring of 2.


different data sets of aziridine 1, the average differences for the
density and the Laplacian at the bond critical points are 0.06 e Å−3


and 4.2 e Å−5, respectively. These agreements are very good and
show that reproducibility and transferability are given sufficiently.
Average deviations that were found in other studies are 0.07 e
Å−3 and 4.9 e Å−5 for two different modifications of L-alanyl-L-
tyrosyl-L-alanine26 or 0.1 e Å−3 and 2 e Å−5 for two datasets of a
hexapeptide.27


Atomic properties


According to Bader’s partitioning scheme,2 atomic properties like
charge and volume can be calculated by integrating over the
atomic basins. Considering the two data sets of aziridine 1, the
average difference in the charges is 0.13 e and in the volumes
0.38 Å3. Therefore one can state again, as for the bond properties,
that reproducibility between conventional and synchrotron data
is fulfilled because the differences are in the range of the typical
accuracy in experimental charge density studies (e.g. ref. 26).
The atomic charges and volumes for the individual atoms are
represented in Fig. 5 and 6, respectively.


Transferability is given (average differences for the charges
and the volumes of all shared atoms are 0.06 e and 0.61 Å3,
respectively), because all outliers can be explained by a different
chemical environment in the reactive region. In the methyl ester
groups a strong polarisation is seen with highly positive charges of
the contributing carbon atoms (for C9 and C11 > 1.5 e) and ac-
cordingly negative charges < −l.0 e for the oxygen atoms O3–O6.
For oxirane 2 the atomic charges of C1 and C2 (0.32 and 0.42 e) are
greater than for aziridine 1 (0.14 and 0.07 e) and olefin 3 (−0.12 and
−0.09 e). This difference is caused by the different electronegativity
of O and N. In general, atomic charges are rather poor predictors
of reactivity which is confirmed by the present study. Neither the
greater reactivity against nucleophiles of the aziridine’s C1 vs. C2,
nor the greater reactivity of the aziridine vs. the oxirane can be
explained by the atomic charges. As shown in the next sections,
the molecules’ polarisation patterns induced by intermolecular
interactions are much better suited to predict the reactivity.


Intermolecular interactions, lattice and interaction energies


Table 3 shows the hydrogen bond geometries, topological pa-
rameters and energies for the three compounds. For aziridine 1
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Fig. 4 Electron density (e Å−3) and Laplacian (e Å−5) of the bond critical points of aziridine 1 (average over both datasets and over the two independent
molecules of the asymmetric unit), oxirane 2 and olefin 3.


Fig. 5 Atomic charges of compounds 1 to 3, average over both datasets and over the two independent molecules of the asymmetric unit for aziridine 1.


average values for the two data sets are shown due to the very
small difference in the molecular geometries as mentioned above.
Only aziridine 1 exhibits classical hydrogen bonds due to the N–H
donor group (a packing diagram of aziridine 1 can be found in
ref. 16), but the main stabilising interactions in the crystal are C–
H · · · O/N hydrogen bonds that are not much weaker compared
to the classical hydrogen bonds considering the parameters given
in Table 3. CH · · · O/N hydrogen bonds have been found to
be very important in several drug binding processes because
they stabilise aggregations of molecules with a strength that is


suitable for biological processes.28 Density and Laplacian at the
bond critical points correlate with the geometrical parameters
of Table 3 in a way Espinosa et al. determined,29 i.e. fulfil
the exponential Espinosa plots (see Supplementary Material†).
The hydrogen bond energies (EHB, see Table 3) calculated after
Espinosa et al.30 follow similar correlations. But all these fits of
the phenomenological behaviour of experimental data are very
inaccurate and well defined correlations as have been established
for calculations in the gas phase31 cannot be found. This is due to
the fact that there are many influences between two molecular
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Fig. 6 Atomic volumes of compounds 1 to 3, average over both datasets and over the two independent molecules of the asymmetric unit for aziridine 1.


fragments in the crystal that change the parameters of the
hydrogen bond between these two fragments significantly. These
influences can be taken into account by calculation of the overall
interaction energy between these fragments. As it is not possible
to extract from the diffraction data the extent to which the density
observed is due to intermolecular interactions and how much it is
inherent to the molecule itself, it is important to consider energies


of the interactions that are accessible and can be calculated within
the XDPROP programme of the XD2006 suite15 in the crystal
environment (EIA, see Table 3). The exchange–repulsion terms
and the dispersion terms are calculated after Williams and Cox,32


the electrostatic contribution is calculated after the exact po-
tential/multipole moment hybrid method (EPMM) after Volkov
et al.3 The interaction energies between two symmetry related


Table 3 Hydrogen bond geometries, topological parameters and energies, average values for the two data sets of aziridine 1


Donor-H · · · acceptor r(H · · · acc)/Å r(don · · · acc)/Å a(don-H · · · acc)/◦ q/e Å−3 ∇2q/e Å−5 EHB
c/kJ mol−1 a0


−3 EIA
d/kJ mol−1


Aziridine 1:
N(1A)a–H(1NA) · · · O(5A)e 2.22 3.12 147 0.09(3) 1.6(1) −9.54 −12.19
N(1)–H(1 N) · · · N(1A)f 2.22 3.22 170 0.10(4) 1.1(1) −5.76 −16.13
C(5)–H(5) · · · O(1)g 2.44 3.44 154 0.04(3) 0.7(1) −4.18 −16.84
C(5A)–H(5A)] · · · O(1A)h 2.45 3.48 158 0.04(3) 0.7(1) −4.22 −22.82
C(6)–H(6) · · · O(4)i 2.35 3.25 139 0.07(2) 1.1(1) −6.43 −31.82
C(7)–H(7) · · · O(5)h 2.34 3.15 130 0.07(2) 1.2(1) −7.18 −16.92
C(7A)–H(7A) · · · O(5A)g 2.46 3.23 126 0.07(2) 1.1(1) −6.47 −22.83
C(10)–H(10B) · · · O(6A) 2.43 3.43 157 0.06(1) 0.8(1) −4.50 −18.31
C(12A)–H(12D)b · · · N(1)j 2.39 3.39 155 0.08(1) 1.2(1) −6.92 −14.67
Oxirane 2:
C(5)–H(5) · · · O(1)k 2.45 3.49 160 0.05(3) 0.7(1) −3.97 −7.57
C(6)–H(6) · · · O(4)f 2.31 3.25 144 0.07(2) 1.2(1) −7.04 −27.78
C(7)–H(7) · · · O(5)l 2.31 3.15 133 0.07(2) 1.2(1) −7.06 −7.65
C(10)–H(10C) · · · O(5)h 2.52 3.24 123 0.05(1) 0.9(1) −5.36 −5.97
C(12)–H(12A) · · · O(6)m 2.53 3.46 146 0.04(1) 0.7(1) −4.03 −5.21
C(12)–H(12C) · · · O(5)n 2.56 3.46 142 0.04(1) 0.6(1) −3.40 −4.55
Olefin 3:
C(4)–H(4) · · · O(3)[intra] 2.56 3.46 139 0.08(3) 1.0(1) −5.54 —
C(5)–H(5) · · · O(1)o 2.52 3.59 169 0.04(3) 0.5(1) −2.74 −4.73
C(7)–H(7) · · · O(5)p 2.24 3.10 134 0.08(2) 1.4(1) −8.37 −4.68
C(10)–H(10A) · · · O(2)q 2.39 3.43 166 0.05(1) 0.8(1) −4.63 −30.77


a Labels A refer to the second molecule of the asymmetric unit. b Atom H12D belongs to the second molecule of the asymmetric unit. c Hydrogen bond
energy calculated according to Espinosa et al.30. d Interaction energy between both molecules involved in the hydrogen bond, calculated according to
Williams and Cox32 and Volkov3. Symmetry operations:e 2 − x,1 − y,2 − z. f 1 − x,1 − y,1 − z. g −1 + x,y,z. h 1 + x,y,z. i 2 − x,2 − y,1 − z. j 2 − x,1 −
y,1 − z. k x,−1 + y,z. l x,1 + y,z. m 2 − x, −y, −z. n 1 − x, − y, −z. o 1 + x,−1+y,z. p −1 + x,+y,z. q −1 − x,1 − y,−z.
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molecules in the crystal that are connected by a hydrogen bond are
listed in Table 3. As mentioned above, all interactions between the
molecules are accounted for (e.g. electrostatic interactions between
C and O16 or p-interactions). Therefore, it is not surprising that
there is no correlation between the interaction energy and any of
the parameters describing the hydrogen bonds. The interactions
within the aziridine crystals are in general much stronger than
in the other crystals. For example the interactions between the
molecules guided by the hydrogen bonds C7–H7 · · · O5 and C5–
H5 · · · O1 that are common to all three compounds are much
stronger within the aziridine crystals (about 10 kJ mol−1). This is a
meaningful hint for aziridine 1 being more suited for drug design
purposes.


The lattice energy of a molecule in the crystal environment can
be calculated with XD200615 using the same methods as described
for the interaction energies. This yields a total crystal binding
energy of −161.06 kJ mol−1 for oxirane 2 (57% coming from the
sum of exchange–repulsion and dispersion and 43% from electro-
static interactions) and −181.87 kJ mol−1 for olefin 3 (53.5% from
exchange–repulsion and dispersion, 46.5% from electrostatic). For
aziridine 1 an average over the two independent molecules of the
asymmetric unit was calculated, being −177.70 kJ mol−1 for the
synchrotron data set (44% exchange–repulsion and dispersion,
56% electrostatic) and −183.24 kJ mol−1 for the Mo-Ka data
set (43% exchange–repulsion and dispersion, 57% electrostatic).
Therefore, the experimental uncertainty is about 6 kJ mol−1 so
that the values for aziridine 1 and olefin 3 should be considered as
equal. As a temperature dependency of the lattice energy is known
at least for some inorganic salts,33 the value for oxirane 2 might
not be directly comparable to aziridine l and olefin 2 because the
data set of oxirane 2 was measured at a higher temperature (100 K
instead of 27 or 9 K).


In general, one can state that the lattice energies are quite high
for molecular crystals which argues for effective intermolecular
binding networks (compare for example crystals of pure benzene
that exhibit a much weaker network of intermolecular interactions:
lattice energy extrapolated to 0 K = −52.30 kJ mol−1;34 lattice
energy calculated with XD2006 for 110 K = −55.50 kJ mol−1,
diffraction data taken from ref. 35). Moreover, it is very interesting
that the electrostatic contribution for aziridine 1 is greater than
50% whereas it is smaller than 50% for oxirane 2 and olefin 3.
The reason is that only aziridine 1 contains a donor for classical
hydrogen bonds and that the C–H · · · X hydrogen bonds are
generally stronger in aziridine 1 (see above). So this is another
meaningful hint that aziridine 1 is suited better for the described
pharmacological purposes because the first ligand-binding step in
this biological process is mainly electrostatically controlled. It is
in agreement with the fact that aziridine 1 is reactive but oxirane
2 and olefin 3 are not reactive in model reactions regarding a
nucleophilic attack (see section on model reactions).


Electrostatic potentials and zero Laplacian isosurfaces


In 1987, Bader stated that “an outer contour of the charge density
could be used to assign a size and a shape to a molecule for
its nonbonded interactions with other molecules, that is, define
the van der Waals envelope”.36 It was shown that the 0.001 au
contour yielded a reasonable chemical model for a molecular
surface of organic compounds. To correlate the biological activity
with the electrostatic potential it has become common practise
to scrutinise the electrostatic potential on a molecular surface of
0.001 au (=0.0067 e Å−3).37 Fig. 7 shows the electrostatic potential
of aziridine 1 mapped on the molecular surface at 0.0067 e Å−3.
The differently polarised regions that determine how the molecule


Fig. 7 MOLISO39 representation: electrostatic potential in e Å−1 of aziridine l, mapped on an isosurface of the electron density at 0.0067 e Å−3


(=0.001 au).
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sticks into the enzyme by non-bonding interactions can clearly be
distinguished (positive methyl and hydrogen regions, negative nitro
region and p-electron cloud of the aryl ring). A difference in the
polarisation sphere of the carbon atoms C1 and C2 is observed.
Carbon atom C1 is surrounded by a positively polarised region
whereas the region around carbon atom C2 is more negatively
polarised. The preceding agglomeration of the nucleophilic ring
opening reaction could already be guided by this polarisation
difference so that C1 shows up as the preferred reaction site. This
has also been found by a comparison with theoretically derived
data in ref. 16. With respect to the corresponding electrostatic
regions on the 0.0067 e Å−3 molecular surfaces of oxirane 2 and
olefin 3, no clear distinction between carbon atoms C1 and C2 can
be made.


Murray, Politzer et al. introduced parameters to quantify the
electrostatic potential on the 0.0067 e Å−3 molecular surface
and relate it to biological reactivity and activity.37 One of these
quantities is the average deviation P from the mean surface
potential that is a measure of the internal charge separation or
local polarity which is present even in molecules having zero dipole
moment. For compounds 1 to 3 the values of P are (average over
both data sets for aziridine 1): P(cpd. 1) = 0.089 e Å−1, P(cpd.
2) = 0.035 e Å−1 and P(cpd. 3) = 0.079 e Å−1. These differences in
the overall polarisation are caused by the different intermolecular
interactions and the structural differences in the reactive regions.
As discussed in the chapter on intermolecular interactions (see
above), the intermolecular bonding network for aziridine 1 is
stronger than for the other compounds and is therefore responsible
for the greater overall polarisation. Chemical preparative work
also shows that aziridine 1 is reactive, the other two compounds
are not (see section on model reactions).


To obtain information about the location of possible elec-
trophilic centres that can be target of a nucleophilic attack followed
by the forming of a covalent bond, an electrostatic potential
mapped on a density surface that is much closer to the nuclei
should be examined. Whereas the nuclei have a distance of about
2.0 to 2.5 Å from the 0.0067 e Å−3 isosurface (compare: van der
Waals − radius of carbon = 1.85 Å), the distance of the nuclei to
an 0.5 e Å−3 isosurface is about 0.7 to l.0 Å (compare: covalence
radius of carbon = 0.77 Å). The electrostatic potential on this
isosurface has been shown in several applications to be a good
choice if one wants to examine the impact of individual atoms
on the potential without neglecting crystal effects.16,38 Fig. 8a–
c show the electrostatic potential of aziridine 1, oxirane 2 and
olefin 3 on the density isosurface of 0.5 e Å−3. Several maxima
(green/blue colour) in the reactive region can be found on the
isosurface. Table 4 shows the number, the labelling and the value
of the maxima that can be attributed to either carbon atom C1 or
C2.


The absolute values of the maxima are not meaningful because
they are dependent on the value of the isosurface. The average
difference between corresponding maxima on the 0.5 e Å−3


isosurface in the two datasets of aziridine 1 is 0.04 e Å−l. Being
aware of this uncertainty, one can only state that there is a trend
for aziridine 1 and olefin 3 that the values for the maxima at Cl
are somewhat larger in contrast to oxirane 2 where the values
for the maxima at C2 are somewhat larger. But in all cases the
maximum labelled 1a seems to be the sterically most favorable
reaction site (see section on geometric results) because there is no


Fig. 8 MOLISO39 representation: electrostatic potential in e Å−l of the
reactive regions of a) aziridine 1, b) oxirane 2 and c) olefin 3, mapped on
an isosurface of the electron density at 0.5 e Å−3. Positions of atoms under
the surface and of maxima of the esp at C1 and C2 are plotted.


bulky sidechain and no negatively polarised carbonyl oxygen atom
nearby as it is in the case of the maxima around C2. All the other
maxima at C1 cannot be attacked from the direction of the flat
aryl plane but only from the side of the aryl group. The maxima 1a
have the highest value of the maxima around C1 in each case and
are about 55 to 75% of the absolute maximum in the compound
(also shown in Table 4).


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2295–2307 | 2303







Table 4 Maxima of the electrostatic potential (esp) in e Å−l on an
isosurface of the electron density at 0.5 e Å−3 in the reactive region of
cpds. 1 to 3, see Fig. 8


Label (seen in parts in Fig. 8) Near atom Value of esp


Aziridine 1 sync:
1a C1 0.73
1b C1 0.72
1c C1 0.67
2a C2 0.68
2b C2 0.67


H1N 1.30 (abs. max.)
Aziridine 1 Mo-Ka:
1a C1 0.73
1b C1 0.69
1c C1 0.71
2a C2 0.63
2b C2 0.61


H1N 1.24 (abs. max.)
Oxirane 2:
1a C1 0.79
1b C1 0.66
1c C1 0.59
1d C1 0.57
2a C2 0.82
2b C2 0.86
2c C2 0.77


H1 1.08 (abs. max.)
Olefin 3:
1a C1 0.70
1b C1 0.65
2a C2 0.62


H1 1.30 (abs. max.)


The zero Laplacian isosurface (defined by ∇2q = 0) shows the
location of electrophilic centres by means of reduced valence shell
charge concentrations (reduced VSCCs). Therefore, it is called the
“reactive surface”.2,40 These reduced VSCCs appear as holes in
the surface. Fig. 9 shows the isosurfaces of compounds 1 to 3.
There are larger reduced VSCCs at carbon atom Cl for aziridine
1 (four large holes at C1, two large and one small hole at C2)
and larger reduced VSCCs at carbon atom C2 for oxirane 2 (four
large holes at C2, two large and two small holes at C1) as there
were also found larger values of the esp maxima (see Table 4) at
carbon atom C1 for aziridine 1 and at carbon atom C2 for oxirane
2. Therefore the greater reactivity of aziridine 1 can be explained
by the fact that for aziridine 1 carbon atom C1 is both sterically
and electronically favoured but for oxirane 2 carbon atom C2 is
electronically favoured but sterically hindered. Further important
information from the zero Laplacian isosurfaces are the positions
of the reduced VSCCs around the atoms. Although the number of
the reduced VSCCs and the number of the maxima in the esp do
not agree in each case the agreement of their positions is quite high.
Especially on the positions where the maxima in the esp labelled 1a
were found there can be found reduced VSCCs in the Figs. 9a–c,
too. This is another hint that this sterically most favorable position
is also electronically preferred.


Source function


The source function4 is a relatively new tool to analyse the electron-
density distribution. It is calculated directly from the density. The
value of the density at any given point can be deconstructed
into contributions from all the atomic basins in the molecule.
Normally, a bond critical point (bcp) is chosen as reference point


Fig. 9 MOLISO39 representation: zero Laplacian isosurface of the
reactive regions of a) aziridine 1, b) oxirane 2 and c) olefin 3.


and the source contributions serve as a measure of the electronic
delocalisation regarding this special bond. It can be examined how
adjacent atoms or substituents affect the electronic situation of the
bond for which the bond critical point is the representative.


Fig. 10 represents the percentage source contributions for the
reference points bcp(X–C1) and bcp(X–C2) of aziridine 1 and
oxirane 2, atoms with a source contribution of less than 1%
are not shown for clarity. As expected for both cpds. 1 and 2,
the major contributions to the X–C bond critical points of the
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Fig. 10 DIAMOND41 representation of the percentage source contributions4 of the atomic basins to the electron density of the N1/O7–C1 bond critical
point (left) and the N1/O7–C2 bond critical point (right) of cpds. 1 and 2.


three-membered rings come from the directly bonded atoms (see
Fig. 10). In each case, about 45% of the density comes from the
basin of the hetero atom and 35% from the carbon atom. Hence,
from the perspective of the source function there seems to be no
difference whether the hetero bonds in the three-membered ring
are O–C or HN–C bonds.


The minor contributions can be summarised as follows. The
contribution of the entire nitrophenyl substituent to the N1–
C1 bond is 4.4%, to the O7–C1 bond is 5.5%. Each of the two
methoxycarbonyl (MOC) groups contributes with 5.1% to N1–C2
and with 5.5% to O7–C2. It follows that the influence of each of
the large substituents to the adjacent X–C bond in the heterocycle
is almost the same. If all substituents to C1 (nitrophenyl group
plus hydrogen atom) and C2 (two MOC groups) are considered,
the influence to the N1/O7–C1 bond adds up to 7/9% and to the
N1/O7–C2 bond to 10/11%. The contributions of the substituents
to the density of the X–C bond critical points that are not directly
bonded to are in each case about 2.5%. In total, the effects of the
substituents are by 2–3% larger for the X–C2 than for the X–C1
bonds.


For the bond critical point of C1–C2 the following was found.
In the case of olefin 3 85% of the density comes from the atoms C1
and C2 in equal amounts. But for aziridine 1 and oxirane 2 only
65% comes from these atoms. A significant amount (about 15%)
comes from the hetero atom. There is also more interaction with
the substituents in the case of compounds 1/2 (4.5%/5.3% from


the nitrophenyl group and 5.0%/5.7% from each MOC group)
compared to olefin 3 (3.4% from the nitrophenyl group and 3.1%
from each MOC group). So the electronic situation in the rings
is more influenced by the substituents than in case of the double
bond. This might be the known effect of activating a double bond
by epoxidation or aziridination.


Model reactions with sulfur-, nitrogen- and oxygen nucleophiles


The electrophilic building blocks were subjected to reaction with
equimolar amounts of benzyl mercaptane, benzyl amine or acetic
acid, respectively, in refluxing toluene-d8. Samples for NMR
spectroscopy and LC-MS were taken after 2, 4, and 8 h.


The NMR- and LC-mass spectra of the reaction of aziridine 1
with benzyl mercaptane as a nucleophile show the dimerisation
to the imidazolidine 6 as already published,42 and the mercaptane
adduct 416 (see Scheme 1). The spectra obtained with oxirane 2 or
olefin 3 which were treated in the same manner do not show any
conversion.


In case of the model reaction with benzyl amine as a nucleophile
the benzyl amine adduct 5 (see Scheme 1) could be detected
together with the imidazolidines 642 and 7. Again, no conversion
was observed with the oxirane 2 and the olefin 3.


In case of the reaction with acetic acid no adduct could be
observed neither with the aziridine 1, nor with the oxirane 2 and
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Scheme 1 Reaction pathways of aziridine 1 with benzyl mercaptane or benzyl amine, respectively.


the olefin 3. Only formation of the already known oxazolidine 842


was observed (Scheme 1).
In summary, only aziridine 1 shows reactivity against the S-


or N-nucleophiles. Besides the adducts formed by nucleophilic
ring opening after attack at C1 (cpds. 4 and 5) several products
resulting from 1,3-dipolar cycloadditions of 1 could be detected:
6, by dimerisation of aziridine 1; 7, by cycloaddition of 1 with
the imine formed by condensation of the decomposition product
p-nitrobenzaldehyde and benzyl amine; 8, by cycloaddition of 1
with p-nitrobenzaldehyde.


Conclusions


This study shows that the experimental electron-density determi-
nation grants access to the structural and electronic properties of
biologically active molecules or their model compounds through
various tools that can directly be derived from the density. There-
fore, these tools can be exploited for the development, optimisation
and analysis of pharmaceutically relevant compounds. Screenings
over promising compounds can be carried out at synchrotron
beamlines where the exposure time periods for one measurement
are in the range of a few hours at present but should decrease at
new synchrotron sources with much higher primary intensity. One
aspect of this work was to show in which range the reproducibility
and therewith the error of two measurements under different


experimental conditions (in-house vs. synchrotron) lies. It has
been found for several parameters like geometry, topological and
atomic properties or electrostatic potential that the reproducibility
is quite good and comparable to other studies. Comparing
the topological parameters between the different compounds,
transferability within the error margins of reproducibility that is a
crucial property in a Bader analysis could be found.


Three protease inhibitor model compounds—aziridine 1, oxi-
rane 2 and olefin 3—have been examined regarding their biological
activity and general reactivity. Aziridine 1 is most suitable for
drug design. It is most reactive because it is outstanding in the
properties that can be related to the reactivity of the intermolecular
hydrogen-bonding network, the lattice and interaction energies
and the electrostatic potential. The regioselectivity of the reaction
(nucleophilic attack at carbon atom C1 rather than at carbon atom
C2) for aziridine 1 was found within steric considerations, and the
electrostatic potential. Moreover, hints for the stereoselectivity,
that means the preferred reaction site at carbon atom C1, could
be found by examining the electrostatic potential at a molecular
surface of 0.5 e Å−3 and the zero Laplacian isosurfaces. The source
function showed the influence of the two different substituents
(nitrophenyl and methoxycarbonyl group) on the density of the
bond critical points in the reactive region.


In general, the intermolecular interaction network that influ-
ences several properties like interaction energies and electrostatic
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potentials is crucial for the activity (reactivity plus selectivity) of
the compound, the electronegativity difference between O and N
is not decisive. These findings were proven by preparative model
reactions: aziridine 1 is reactive and the reaction is specific at C1,
oxirane 2 and olefin 3 are not reactive.


We believe that the recent methodical developments elaborated
in this work open up a spectrum of tools that can be exploited in
the future for drug development purposes.
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Synthesis of novel purine bases and nucleosides bearing unsubstituted or substituted cyclopropyl rings
in position 6 is reported. Unsubstituted 6-cyclopropylpurines were efficiently prepared by
cross-coupling reactions of 6-chloropurines with cyclopropylzinc chloride. 6-Vinylpurines underwent
Cu-mediated cyclopropanations with ethyl diazoacetate to give 6-[(ethoxycarbonyl)cyclopropyl]purines
that were further transformed to carboxylic acids, amides and alcohols. 6-Cyclopropylpurine
ribonucleoside exerted a significant cytostatic effect while all substituted derivatives were inactive.


Introduction


Purine bases and nucleosides bearing diverse C-substituents
(aryl, alkenyl, alkynyl or alkyl groups) in position 6 are an
important class of compounds possessing a broad spectrum of
biological effects: e.g. cytostatic,1 antiviral2 and antimicrobial3


activity or receptor modulation.4 6-Methylpurine, as well as its
ribonucleoside, is highly cytotoxic5 and its liberation by purine nu-
cleoside phosphorylases from its non-toxic deoxyribonucleoside
was proposed as a novel principle in the gene therapy of cancer.6


We have been interested in the synthesis of purines bearing func-
tionalized alkyl substituents and reported syntheses and cyto-
static affects of 6-(hydroxymethyl)-,7 6-(fluoromethyl)-8 and 6-(di-
fluoromethyl)purine9 bases and nucleosides and (purin-6-yl)-
alanines10 and -phenylalanines.11 Very recently we have finished
syntheses of a large series of 6-(dialkylamino)methyl-, 6-alko-
xymethyl- and 6-(alkylsulfanylmethyl)purine derivatives,12 as well
as homologous 6-(dialkylamino)ethyl-, 6-(dialkylamino)vinyl-, 6-
alkoxyethyl- and 6-[2-(alkylsulfanyl)ethyl]purines13 that also ex-
erted significant cytostatic effects and moderate non-selective anti-
HCV activities.


The cyclopropane ring14 is a privileged pharmacophore present
in a large number of biologically active compounds,15 including
antiviral and antitumor nucleosides.16 Surprisingly, only two
examples of C-linked cyclopropylpurines have been reported.
Free 6-cyclopropylpurine bases were prepared via coupling of
6-chloropurine derivatives with organocuprates followed by de-
protection by Dvořák et al.17 but no biological activity data were
reported. Several 6-(2-phenylcyclopropyl)purine derivatives were
described by Gundersen et al.18 as inhibitors of 15-lipoxygenase,
and were prepared by cross-coupling of 6-chlorpurines with
phenylcyclopropylzinc halides.


Therefore, as a logical extension of our previous studies
(Chart 1), we have decided to prepare a series of unsubstituted
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Chart 1 Biologically active 6-substituted purine nucleosides.


and substituted 6-cyclopropylpurine bases and nucleosides and
to study their biological activities. The results of our efforts are
presented here.


Results and discussion


There are two possible approaches to the construction of 6-
cyclopropylpurines: (i) attachment of the cyclopropyl ring via
cross-coupling or (ii) cyclopropyl ring formation (e.g. by cyclo-
propanation of 6-vinylpurines). We wanted to try both of them
and test their suitability for the synthesis of either unsubstituted
or substituted 6-cyclopropylpurines.


Synthesis of unsubstituted 6-cyclopropylpurine base in a low
yield of 24% has been reported by Dvořák et al.17 who used a cross-
coupling reaction of 9-(tetrahydropyran-2-yl) (THP) protected 6-
chloropurine with organocuprate derived from cyclopropylmag-
nesium bromide followed by deprotection. We have first tried
classical carbene cyclopropanation19 of 9-benzyl-6-vinylpurine.
Carbene was generated in situ by diethylzinc from diiodomethane
in various solvents under various conditions but all these attempts
led only to complex mixtures of products. Then we studied the
Negishi cross-coupling reactions of 9-benzyl-6-chlorpurines 1a
with cyclopropylzinc chloride (Scheme 1, Table 1). The organozinc
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Scheme 1 Synthesis of 6-cyclopropylpurines.


Table 1 The Neghishi cross coupling reactions


Entry Starting compound Product Yield (%)


1 1a 2a 88
2 1b 2b 83
3 1c 2c 99
4 1d 2d 99


was generated in situ from cyclopropylmagnesium bromide and
zinc chloride at −10 ◦C and reacted with 1a at 40 ◦C in the presence
of Pd(PPh3)4 in THF for 2 h to give 6-cyclopropylpurine 2a in
excellent 88% yield. This procedure was then applied for THP-
protected 6-chloropurine 1b, as well as for 4-methylbenzoyl (Tol)
protected 6-chloropurine nucleosides 1c,d. In all cases, the desired
protected 6-cyclopropylpurine base 2b and nucleosides 2c,d were
obtained in excellent to quantitative yields (83–99%).


In order to have access to diverse substituted 6-
cyclopropylpurines, we have further studied cyclopropanations
of 6-vinylpurines with ethyl diazoacetate (Scheme 2, Table 2).
The reaction of 9-benzyl-6-vinylpurine (3a) with ethyldiazoacetate
was tested in the presence of either Rh2(OAc)4


20 catalyst or Cu
powder21 under various conditions. The rhodium catalyst (entry 1)
rapidly decomposed ethyl diazoacetate and we obtained complex
mixture of products. More promising was the use of Cu powder.
In dioxane, the reaction at 70 ◦C led to mixtures of the desired 9-


Scheme 2 Cyclopropanations of 6-vinylpurines with ethyl diazoacetate.


benzyl-6-[2-(ethoxycarbonyl)cyclopropyl]purine (4a) and the open
ring byproduct 5a (entries 2,3). On the other hand, in toluene
at ca. 100 ◦C the reaction proceeded relatively smoothly to
give substituted cyclopropylpurine 4a in a good yield of 75%
(entry 4). Then, analogous reactions with ethyl diazoacetate
were performed with THP-protected 6-vinylpurine 3b and silyl-
protected 6-vinylpurine nucleosides 3e,f to give the desired 6-
[2-(ethoxycarbonyl)-cyclopropyl]purines 4b,e,f in moderate but
acceptable yields of 41–60% (entries 5–7). The corresponding
minor (estimated 5–10% by TLC) diazenylacrylates 5, as well as
polymeric by-products, were observed on TLC but not isolated.
In all cases, the reactions proceeded stereoselectively to give trans
relative configuration at the cyclopropyl ring. However, in the
case of nucleosides, there was no asymmetric induction due to the
homochiral sugar part and the products 4e,f were (inseparable)
diastereomeric mixtures (1 : 1). In the case of 10h, the initially
formed 1 : 1 mixture was by repeated column chromatography
enriched to 2 : 1.


Having gained an access to ester intermediates 4a,b,e,f, we
have further studied functional group transformations leading to
amides, carboxylic acids and alcohols. The amidations of the esters
4a,b,e,f were performed with several amines in the presence of


Table 2 Cyclopropanations of 6-vinylpurines with ethyl diazoacetate


Entry Starting compound Solvent Catalyst Conditions Results


1 3a CH2Cl2 Rh2(OAc)4 Rt, 1h Decomposition
2 3a Dioxane Cu 70 ◦C, 8 h 4a (trace), 5a (29%),
3 3a Dioxane Cu 70 ◦C, 2 d 4a (53%), 5a (9%)
4 3a Toluene Cu 95 ◦C, 6 h 4a (75%), 5a (trace)
5 3b Toluene Cu 100 ◦C, 2 h 4b (41%)
6 3e Toluene Cu 100 ◦C, 2 h 4e (60%)
7 3f Toluene Cu 100 ◦C, 2 h 4f (44%)
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AlCl3
22 in dichloromethane (Scheme 3). The reactions proceeded


smoothly at ambient temperature and the desired products 6–8
were isolated in high yields (Table 3). The products of reactions
with benzyl(methyl)amine (entries 2 and 6) were in solution
mixtures of 4 diastereoisomeric amide rotamers (NMR).


Scheme 3 Transformations of the ester function.


Table 3 Transformations of the ester function


Entry
Starting
compound Reagent Product Yield (%)


1 4a Et2NH, AlCl3 6a 89
2 4a Bn(Me)NH, AlCl3 7a 85
3 4a Morpholine, AlCl3 8a 82
4 4b Et2NH, AlCl3 6b 66
5 4e Et2NH, AlCl3 6e 85
6 4e Bn(Me)NH, AlCl3 7e 65
7 4e Morpholine, AlCl3 8e 76
8 4f Et2NH, AlCl3 6f 71
9 4a NaOH 9a 81


10 4g NaOH 9g 80
11 4e NaOH Mixture
12 4f NaOH Mixture
13 4a NaBH4 10a 57
14 4b NaBH4 10b 57
15 4e NaBH4 10e 68
16 4f NaBH4 10f 46
17 4g DIBAH 10g 65


Table 4 Deprotections


Entry Starting compound Method Product Yield (%)


1 2b A 2g 47
2 4b A 4g 85
3 6b A 6g 95
4 10b A 10g 21
5 2c B 2h 65
6 2d B 2i 42
7 4e C 4h 75
8 4f C 4i 80
9 6e C 6h 95


10 7e C 7h 98
11 8e C 8h 97
12 6f C 6i 83
13 10e C 10h 76
14 10f C 10i 44


Hydrolysis of esters 4 to carboxylic acids was performed using
NaOH in a water–THF mixture at ambient temperature. For
purine bases 4a and 4g, the corresponding free carboxylic acids 9a
and 9g were successfully isolated in good yields (entries 9, 10). In
the case of protected nucleosides 4e and 4f, complex inseparable
mixtures of partially deprotected products were observed (entries
11, 12).


Reduction of esters 4a,b,e,f to alcohols was performed using a
large excess of NaBH4 (50 equiv.) in ethanol at 60 ◦C. The reactions
proceeded rather slowly (24 h) to give the corresponding alcohols
10a,b,e,f in moderate to good yields of 46–68% (entries 13–16).
DIBAH (2 equiv.) in dry CH2Cl2 at ambient temperature was used
for reduction of free purine base 4g, which proceeded to give 10g
in 65% yield (entry 17).


The whole series of THP-protected purines (2b, 4b, 6b and 10b)
was deprotected by treatment with acidic cation exchanger Dowex
(H+ form) in ethanol (method A, Table 4) to get the corresponding
free purine bases (2g, 4g, 6g and 10g). The toluoyl-protected
nucleosides 2c and 2d were deprotected by treatment with sodium
methoxide in methanol (method B) to afford free nucleosides 2h
and 2i. The TBS-protected nucleosides (6–8e, 6f, 10e and 10f) were
deprotected by treatment with Et3N·3HF in THF (method C). In
certain cases (entries 1, 4, 6 and 14), the isolated yields were quite
low due to difficult isolation of the polar final products by column
chromatography.


All compounds were fully characterized. Crystal structures
of cyclopropylpurines 2g and 6a were determined by X-ray
crystallography confirming the trans-relative configuration on the
cyclopropane in 6a (Fig. 1).


All the title cyclopropylpurine bases and nucleosides 3, 4, 6–10
were evaluated for biological activity. Cytostatic activity in vitro
(inhibition of cell growth) was studied on the following cell cul-
tures: (i) mouse leukaemia L1210 cells (ATCC CCL 219); human
promyelocytic leukemia HL60 cells (ATCC CCL 240); human
cervix carcinoma HeLaS3 cells (ATCC CCL 2.2) and human T
lymphoblastoid CCRF-CEM cell line (ATCC CCL 119). Antiviral
activities were tested in HCV genotype 1b replicon.23 Unsubsti-
tuted 6-cyclopropylpurine ribonucleoside 2h showed significant
cytostatic effect, IC50(L1210) = 4.89 ± 0.35 lM, IC50(HL60) =
11.94 ± 0.78 lM and IC50(CEM) = 0.92 ± 0.07 lM (which
is comparable to 6-methylpurine ribonucleoside5) and a non-
selective anti-HCV effect in replicon, EC50 = 3.4 lM, CC50 (huh-
7) > 100 lM. On the other hand, free 6-cyclopropylpurine base 2g
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Fig. 1 ORTEP drawings of crystal structures of 2g (a) and 6a (b)
with atom numbering scheme. Thermal ellipsoids are drawn at the 50%
probability level.


was inactive (in contrast to strongly cytotoxic 6-methylpurine5).
This indicates that the mechanism of action of these two very re-
lated compounds (6-methyl and 6-cyclopropylpurine nucleosides)
might be different. All the other compounds including the 2′-
deoxyribonucleosides and all the compounds with a substituted
cyclopropyl ring were entirely inactive in the above mentioned
assays at 10 lM concentrations.


Conclusions


In conclusion, two approaches to the construction of 6-
cyclopropylpurines have been studied. Cross-coupling of 6-
chloropurines with cyclopropylzinc chloride was used for
the synthesis of unsubstituted 6-cyclopropylpurines, while
a Cu-mediated cyclopropanation of 6-vinylpurines with
ethyl diazoacetate was used for the synthesis of 6-[2-
(ethoxycarbonyl)cyclopropyl]purines. Further functional group
transformation of the esters led to amides, carboxylic acids
and alcohols. A series of modified cyclopropylpurine bases and
nucleosides has been prepared and tested for biological activity.
Only unsubstituted 6-cyclopropylpurine ribonucleoside 2h showed
significant cytostatic and anti-HCV effects.


Experimental


Melting points were determined on a Kofler block and are uncor-
rected. Mass spectra were measured on a ZAB-EQ (VG Analytical)
spectrometer. IR spectra were measured on a Bruker equinox 55
and FTIR spectrometer Nicolet 6700. NMR spectra were recorded
on Bruker Avance 600 (1H at 600 MHz, 13C at 151 MHz), Bruker
Avance 500 (1H at 500 MHz, 13C at 125.8 MHz) and Bruker Avance
400 (1H at 400 MHz, 13C at 100.6 MHz) spectrometers. 1H and
13C NMR spectra were referenced to the signal of TMS or to the
solvent residual signal [DMSO-d6: 2.50 ppm (1H), 39.70 ppm (13C);
CD3OD: 3.31 ppm (1H); 49.00 ppm (13C)]. H,C-HSQC and H,C-
HMBC experiments were performed for complete assignment of
all signals. Optical rotations were measured at 25 ◦C on an Autopol
IV (Rudolph Research Analytical) polarimeter, [a]D values are
given in 10−1 deg cm2 g−1. Starting compounds were prepared


according to literature procedures: 1a,24 1b,25 1c,8 1d,26 3a,27 3b,28


3e.29


General method for the Negishi cross-coupling


THF (3 ml) was added to flame–vacuum dried zinc chloride
(272 mg, 2 mmol) under argon atmosphere. The mixture was
stirred at −10 ◦C and a cyclopropylmagnesium bromide (4 ml,
0.5 M in THF) was added dropwise. The mixture was stirred
for 40 min and then a solution of a 6-chloropurine 1 (1 mmol)
and Pd(PPh3)4 (70 mg, 0.06 mmol) in THF (3 ml) was added.
The resulting mixture was stirred for 2 hours at 40 ◦C. After
completion, the reaction mixture was diluted with water (50 ml)
and washed with ethyl acetate (3 × 50 ml). The collected
organic layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography (silica gel, ethyl
acetate/hexane 0–30%) and crystallized from chloroform–heptane
to give the product.


9-Benzyl-6-cyclopropylpurine (2a)


White solid, yield 88%. 1H NMR (600 MHz, CDCl3): 1.24 and 1.43
(2 × m, 2 × 2H, H-2,3-cycloprop); 2.78 (tt, 1H, Jvic = 8.2, 4.7 Hz,
H-1-cycloprop); 5.43 (s, 2H, CH2Ph); 7.28–7.38 (m, 5H, Ph); 7.98
(s, 1H, H-8); 8.80 (s, 1H, H-2). 13C NMR (151 MHz, CDCl3): 11.54
(CH2-2,3-cycloprop); 12.97 (CH-1-cycloprop); 47.13 (CH2Ph);
127.73 (CH-o-Ph); 128.49 (CH-p-Ph); 129.09 (CH-m-Ph); 132.25
(C-5); 135.29 (C-i-Ph); 143.15 (CH-8); 150.01 (C-4); 152.75 (CH-
2); 164.34 (C-6). FAB-MS, m/z (rel.%) 279 (6) [M + Na]+, 251
(100) [M + H]+, 161 (10), 91 (75). HRMS calcd for C15H15N4 [M +
H]+ 251.1296; found: 251.1287. IR (CHCl3): 3112, 3093, 3069,
3035, 1595, 1580, 1500, 1457, 1412, 1331, 1078, 1030, 806, 700,
651, 619, 542, 456.


6-Cyclopropyl-9-(2,3,5-tri-O-toluoyl-b-D-ribofuranosyl)purine (2c)


White foam, yield 99%. 1H NMR (500 MHz, CDCl3): 1.22 and
1.41 (2 × m, 2 × 2H, H-2,3-cycloprop); 2.37 and 2.41 (2 × s, 9H,
CH3-Tol); 2.74 (tt, 1H, Jvic = 8.2, 4.7, H-1-cycloprop); 4.67 (dd,
1H, Jgem = 12.2, J5′b,4′ = 4.2 Hz, H-5′b); 4.81 (ddd, 1H, J4′ ,3′ = 4.6,
J4′ ,5′ = 4.2, 3.2 Hz, H-4′); 4.88 (dd, 1H, Jgem = 12.2, J5′a,4′ = 3.2 Hz,
H-5′a); 6.22 (dd, 1H, J3′ ,2′ = 5.8, J3′ ,4′ = 4.6 Hz, H-3′); 6.40 (dd,
1H, J2′ ,3′ = 5.8, J2′ ,1′ = 5.4 Hz, H-2′); 6.47 (d, 1H, J1′ ,2′ = 5.4 Hz,
H-1′); 7.16, 7.21 and 7.25 (3 × m, 3 × 2H, H-m-Tol); 7.82, 7.90
and 7.99 (3 × m, 3 × 2H, H-o-Tol); 8.15 (s, 1H, H-8); 8.68 (s, 1H,
H-2). 13C NMR (125.7 MHz, CDCl3): 11.62 and 11.66 (CH2-2,3-
cycloprop); 13.00 (CH-1-cycloprop); 21.69 and 21.71 (CH3-Tol);
63.48 (CH2-5′); 71.41 (CH-3′); 73.64 (CH-2′); 80.90 (CH-4′); 86.69
(CH-1′); 125.67, 126.02 and 126.57 (C-i-Tol); 129.19, 129.23 and
129.30 (CH-m-Tol); 129.75, 129.85 and 129.86 (CH-o-Tol); 132.96
(C-5); 141.91 (CH-8); 144.15, 144.52 and 144.62 (C-p-Tol); 149.66
(C-4); 152.82 (CH-2); 164.77 (C-6); 165.15, 165.37 and 166.21
(CO). FAB-MS, m/z (rel.%) 647 (50) [M + H]+, 529 (10), 487 (22),
369 (10), 295 (10), 279 (20), 197 (10), 181 (26), 161 (18), 149 (10),
119 (100), 93 (30), 73 (20). HRMS calcd for C37H35N4O7 [M + H]+


647.2505; found: 647.2494. IR (CHCl3): 3117, 3095, 3033, 1727,
1612, 1596, 1580, 1509, 1500, 1412, 1371, 1332, 1311, 1298, 1245,
1193, 1180, 1126, 1114, 1020, 839, 806, 691, 645, 476.


2380 | Org. Biomol. Chem., 2008, 6, 2377–2387 This journal is © The Royal Society of Chemistry 2008







6-Cyclopropyl-9-(2-deoxy-3,5-di-O-toluoyl-b-D-erythro-
pentafuranosyl)purine (2d)


White foam, yield 99%. 1H NMR (500 MHz, CDCl3): 1.23 and
1.41 (2 × m, 2 × 2H, H-2,3-cycloprop); 2.41 and 2.44 (2 × s, 2 ×
3H, CH3-Tol); 2.75 (tt, 1H, Jvic = 8.2, 4.7 Hz, H-1-cycloprop); 2.84
(ddd, 1H, Jgem = 14.2, J2′b,1′ = 5.8, J2′b,3′ = 2.2 Hz, H-2′b); 3.19 (ddd,
1H, Jgem = 14.2, J2′a,1′ = 8.4, J2′a,3′ = 6.4 Hz, H-2′a); 4.63–4.70 (m,
2H, H-4′ and H-5′b); 4.76 (m, 1H, Jgem = 11.4, J5′a,4′ = 3.5, H-5′a);
5.83 (ddd, 1H, J3′ ,2′ = 6.4, 2.2, J3′ ,4′ = 2.0 Hz, H-3′); 6.59 (dd, 1H,
J1′ ,2′ = 8.4, 5.8 Hz, H-1′); 7.22 and 7.28 (2 × m, 2 × 2H, H-m-Tol);
7.90 and 7.97 (2 × m, 2 × 2H, H-o-Tol); 8.17 (s, 1H, H-8); 8.71 (s,
1H, H-2). 13C NMR (125.7 MHz, CDCl3): 11.57 and 11.58 (CH2-
2,3-cycloprop); 12.96 (CH-1-cycloprop); 21.66 and 21.71 (CH3-
Tol); 37.72 (CH2-2′); 63.98 (CH2-5′); 75.12 (CH-3′); 82.99 (CH-4′);
84.74 (CH-1′); 126.36 and 126.62 (C-i-Tol); 129.25 and 129.26
(CH-m-Tol); 129.61 and 129.78 (CH-o-Tol); 132.98 (C-5); 141.46
(CH-8); 144.11 and 144.50 (C-p-Tol); 149.45 (C-4); 152.57 (CH-2);
164.61 (C-6); 165.93 and 166.14 (CO). FAB-MS, m/z (rel.%) 535
(5) [M + Na]+, 513 (15) [M + H]+, 161 (80), 119 (100), 91 (15),
81 (65). HRMS calcd for C29H31N4O6 [M + H]+ 513.2137; found:
513.2160. IR (CHCl3): 3126, 3096, 3063, 1721, 1612, 1596, 1582,
1509, 1498, 1411, 1332, 1311, 1250, 1191, 1179, 1121, 1103, 1021,
841, 806, 691, 646, 476.


General method for cyclopropanation of 6-vinylpurines


A mixture of a vinylpurine 3 (0.5 mmol) and copper powder
(10 mg, 0.15 mmol) in dry toluene (5 ml) was heated to 95 ◦C under
stirring. Then ethyldiazoacetate (0.3 ml, 2.5 mmol) was added at
once. The mixture was further stirred at 95 ◦C for 6 h. The solids
were removed by filtration, the filtrate was evaporated and purified
by column chromatography (silica gel, ethyl acetate/hexane 0–
30%).


9-Benzyl-6-[2-(ethoxycarbonyl)cyclopropyl]purine (4a)


Light yellow crystals, yield 75%, mp 83–89 ◦C. 1H NMR
(400 MHz, CDCl3): 1.27 (t, 3H, Jvic = 7.2 Hz, CH3CH2O); 1.82
(ddd, 1H, Jvic = 8.9, 5.8, Jgem = 3.7 Hz, 3b-cycloprop); 1.90
(ddd, 1H, Jvic = 8.6, 5.9, Jgem = 3.7 Hz, 3a-cycloprop); 2.60
(ddd, 1H, Jvic = 8.6, 5.8, 3.9 Hz, 2-cycloprop); 3.34 (dddd, 1H,
Jvic = 8.9, 5.9, 3.9, JCH,2 = 0.3 Hz, 1-cycloprop); 4.17 (m, 2H,
CH3CH2O); 5.44 (s, 2H, CH2Ph); 7.29 (m, 2H, H-o-Ph); 7.31–
7.38 (m, 3H, H-m,p-Ph); 8.01 (s, 1H, H-8); 8.81 (s, 1H, H-2).
13C NMR (100.6 MHz, CDCl3): 14.19 (CH3CH2O); 17.95 (CH2-
3-cycloprop); 22.62 (CH2-1-cycloprop); 25.31 (CH2-2-cycloprop);
47.22 (CH2Ph); 60.85 (CH3CH2O); 127.74 (CH-o-Ph); 128.57
(CH-p-Ph); 129.12 (CH-m-Ph); 132.28 (C-5); 135.12 (C-i-Ph);
143.77 (CH-8); 150.54 (C-4); 152.60 (CH-2); 160.09 (C-6); 172.37
(CO). FAB-MS, m/z (rel.%) 323 (62) [M + H]+, 249 (8), 159 (10),
91 (100), 63 (6). HRMS calcd for C18H19N4O2 [M + H]+ 323.1508;
found: 323.1520. IR (CHCl3): 3112, 3092, 3069, 3032, 1723, 1596,
1583, 1502, 1477, 1456, 1410, 1403, 1386, 1367, 1327, 1185, 1105,
1090, 1079, 1030, 699, 651, 642, 619, 542, 455.


9-Benzyl-6-[3-diazenyl-3-(ethoxycarbonyl)prop-2-enyl]purine (5a)


Yellow solid. 1H NMR (400 MHz, CDCl3): 1.29 (t, 3H, Jvic = 7.1,
CH3CH2O); 3.58 (dd, 1H, Jgem = 17.5, Jvic = 12.3 Hz, CHaHb-pur);


3.84 (dd, 1H, Jgem = 17.5, Jvic = 5.0 Hz, CHaHb-pur); 4.21 (q, 2H,
Jvic = 7.1 Hz, CH3CH2O); 4.54 (dd, 1H, Jvic = 12.3, 5.0 Hz, CH=);
5.47 (s, 2H, CH2Ph); 6.99 (bs, 1H, NH); 7.26–7.40 (m, 5H, Ph);
8.11 (s, 1H, H-8); 8.97 (s, 1H, H-2). 13C NMR (100.6 MHz, CDCl3):
14.09 (CH3CH2O); 35.63 (CH2-pur); 47.25 (CH2Ph); 60.61 (CH=);
61.89 (CH3CH2O); 127.69 (CH-o-Ph); 128.57 (CH-p-Ph); 129.12
(CH-m-Ph); 130.05 (C-5); 135.08 (C-i-Ph); 145.06 (CH-8); 148.87
and 148.94 (C-6 and C–N=NH); 152.06 (C-4); 152.44 (CH-2);
172.04 (CO). ESI-MS, m/z (rel.%) 373 (95) [M + Na]+, 351 (30)
[M + H]+, 316 (37), 288 (100). HRMS calcd for C18H18N6O2Na
[M + Na]+ 373.13889; found 373.13812. IR (micr. refl.): 3282,
2980, 2930, 1727, 1599, 1541, 1499, 1455, 1409, 1383, 1366, 1328,
1264, 1212, 1186, 1158, 1097, 1057, 995, 927, 883, 844, 806, 775,
760, 730, 697.


6-[2-(Ethoxycarbonyl)cyclopropyl]-9-(2,3,5-tri-O-tert-
butyldimethylsilyl-b-D-ribofuranosyl)purine (4e)


Yellow oil, yield 60%. Diastereomeric mixture 1 : 1. 1H NMR
(600 MHz, CDCl3): −0.25, −0.23, −0.041, −0.036, 0.096, 0.100,
0.104, 0.106, 0.139, 0.143, 0.148 and 0.153 (12 × s, 12 × 3H,
CH3Si); 0.79, 0.80, 0.93, 0.94, 0.960 and 0.963 (6 × s, 6 ×
9H, (CH3)3C); 1.275 and 1.277 (2 × t, 2 × 3H, Jvic = 7.1 Hz,
CH3CH2O); 1.811 and 1.813 (2 × ddd, 2 × 1H, Jvic = 8.9, 5.8,
Jgem = 3.37 Hz, H-3b-cycloprop); 1.86 and 1.87 (2 × ddd, 2 × 1H,
Jvic = 8.6, 6.0, Jgem = 3.7 Hz, H-3a-cycloprop); 2.59 and 2.60 (2 ×
ddd, 2 × 1H, Jvic = 8.6, 5.8, 3.9 Hz, H-2-cycloprop); 3.34 and 3.35
(2 × ddd, 2 × 1H, Jvic = 8.9, 6.0, 3.9 Hz, H-1-cycloprop); 3.79 and
3.80 (2 × dd, 2 × 1H, Jgem = 11.4, J5′b,4′ = 2.7 Hz, H-5′b); 4.02
and 4.03 (2 × dd, 2 × 1H, Jgem = 11.4, J5′a,4′ = 3.9 Hz, H-5′a); 4.14
(ddd, 2H, J4′ ,5′ = 3.9, 2.7, J4′ ,3′ = 3.7 Hz, H-4′); 4.17 and 4.18 (2 ×
q, 2 × 2H, Jvic = 7.1 Hz, CH3CH2O); 4.32 (dd, 2H, J3′ ,2′ = 4.4,
J3′ ,4′ = 3.7 Hz, H-3′); 4.64 and 4.67 (2 × dd, 2 × 1H, J2′ ,1′ = 5.1,
J2′ ,3′ = 4.4 Hz, H-2′); 6.10 and 6.11 (2 × d, 2 × 1H, J1′ ,2′ = 5.1 Hz,
H-1′); 8.40 and 8.41 (2 × s, 2 × 1H, H-8); 8.75 (s, 2H, H-2). 13C
NMR (151 MHz, CDCl3): −5.37, −5.04, −4.99, −4.75, −4.73,
−4.69 and −4.42 (CH3Si); 14.20 (CH3CH2O); 17.82, 17.83, 18.07,
18.16, 18.53 and 18.54 ((CH3)3C and CH2-3-cycloprop); 22.54
and 22.56 (CH-1-cycloprop); 25.21 and 25.26 (CH-2-cycloprop);
25.63, 25.64, 25.82 and 26.08 ((CH3)3C); 60.85 (CH3CH2O); 62.41
and 62.46 (CH2-5′); 71.81 and 71.90 (CH-3′); 75.86 and 75.88
(CH-2′); 85.40 and 85.50 (CH-4′); 88.21 and 88.22 (CH-1′); 132.94
(C-5); 142.88 and 142.93 (CH-8); 150.27 (C-4); 152.33 (CH-2);
159.94 and 159.95 (C-6); 172.43 (CO). FAB-MS, m/z (rel.%) 729
(10) [M + Na]+, 707 (14) [M + H]+, 231 (10), 177 (25), 154 (32),
137 (25), 109 (10), 89 (7), 73 (100), 59 (11). HRMS calcd for
C34H63N4O6Si3 [M + H]+ 707.4055; found: 707.4045. IR (CHCl3):
3118, 3066, 1723, 1596, 1581, 1499, 1472, 1463, 1408, 1390, 1363,
1327, 1258, 1186, 1168, 1110, 1084, 1070, 939, 839, 813, 647.


General method for amidation of esters


A suspension of dry AlCl3 (267 mg, 2 mmol) in dichloromethane
(4 ml) was cooled to 0 ◦C followed by addition of an amine
(5 mmol). The reaction mixture was stirred for 10 min at 0 ◦C
until AlCl3 was dissolved. Then a solution of ester 4a (or 4b, 4e,
4f) (1 mmol) in dichloromethane (2 ml) was added in one go. The
resulting mixture was stirred for 1 h at ambient temperature. After
completion, the reaction mixture was diluted with water (50 ml),
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and then washed with ethyl acetate (3 × 50 ml). The collected
organic layers were washed with brine, dried over anhydrous
MgSO4, filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography (silica gel, ethyl
acetate/hexane 0–30%) and crystallized from chloroform–heptane
to give the product.


9-Benzyl-6-[2-(diethylcarbamoyl)cyclopropyl]purine (6a)


White crystals, mp 94–97 ◦C, yield 89%. 1H NMR (600 MHz,
CDCl3): 1.12 and 1.18 (2 × t, 2 × 3H, Jvic = 7.1 Hz, CH3CH2N);
1.74 (ddd, 1H, Jvic = 8.5, 5.6, Jgem = 3.2 Hz, H-3b-cycloprop); 1.90
(ddd, 1H, Jvic = 8.9, 5.8, Jgem = 3.2 Hz, H-3a-cycloprop); 2.80 (ddd,
1H, Jvic = 8.5, 5.8, 4.0 Hz, H-2-cycloprop); 3.31 (ddd, 1H, Jvic =
8.9, 5.6, 4.0 Hz, H-1-cycloprop); 3.35–3.50 (m, 4H, CH3CH2N);
5.43 (s, 2H, CH2Ph); 7.29–7.38 (m, 5H, Ph); 8.01 (s, 1H, H-8);
8.82 (s, 1H, H-2). 13C NMR (151 MHz, CDCl3): 13.18 and 14.83
(CH3CH2N); 18.23 (CH2-3-cycloprop); 22.12 (CH-1-cycloprop);
23.84 (CH-2-cycloprop); 40.91 and 42.15 (CH3CH2N); 47.18
(CH2Ph); 127.77 (CH-o-Ph); 128.52 (CH-p-Ph); 129.08 (CH-m-
Ph); 132.36 (C-5); 135.16 (C-i-Ph); 143.62 (CH-8); 150.41 (C-4);
152.55 (CH-2); 161.34 (C-6); 169.92 (CO). FAB-MS, m/z (rel.%) =
350 (94) [M + H]+ (cation), 277 (40), 249 (15), 159 (10), 91 (100),
74 (5). HRMS calcd for C20H24N5O [M + H]+ 350.1980; found:
350.1978. Anal. calcd for C20H23N5O: C 68.74, H 6.63, N 20.04.
Found: C 68.42, H 6.47, N 19.82%. IR (CHCl3): 3112, 3092, 3069,
3035, 1630, 1603, 1595, 1579, 1500, 1456, 1423, 1410, 1382, 1329,
1079, 1030, 808, 701, 642, 619, 454.


6-[2-(Diethylcarbamoyl)cyclopropyl]-9-(2,3,5-tri-O-tert-
butyldimethylsilyl-b-D-ribofuranosyl)purine (6e)


White foam, yield 85%. Diastereomeric mixture 1 : 1. 1H NMR
(600 MHz, CDCl3): −0.27, −0.24, −0.046, −0.039, 0.100, 0.103,
0.108, 0.112, 0.138, 0.142, 0.145 and 0.151 (12 × s, 12 × 3H,
CH3Si); 0.78, 0.79, 0.937, 0.939, 0.958 and 0.963 (6 × s, 6 × 9H,
(CH3)3C); 1.130, 1.131, 1.150 and 1.152 (4 × t, 4 × 3H, Jvic =
7.2 Hz, CH3CH2N); 1.738 and 1.740 (2 × ddd, 2 × 1H, Jvic = 8.4,
5.6, Jgem = 3.3 Hz, H-3b-cycloprop); 1.90 and 1.91 (2 × ddd, 2 ×
1H, Jvic = 8.1, 5.7, Jgem = 3.3, H-3a-cycloprop); 2.77 and 2.79 (2 ×
ddd, 2 × 1H, Jvic = 8.4, 5.7, 4.0 Hz, H-2-cycloprop); 3.286 and
3.290 (2 × ddd, 2 × 1H, Jvic = 8.1, 5.6, 4.0 Hz, H-1-cycloprop);
3.37–3.50 (m, 8H, CH3CH2N); 3.80 (dd, 2H, Jgem= 11.4, J5′b,4′ =
2.7, H-5′b); 4.02 and 4.03 (2 × dd, 2 × 1H, Jgem = 11.4, J5′a,4′ =
4.0 Hz, H-5′a); 4.13–4.16 (m, 2H, H-4′); 4.32 and 4.34 (2 × dd,
2 × 1H, J3′ ,2′ = 4.3, J3′ ,4′ = 3.6 Hz, H-3′); 4.64 and 4.67 (2 ×
dd, 2 × 1H, J2′ ,1′ = 5.3, J2′ ,3′ = 4.3, H-2′); 6.10 and 6.11 (2 × d,
2 × 1H, J1′ ,2′ = 5.3, H-1′); 8.38 and 8.41 (2 × s, 2 × 1H, H-8);
8.76 (s, 2H, H-2). 13C NMR (151 MHz, CDCl3): −5.40, −5.13,
−5.09, −4.75, −4.73, −4.71, −4.69, −4.45 and −4.44 (CH3Si);
13.22 and 14.80 (CH3CH2N); 17.80 ((CH3)3C); 18.02 (CH2-3-
cycloprop); 18.05 ((CH3)3C); 18.11 (CH2-3-cycloprop); 18.50 and
18.51 ((CH3)3C); 22.19 and 22.25 (CH-1-cycloprop); 23.92 and
24.01 (CH-2-cycloprop); 25.61, 25.81, 26.05 and 26.06 ((CH3)3C);
40.97 and 42.18 (CH3CH2N); 62.45 and 62.47 (CH2-5′); 71.85 and
71.91 (CH-3′); 75.77 and 75.96 (CH-2′); 85.48 and 85.53 (CH-4′);
88.10 and 88.14 (CH-1′); 132.946 and 132.254 (C-5); 142.69 and
142.80 (CH-8); 150.18 (C-4); 152.30 and 152.31 (CH-2); 161.18
and 161.22 (C-6); 169.99 and 170.00 (CO). FAB-MS, m/z (rel.%)


756 (35) [M + Na]+, 734 (60) [M + H]+, 718 (12), 676 (12), 416 (12),
147 (10), 89 (6), 73 (100), 59 (12). HRMS calcd for C36H68N5O5Si3


[M + H]+ 734.4528; found: 734.4536. IR (CHCl3): 3118, 3064,
2898, 1629, 1595, 1580, 1497, 1485, 1471, 1463, 1410, 1382, 1363,
1327, 1258, 1083, 1072, 939, 839, 681, 647.


General method for ester reduction


A mixture of ester 4a (or 4b, 4e, 4f) (1 mmol) and NaBH4


(1.89 g, 50 mmol) in dry ethanol (50 ml) was heated to 60 ◦C
under argon atmosphere for 1 day. After completion, the reaction
mixture was diluted with aqueous saturated solution of NH4Cl
(200 ml), and then washed with ethyl acetate (3 × 50 ml).
The collected organic layers were washed with brine, dried over
anhydrous MgSO4, filtered, and concentrated under reduced
pressure. The residue was purified by column chromatography
(silica gel, ethyl acetate/hexane 0–30%) and crystallized from
chloroform–heptane.


9-Benzyl-6-[2-(hydroxymethyl)cyclopropyl]purine (10a)


Chromatography methanol/chloroform 0–10%, white crystals,
mp 103–104 ◦C, yield 57%. 1H NMR (600 MHz, DMSO-d6): 1.18
(ddd, 1H, Jvic = 8.5, 6.2, Jgem = 3.5 Hz, H-3b-cycloprop); 1.40
(ddd, 1H, Jvic = 8.4, 4.8, Jgem = 3.5 Hz, H-3a-cycloprop); 1.92
(m, 1H, H-2-cycloprop); 2.59 (ddd, 1H, Jvic = 8.5, 4.8, 4.2 Hz,
H-1-cycloprop); 3.44 and 3.58 (2 × dt, 2H, Jgem = 11.3, Jvic =
5.6 Hz, CH2O); 4.74 (t, 1H, Jvic = 5.6, OH); 5.48 (2H, CH2Ph);
7.26–7.35 (m, 5H, Ph); 8.63 (s, 1H, H-8); 8.69 (s, 1H, H-2). 13C
NMR (151 MHz, DMSO-d6): 15.56 (CH2-3-cycloprop); 18.21
(CH-1-cycloprop); 27.44 (CH-2-cycloprop); 46.56 (CH2Ph); 62.81
(CH2O); 127.74 (CH-o-Ph); 128.08 (CH-p-Ph); 128.96 (CH-m-Ph);
131.67 (C-5); 136.89 (C-i-Ph); 145.41 (CH-8); 149.96 (C-4); 152.24
(CH-2); 162.44 (C-6). FAB-MS, m/z (rel.%) = 281 (100) [M + H]+


(cation), 263 (10), 220 (5), 91 (100). HRMS calcd for C16H17N4O
[M + H]+ 281.1402; found: 281.1406. IR (KBr): 3424, 3228, 1600,
1581, 1510, 1497, 1454, 1410, 1329, 1217, 1080, 1030, 1002, 812,
732, 697, 618, 466.


6-[2-(Hydroxymethyl)cyclopropyl]-9-(2,3,5-tri-O-tert-
butyldimethylsilyl-b-D-ribofuranosyl)purine (10e)


White foam, yield 68%. Diastereomeric mixture 1 : 1. 1H NMR
(600 MHz, CDCl3): −0.23, −0.21, −0.04, −0.03, 0.100, 0.101,
0.106, 0.109, 0.14 and 0.15 (10 × s, 36H, CH3Si); 0.79, 0.80, 0.94
and 0.96 (4 × s, 54H, (CH3)3C); 1.21 and 1.67 (2 × m, 2 × 2H, H-
3-cycloprop); 2.13 (m, 2H, H-2-cycloprop); 2.74 (dt, 2H, Jvic = 8.8,
4.6 Hz, H-1-cycloprop); 3.65 (dd, 1H, Jgem = 11.5, Jvic = 7.1 Hz,
CHaHbO); 3.79 and 3.80 (2 × dd, 2 × 1H, Jgem= 11.3, J5′b,4′ =
2.6 Hz, H-5′b); 3.81 (dd, 1H, Jgem = 11.5, Jvic = 6.0 Hz, CHaHbO);
4.03 and 4.04 (2 × dd, 2 × 1H, Jgem = 11.3, J5′a,4′ = 3.9 Hz, H-
5′a); 4.14 (ddd, 2H, J4′ ,5′ = 3.9, 2.6, J4′ ,3′ = 3.7 Hz, H-4′); 4.32
and 4.33 (2 × dd, 2 × 1H, J3′ ,2′ = 4.5, J3′ ,4′ = 3.7 Hz, H-3′); 4.66
and 4.67 (2 × dd, 2 × 1H, J2′ ,1′ = 5.0, J2′ ,3′ = 4.5 Hz, H-2′); 6.09
and 6.10 (2 × d, 2 × 1H, J1′ ,2′ = 5.0 Hz, H-1′); 8.39 (s, 2H, H-8);
8.73 (s, 2H, H-2). 13C NMR (151 MHz, CDCl3): −5.38, −5.37,
−5.04, −5.00, −4.75, −4.71, −4.43 and −4.41 (CH3Si); 15.37 and
15.43 (CH2-3-cycloprop); 17.82, 17.83 and 18.06 ((CH3)3C); 18.52
(CH-1-cycloprop); 25.63, 25.64, 25.82 and 26.07 ((CH3)3C); 27.48
and 27.54 (CH-2-cycloprop); 62.35 and 62.45 (CH2-5′); 65.58 and
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65.60 (CH2O); 71.74 and 71.86 (CH-3′); 75.74 and 75.93 (CH-2′);
85.30 and 85.43 (CH-4′); 88.20 and 88.32 (CH-1′); 132.68 and
132.73 (C-5); 142.41 and 142.47 (CH-8); 149.76 and 149.78 (C-4);
152.42 and 152.45 (CH-2); 162.55 (C-6). FAB-MS, m/z (rel.%) =
665 (10) [M + H]+ (cation), 147 (10), 115 (8), 89 (10), 73 (100), 59
(12). HRMS calcd for C32H61N4O5Si3 [M + H]+ 665.3949; found:
665.3948. IR (CHCl3): 3613, 3354, 3119, 3065, 1596, 1580, 1499,
1473, 1463, 1409, 1390, 1363, 1331, 1258, 1115, 1083, 1073, 1049,
939, 839, 813, 648.


6-[2-(Hydroxymethyl)cyclopropyl]-9H-purine (10g)


Dichloromethane (5 ml) was added to dry ester 4g (190 mg,
0.8 mmol) under argon atmosphere. The mixture was stirred at
0 ◦C and DIBAH (2 ml, 1 M in hexane) was added dropwise.
The mixture was stirred for 1 h at ambient temperature. After
completion, the reaction mixture was quenched with ethanol
(50 ml) and then MnO2 (200 mg) was added. The mixture
was sonicated at ambient temperature for 1 h, filtered and the
solvent was evaporated. The residue was purified by column
chromatography (silica gel, methanol/chloroform 5–15%) and
crystallized from chloroform–heptane to give 10g (100 mg, 65%)
as white crystals, mp 238–242 ◦C. 1H NMR (500 MHz, DMSO-
d6 + DCl): 1.53 (ddd, 1H, Jvic = 8.5, 6.8, Jgem = 4.2 Hz, H-3b-
cycloprop); 1.88 (ddd, 1H, Jvic = 9.0, 5.2, Jgem = 4.2 Hz, H-3a-
cycloprop); 2.34 (m, 1H, H-2-cycloprop); 2.71 (ddd, 1H, Jvic = 8.5,
5.2, 4.2 Hz, H-1-cycloprop); 3.46 (dd, 1H, Jgem = 11.6, Jvic = 6.1 Hz,
CHaHbO); 3.60 (dd, 1H, Jgem = 11.6, Jvic = 5.0 Hz, CHaHbO); 9.01
(s, 1H, H-2); 9.11 (s, 1H, H-8). 13C NMR (125.7 MHz, DMSO-d6 +
DCl): 18.12 (CH2-3-cycloprop); 18.52 (CH-1-cycloprop); 30.81
(CH-2-cycloprop); 62.17 (CH2O); 127.21 (C-5); 147.83 (CH-2);
147.91 (CH-8); 152.82 (C-4); 158.68 (C-6). FAB-MS, m/z (rel.%) =
239 (60), 231 (12), 191 (10) [M + H]+ (cation), 177 (18), 160 (22),
154 (42), 149 (12), 137 (42), 102 (100). HRMS calcd for C9H11N4O
[M + H]+ 191.0932; found: 191.0939. IR (KBr): 3435, 2850, 1632,
1604, 1476, 1398, 1324, 1037, 808, 644.


General method for ester hydrolysis


A mixture of ester 4a (or 4g) (1 mmol) and NaOH (240 mg,
6 mmol) in 50% aqueous THF (15 ml) was stirred at ambient
temperature for 1 h. After completion, the reaction mixture was
neutralized with 10% aqueous H2SO4. Solid salts were filtered
off and the filtrate was concentrated under reduced pressure.
The residue was purified by column chromatography (silica gel,
methanol/chloroform 5–15%) and crystallized from chloroform–
heptane.


9-Benzyl-6-[2-(carboxy)cyclopropyl]purine (9a)


White solid, yield 81%. 1H NMR (500 MHz, CD3OD): 1.74 (ddd,
1H, Jvic = 8.9, 5.7, Jgem = 3.6Hz, H-3b-cycloprop); 1.86 (ddd, 1H,
Jvic = 8.5, 5.9, Jgem = 3.6 Hz, H-3a-cycloprop); 2.48 (ddd, 1H,
Jvic = 8.5, 5.7, 3.9 Hz, H-2-cycloprop); 3.24 (ddd, 1H, Jvic = 8.9,
5.9, 3.9 Hz, H-1-cycloprop); 5.50 (s, 2H, CH2Ph); 7.25–7.37 (m,
5H, H-o,m,p-Ph); 8.46 (s, 1H, H-8); 8.74 (s, 1H, H-2). 13C NMR
(125.7 MHz, CD3OD): 18.34 (CH2-3-cycloprop); 22.25 (CH-1-
cycloprop); 26.11 (CH-2-cycloprop); 48.17 (CH2Ph); 128.90 (CH-
o-Ph); 129.36 (CH-p-Ph); 130.00 (CH-m-Ph); 133.01 (C-5); 137.27
(C-i-Ph); 146.86 (CH-8); 151.75 (C-4); 153.52 (CH-2); 160.94 (C-


6); 175.99 (CO). FAB-MS, m/z (rel.%) 295 (92) [M + H]+, 224
(6), 91 (100). HRMS calcd for C16H15N4O2 [M + H]+ 295.1195;
found: 295.1193. IR (KBr): 3111, 3070, 3032, 2571, 2508, 1708,
1700, 1596, 1584, 1508, 1498, 1456, 1409, 1338, 1316, 1212, 1078,
1023, 804, 729, 696, 653, 639, 619, 454.


6-[2-(Carboxy)cyclopropyl]-9H-purine (9g)


White solid, yield 80%. 1H NMR (600 MHz, DMSO-d6 + DCl):
1.74 (ddd, 1H, Jvic = 8.9, 5.9, Jgem = 3.8 Hz, H-3b-cycloprop);
1.90 (ddd, 1H, Jvic = 8.7, 5.9, Jgem = 3.8 Hz, H-3a-cycloprop); 2.51
(ddd, 1H, Jvic = 8.7, 5.9, 3.9 Hz, H-2-cycloprop); 3.18 (ddd, 1H,
Jvic = 8.9, 5.9, 3.9 Hz, H-1-cycloprop); 8.93 (s, 1H, H-2); 9.06 (s,
1H, H-8). 13C NMR (151 MHz, DMSO-d6 + DCl): 18.25 (CH2-
3-cycloprop); 22.05 (CH-1-cycloprop); 25.66 (CH-2-cycloprop);
127.33 (C-5); 146.34 (CH-8); 151.05 (CH-2); 152.59 (C-4); 156.19
(C-6); 172.93 (CO). FAB-MS, m/z (rel.%) = 231 (30), 227 (14) [M +
Na]+ (cation), 205 (30) [M + H]+ (cation), 177 (60), 154 (100), 137
(90), 109 (30), 105 (7), 92 (18), 79 (15), 61 (12). HRMS calcd for
C9H9N4O2 [M + H]+ 205.0725; found: 205.0729. IR (KBr): 3114,
3078, 2570, 2484, 1708, 1600, 1490, 1432, 1404, 1383, 1261, 807,
648, 641.


General method for the cleavage of the THP protective group


A THP-protected compound (1 mmol) was dissolved in ethanol
(10 ml) and Dowex 50 (H+ form, 100 mg) was added. The mixture
was heated at 70 ◦C and stirred for 6 h. After completion, the
Dowex was filtered and the filtrate was concentrated under reduced
pressure. The residue was purified by column chromatography
(silica gel, methanol/chloroform 5–15%) and crystallized from
MeOH–chloroform–heptane to give the product.


6-Cyclopropyl-9H-purine (2g)


White crystals, mp 186–191 ◦C, yield 47%. 1H NMR (600 MHz,
DMSO-d6 + DCl): 1.52 and 1.70 (2 × m, 2 × 2H, H-2,3-
cycloprop); 2.83 (tt, 1H, Jvic = 8.2, 4.8 Hz, H-1-cycloprop); 9.03
(s, 1H, H-2); 9.14 (s, 1H, H-8). 13C NMR (151 MHz, DMSO-d6 +
DCl): 13.62 (CH-1-cycloprop); 14.13 (CH2-2,3-cycloprop); 126.99
(C-5); 147.50 (CH-8); 148.18 (CH-2); 152.53 (C-4); 159.38 (C-6).
FAB-MS, m/z (rel.%) = 161 (100) [M + H]+ (cation), 147 (10), 109
(8). HRMS calcd for C8H9N4 [M + H]+ 161.0827; found: 161.0832.
Anal. calcd for C8H8N4: C 59.99, H 5.03, N 34.98. Found: C 59.65,
H 4.76, N 34.68%. IR (KBr): 3097, 3064, 1597, 1489, 1415, 1325,
1193, 807, 646.


6-[2-(Ethoxycarbonyl)cyclopropyl]-9H-purine (4g)


White crystals, 85%, mp 190–191 ◦C. 1H NMR (600 MHz, DMSO-
d6 + DCl): 1.19 (t, 3H, Jvic = 7.2, CH3CH2O); 1.74 (ddd, 1H, Jvic =
9.0, 5.8, Jgem = 3.9 Hz, H-3b-cycloprop); 1.88 (ddd, 1H, Jvic = 8.6,
6.0, Jgem = 3.9 Hz, H-3a-cycloprop); 2.53 (ddd, 1H, Jvic = 8.6,
5.8, 3.9 Hz, H-2-cycloprop); 3.19 (ddd, 1H, Jvic = 9.0, 6.0, 3.9 Hz,
H-1-cycloprop); 4.12 (q, 2H, Jvic = 7.2 Hz, CH3CH2O); 8.88 (s,
1H, H-2); 8.95 (s, 1H, H-8). 13C NMR (151 MHz, DMSO-d6 +
DCl): 14.34 (CH3CH2O); 18.02 (CH2-3-cycloprop); 22.28 (CH-
1-cycloprop); 25.06 (CH-2-cycloprop); 61.09 (CH3CH2O); 127.83
(C-5); 146.01 (CH-8); 151.45 (CH-2); 152.76 (C-4); 155.94 (C-
6); 171.66 (CO). FAB-MS, m/z (rel.%) = 233 (100) [M + H]+
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(cation), 187 (8), 159 (10), 134 (8), 102 (25), 93 (10). HRMS calcd
for C11H13N4O2 [M + H]+ 233.1038; found: 233.1039. IR (KBr):
3200, 3111, 3072, 2400, 1720, 1600, 1566, 1490, 1475, 1402, 1383,
1338, 1222, 1187, 1180, 1106, 1090, 810, 650.


6-[2-(Diethylcarbamoyl)cyclopropyl]-9H-purine (6g)


White hygroscopic solid, yield 66%. 1H NMR (500 MHz, DMSO-
d6+DCl): 1.01 and 1.09 (2 × t, 2 × 3H, Jvic = 7.1 Hz, CH3CH2N);
1.77 (ddd, 1H, Jvic = 8.8, 6.1, Jgem = 3.5 Hz, H-3b-cycloprop); 1.95
(ddd, 1H, Jvic = 8.6, 5.7, Jgem = 3.5 Hz, H-3a-cycloprop); 3.08–3.16
(m, 2H, H-1,2-cycloprop); 3.30 and 3.44 (2 × q, 2 × 2H, Jvic =
7.1 Hz, CH3CH2N); 9.04 (s, 1H, H-2); 9.20 (s, 1H, H-8). 13C NMR
(125.7 MHz, DMSO-d6 + DCl): 13.46 and 15.17 (CH3CH2N);
19.13 (CH2-3-cycloprop); 21.37 (CH-1-cycloprop); 24.84 (CH-2-
cycloprop); 40.83 and 42.07 (CH3CH2N); 127.23 (C-5); 147.51
(CH-8); 149.28 (CH-2); 152.68 (C-4); 156.36 (C-6); 168.51 (CO).
FAB-MS, m/z (rel.%) = 260 (100) [M + H]+ (cation), 187 (14),
159 (12), 134 (10), 73 (5). HRMS calcd for C13H18N5O [M + H]+


260.1511; found: 260.1514. IR (CHCl3): 3440, 1620, 1598, 1565,
1487, 1436, 1404, 1382, 1375, 1327, 811, 643


General method for the cleavage of the Tol protective group


A Tol-protected compound (1.0 mmol) was dissolved in a solution
of MeONa (0.3 mmol) in methanol (40 ml). The mixture was
stirred at ambient temperature for 16 h, evaporated and the
residue was purified by a silica gel column chromatography
(methanol/chloroform 5–15%) and crystallized from MeOH–
chloroform–heptane.


6-Cyclopropyl-9-(b-D-ribofuranosyl)purine (2h)


White crystals, yield 65%, mp 158–160 ◦C. 1H NMR (600 MHz,
DMSO-d6): 1.22 and 1.27 (2 × m, 2 × 2H, H-2,3-cycloprop);
2.69 (tt, 1H, Jvic = 8.0, 4.8 Hz, H-1-cycloprop); 3.57 (ddd, 1H,
Jgem = 12.0, J5′b,OH = 6.2, J5′b,4′ = 4.0 Hz, H-5′b); 3.69 (ddd, 1H,
Jgem = 12.0, J5′a,OH = 5.1, J5′a,4′ = 4.0 Hz, H-5′a); 3.97 (td, 1H,
J4′ ,5′ = 4.0, J4′ ,3′ = 3.6 Hz, H-4′); 4.18 (td, 1H, J3′ ,2′ = J3′ ,OH =
4.9, J3′ ,4′ = 3.6 Hz, H-3′); 4.62 (ddd, 1H, J2′ ,OH = 6.0, J2′ ,1′ = 5.8,
J2′ ,3′ = 4.9 Hz, H-2′); 5.16 (dd, 1H, JOH,5′ = 6.2, 5.1 Hz, OH-
5′); 5.25 (d, 1H, JOH,3′ = 4.9 Hz, OH-3′); 5.53 (dd, 1H, JOH,2′ =
6.0 Hz, OH-2′); 6.00 (d, 1H, J1′ ,2′ = 5.8 Hz, H-1′); 8.71 (s, 1H, H-
2); 8.74 (s, 1H, H-8). 13C NMR (151 MHz, DMSO-d6): 11.34 and
11.37 (CH2-2,3-cycloprop); 12.98 (CH-1-cycloprop); 61.55 (CH2-
5′); 70.57 (CH-3′); 73.86 (CH-2′); 85.91 (CH-4′); 87.84 (CH-1′);
132.45 (C-5); 144.10 (CH-8); 149.82 (C-4); 152.20 (CH-2); 163.22
(C-6). ESI-MS, m/z (rel.%) 315 (100) [M + Na]+, 293 (60) [M +
H]+. HRMS calcd for C13H17N4O4 [M + H]+ 293.12498; found
293.12438. Anal. calcd for C13H16N4O4: C 53.42, H 5.52, N 19.17.
Found: C 53.16, H 5.41, N 18.89%. IR (KBr): 3408, 3169, 3117,
3106, 3070, 1501, 1420, 1405, 1341, 1330, 1222, 1210, 811, 804,
649, 640. [a]D −56.4 (c 0.35, MeOH).


6-Cyclopropyl-9-(2-deoxy-b-D-erythro-pentafuranosyl)purine (2i)


White crystals, mp 124–126 ◦C, yield 42%. 1H NMR (500 MHz,
DMSO-d6): 1.17–1.29 (m, 4H, H-2,3-cycloprop); 2.32 (ddd, 1H,
Jgem = 13.3, J2′b,1′ = 6.2, J2′b,3′ = 3.4 Hz, H-2′b); 2.67 (tt, 1H, Jvic =
7.9, 4.7 Hz, H-1-cycloprop); 2.77 (ddd, 1H, Jgem = 13.3, J2′a,1′ =


7.3, J2′a,3′ = 5.9 Hz, H-2′a); 3.52 (ddd, 1H, Jgem = 11.7, J5′b,OH =
5.9, J5′b,4′ = 4.5 Hz, H-5′b); 3.62 (ddd, 1H, Jgem = 11.7, J5′a,OH =
5.3, J5′a,4′ = 4.8 Hz, H-5′b); 3.88 (ddd, 1H, J4′ ,5′ = 4.8, 4.5, J4′ ,3′ =
3.0 Hz, H-4′); 4.44 (m, 1H, J3′ ,2′ = 5.9, 3.4, J3′ ,OH = 4.1, J3′ ,4′ =
3.0 Hz, H-3′); 5.03 (dd, 1H, JOH,5′ = 5.9, 5.3 Hz, OH-5′); 5.37 (d,
1H, JOH,3′ = 4.1 Hz, OH-3′); 6.44 (dd, 1H, J1′ ,2′ = 7.3, 6.2 Hz, H-1′);
8.69 (s, 2H, H-2,8). 13C NMR (125.7 MHz, DMSO-d6): 11.20 and
11.23 (CH2-2,3-cycloprop); 12.92 (CH-1-cycloprop); 39.48 (CH2-
2′); 61.80 (CH2-5′); 70.88 (CH-3′); 83.92 (CH-1′); 88.16 (CH-4′);
132.39 (C-5); 143.90 (CH-8); 149.51 (C-4); 152.07 (CH-2); 163.04
(C-6). FAB-MS, m/z (rel.%) = 277 (15) [M + H]+ (cation), 161
(100), 133 (76). HRMS calcd for C13H17N4O3 [M + H]+ 277.1300;
found: 277.1295. Anal. calcd for C13H16N4O3: C 56.51, H 5.84, N
20.28. Found: C 56.13, H 5.69, N 20.08%. IR (KBr): 3420, 3357,
3183, 3113, 3079, 1632, 1595, 1582, 1499, 1421, 1405, 1338, 1324,
1206, 1100, 1067, 1059, 811, 805, 642. [a]D −13.6 (c 0.45, MeOH).


General method for the cleavage of the TBS protective group


A TBS-protected compound (1.0 mmol) was dissolved in a
solution of NEt3·3HF (1 ml, 6 mmol) in THF (3 ml). The mixture
was stirred at ambient temperature for 1 day, evaporated and
the residue was purified by silica gel column chromatography
(methanol/chloroform 5–15%).


6-[2-(Ethoxycarbonyl)cyclopropyl]-9-(b-D-ribofuranosyl)purine
(4h)


White foam, yield 75%. Diastereomeric mixture 1 : 1. 1H NMR
(600 MHz, DMSO-d6): 1.202 and 1.204 (2 × t, 2 × 3H, Jvic =
7.1 Hz, CH3CH2O); 1.703 and 1.705 (2 × ddd, 2 × 1H, Jvic =
9.0, 5.6, Jgem = 3.7 Hz, H-3b-cycloprop); 1.81 and 1.83 (2 × ddd,
2 × 1H, Jvic = 8.6, 6.0, Jgem = 3.7 Hz, H-3a-cycloprop); 2.43 and
2.45 (2 × ddd, 2 × 1H, Jvic = 8.6, 5.6, 4.0 Hz, H-2-cycloprop);
3.100 and 3.102 (2 × ddd, 2 × 1H, Jvic = 9.0, 6.0, 4.0 Hz, H-1-
cycloprop); 3.569 and 3.570 (2 × ddd, 2 × 1H, Jgem = 12.0, J5′b,OH =
6.1, J5′b,4′ = 4.0 Hz, H-5′b); 3.688 and 3.691 (2 × ddd, 2 × 1H,
Jgem = 12.0, J5′a,OH = 5.0, J5′a,4′ = 4.0 Hz, H-5′a); 3.97 (td, 2H,
J4′ ,5′ = 4.0, J4′ ,3′ = 3.7 Hz, H-4′); 4.128 and 4.129 (2 × q, 2 ×
2H, Jvic = 7.1 Hz, CH3CH2O); 4.177 and 4.185 (2 × td, 2 × 1H,
J3′ ,2′ = J3′ ,OH = 5.0, J3′ ,4′ = 3.7 Hz, H-3′); 4.59 and 4.60 (2 × ddd,
2 × 1H, J2′ ,OH = 5.9, J2′ ,1′ = 5.6, J2′ ,3′ = 5.0 Hz, H-2′); 5.131 and
5.134 (2 × dd, 2 × 1H, JOH,5′ = 6.1, 5.0 Hz, OH-5′); 5.26 (d, 2H,
JOH,3′ = 5.0 Hz, OH-3′); 5.537 and 5.539 (2 × d, 2 × 1H, JOH,2′ =
5.9 Hz, OH-2′); 6.015 and 6.016 (2 × d, 2 × 1H, J1′ ,2′ = 5.6 Hz,
H-1′); 8.78 (s, 2H, H-2); 8.809 and 8.811 (2 × s, 2 × 1H, H-8).
13C NMR (151 MHz, DMSO-d6): 14.30 (CH3CH2O); 17.42 (CH2-
3-cycloprop); 22.35 (CH-1-cycloprop); 24.48 and 24.56 (CH-2-
cycloprop); 60.94 (CH3CH2O); 61.42 and 61.44 (CH2-5′); 70.45
and 70.47 (CH-3′); 73.94 (CH-2′); 85.87 and 85.89 (CH-4′); 87.91
and 87.92 (CH-1′); 132.47 (C-5); 144.85 (CH-8); 150.36 (C-4);
152.22 (CH-2); 158.55 and 158.56 (C-6); 171.88 and 171.90 (CO).
FAB-MS, m/z (rel.%) = 387 (25) [M + Na]+ (cation), 365 (25)
[M + H]+ (cation), 331 (7), 309 (15), 231 (30), 207 (10), 177 (70),
154 (100), 137 (85), 109 (27), 92 (17), 79 (14), 61 (14). HRMS calcd
for C16H21N4O6 [M + H]+ 365.1461; found: 365.1459. IR (KBr):
3423, 3255, 3111, 3070, 1725, 1699, 1632, 1599, 1583, 1499, 1406,
1386, 1366, 1328, 1213, 1182, 1093, 1055, 1043, 1025, 805, 645.
[a]D −40.7 (c 0.24, MeOH).
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6-[2-(Ethoxycarbonyl)cyclopropyl]-9-(2-deoxy-b-D-erythro-
pentafuranosyl)purine (4i)


White foam, 80%. Diastereomeric mixture 1 : 1. 1H NMR
(500 MHz, DMSO-d6): 1.196 and 1.198 (2 × t, 2 × 3H, Jvic =
7.1 Hz, CH3CH2O); 1.687 and 1.690 (2 × ddd, 2 × 1H, Jvic = 9.1,
5.6, Jgem = 3.7 Hz, H-3b-cycloprop); 1.80 and 1.81 (2 × ddd, 2 ×
1H, Jvic = 8.6, 6.2, Jgem = 3.7 Hz, H-3a-cycloprop); 2.34 (ddd, 2H,
Jgem = 13.3, J2′b,1′ = 6.3, J2′b,3′ = 3.5 Hz, H-2′b); 2.41 and 2.43 (2 ×
ddd, 2 × 1H, Jvic = 8.6, 5.6, 3.9 Hz, H-2-cycloprop); 2.760 and
2.764 (2 × ddd, 2 × 1H, Jgem = 13.3, J2′a,1′ = 7.2, J2′a,3′ = 5.8 Hz,
H-2′a); 3.084 and 3.086 (2 × ddd, 2 × 1H, Jvic = 9.1, 6.2, 3.9 Hz, H-
1-cycloprop); 3.52 and 3.62 (2 × ddd, 2 × 2H, Jgem = 12.0, J5′ ,OH =
5.6, J5′ ,4′ = 4.5 Hz, H-5′); 3.89 (td, 2H, J4′ ,5′ = 4.5, J4′ ,3′ = 3.1 Hz,
H-4′); 4.120 and 4.122 (2 × q, 2 × 2H, Jvic = 7.1 Hz, CH3CH2O);
4.44 (m, 2H, J3′ ,2′ = 5.8, 3.5, J3′ ,OH = 4.2, J3′ ,4′ = 3.1 Hz, H-3′);
5.010 and 5.013 (2 × t, 2 × 1H, JOH,5′ = 5.6 Hz, OH-5′); 5.37 (dd,
2H, JOH,3′ = 4.2 Hz, OH-3′); 6.45 (dd, 2H, J1′ ,2′ = 7.2, 6.3 Hz, H-
1′); 8.76 (s, 4H, H-2,8). 13C NMR (125.7 MHz, DMSO-d6): 14.26
(CH3CH2O); 17.35 and 17.41 (CH2-3-cycloprop); 22.33 (CH-1-
cycloprop); 24.43 and 24.49 (CH-2-cycloprop); 39.53 (CH2-2′);
60.88 (CH3CH2O); 61.72 (CH2-5′); 70.80 (CH-3′); 84.00 and 84.02
(CH-1′); 88.20 (CH-4′); 132.44 (C-5); 144.70 (CH-8); 150.05 (C-4);
152.08 (CH-2); 158.41 (C-6); 171.86 and 171.87 (CO). FAB-MS,
m/z (rel.%) = 349 (25) [M + H]+ (cation), 259 (6), 233 (100), 187
(15), 159 (24), 147 (7), 134 (7), 117 (10), 73 (10). HRMS calcd for
C16H21N4O5 [M + H]+ 349.1511; found: 349.1521. IR (micr. refl.):
3313, 2979, 2929, 2876, 1727, 1600, 1500, 1456, 1408, 1386, 1366,
1330, 1265, 1213, 1186, 1159, 1095, 1056, 994, 929, 884, 867, 843,
806, 760. [a]D −9.2 (c 0.12, MeOH).


6-[2-(Diethylcarbamoyl)cyclopropyl]9-(b-D-ribofuranosyl)purine
(6h)


White foam, yield 95%. Diastereomeric mixture 1 : 1. 1H NMR
(600 MHz, DMSO-d6): 1.019, 1.020, 1.060 and 1.062 (4 × t, 4 ×
3H, Jvic = 7.1 Hz, CH3CH2N); 1.626 and 1.628 (2 × ddd, 2 ×
1H, Jvic = 8.8, 5.7, Jgem = 3.1 Hz, H-3b-cycloprop); 1.68 and 1.69
(2 × ddd, 2 × 1H, Jvic = 8.6, 5.9, Jgem = 3.1 Hz, H-3a-cycloprop);
2.692 and 2.694 (2 × ddd, 2 × 1H, Jvic = 8.6, 5.7, 4.0 Hz, H-2-
cycloprop); 3.01 (ddd, 2H, Jvic = 8.8, 5.9, 4.0 Hz, H-1-cycloprop);
3.25–3.50 (m, 8H, CH3CH2N); 3.568 and 3.570 (2 × ddd, 2 ×
1H, Jgem = 12.1, J5′b,OH = 6.1, J5′b,4′ = 4.0 Hz, H-5′b); 3.684 and
3.685 (2 × ddd, 2 × 1H, Jgem = 12.1, J5′a,OH = 5.1, J5′a,4′ = 4.0 Hz,
H-5′a); 3.973 and 3.974 (2 × td, 2 × 1H, J4′ ,5′ = 4.0, J4′ ,3′ = 3.7 Hz,
H-4′); 4.18 (ddd, 2H, J3′ ,2′ = 5.1, J3′ ,OH = 5.0, J3′ ,4′ = 3.7 Hz, H-
3′); 4.614 and 4.615 (2 × ddd, 2 × 1H, J2′ ,OH = 6.0, J2′ ,1′ = 5.7,
J2′ ,3′ = 5.1 Hz, H-2′); 5.15 and 5.16 (2 × dd, 2 × 1H, JOH,5′ = 6.1,
5.1 Hz, OH-5′); 5.270 and 5.274 (2 × d, 2 × 1H, JOH,3′ = 5.0 Hz,
OH-3′); 5.54 and 5.55 (2 × d, 2 × 1H, JOH,2′ = 6.0 Hz, OH-2′);
6.010 and 6.011 (2 × d, 2 × 1H, J1′ ,2′ = 5.7 Hz, H-1′); 8.780 (s, 2H,
H-2); 8.784 (s, 2H, H-8). 13C NMR (151 MHz, DMSO-d6): 13.45,
15.07 and 15.08 (CH3CH2N); 17.44 (CH2-3-cycloprop); 21.82 and
21.87 (CH-1-cycloprop); 23.51 and 23.53 (CH-2-cycloprop); 40.69
and 41.98 (CH3CH2N); 61.53 and 61.56 (CH2-5′); 70.57 and 70.60
(CH-3′); 73.93 and 73.95 (CH-2′); 85.96 and 85.99 (CH-4′); 87.88
(CH-1′); 132.54 (C-5); 144.65 and 144.68 (CH-8); 150.25 (C-4);
152.28 (CH-2); 160.05 and 160.06 (C-6); 169.31 (CO). FAB-MS,
m/z (rel.%) = 392 (30) [M + H]+ (cation), 260 (100), 187 (25),


159 (23), 134 (8), 102 (35), 74 (12). HRMS calcd for C18H26N5O5


[M + H]+ 392.1933; found: 392.1940. IR (KBr): 3401, 3112, 3070,
1632, 1617, 1598, 1580, 1491, 1406, 1382, 1331, 1218, 807, 646.
[a]D −42.1 (c 0.25, MeOH).


6-[2-(Benzyl(methyl)carbamoyl)cyclopropyl]-9-(b-D-
ribofuranosyl)purine (7h)


White foam, yield 97%, mp 84–88 ◦C. Diastereomeric mixture of
amide rotamers 1 : 1 : 1 : 1. 1H NMR (500 MHz, DMSO-d6): 1.65–
1.71 and 1.74–1.79 (2 × m, 8H, H-3-cycloprop); 2.68, 2.70, 2.82
and 2.83 (4 × ddd, 4 × 1H, Jvic = 8.1, 5.9, 3.9 Hz, H-2-cycloprop);
2.92 and 2.93 (2 × s, 2 × 3H, CH3N); 2.94 and 2.96 (2 × ddd, 2 ×
1H, Jvic = 8.5, 5.4, 3.9 Hz, H-1-cycloprop); 3.02 and 3.03 (2 × s,
2 × 3H, CH3N); 3.096 and 3.099 (2 × ddd, 2 × 1H, Jvic = 8.5,
5.4, 3.9 Hz, H-1-cycloprop); 3.55–3.60 (m, 4H, H-5′b); 3.66–3.73
(m, 4H, H-5′a); 3.96–4.00 (m, 4H, H-4′); 4.17–4.21 (m, 4H, H-3′);
4.522 and 4.525 (2 × d, 2H, Jgem = 14.7 Hz, CHaHbPh); 4.582
and 4.585 (2 × d, 2H, Jgem = 14.7 Hz, CHaHbPh); 4.60–4.66 (m,
6H, H-2′ and CHaHbPh); 4.74 (d, 2H, Jgem = 14.7 Hz, CHaHbPh);
5.13–5.18 (m, 4H, OH-5′); 5.270, 5.274 and 5.286 (3 × d, 4H,
JOH,3′ = 5.0 Hz, OH-3′); 5.538, 5.541, 5.542 and 5.553 (4 × d, 4 ×
1H, JOH,2′ = 6.0 Hz, OH-2′); 6.01 and 6.02 (2 × d, 4H, J1′ ,2′ =
5.7 Hz, H-1′); 7.04–7.16, 7.20–7.28 and 7.30–7.35 (3 × m, 20H,
H-o,m,p-Ph); 8.680 and 8.683 (2 × s, 2 × 1H, H-2); 8.769 and
8.772 (2 × s, 2 × 1H, H-8); 8.78 (s, 2H, H-2); 8.80 (s, 2H, H-8).
13C NMR (125.7 MHz, DMSO-d6): 16.9, 17.03 and 17.42 (CH2-3-
cycloprop); 21.83, 21.86, 22.29 and 22.32 (CH-1-cycloprop); 23.48,
23.52, 23.91 and 24.01 (CH-2-cycloprop); 34.75, 34.79 and 35.04
(CH3N); 50.59 and 52.89 (CH2Ph); 61.47 (CH2-5′); 70.51 (CH-3′);
73.89 and 73.90 (CH-2′); 85.89 (CH-4′); 87.84 (CH-1′); 126.46 and
126.49 (CH-o-Ph); 127.09, 127.11 and 127.27 (CH-p-Ph); 127.70
(CH-o-Ph); 128.57, 128.60 and 128.69 (CH-m-Ph); 132.49 (C-5);
137.75, 137.76 and 137.84 (C-i-Ph); 144.41 and 144.56 (CH-8);
150.07, 150.09 and 150.21 (C-4); 151.95 and 152.16 (CH-2); 159.61
and 159.87 (C-6); 170.44 and 170.58 (CO). FAB-MS, m/z (rel.%) =
440 (15) [M + H]+ (cation), 308 (10), 217 (15), 201 (40), 185 (50),
93 (100), 91 (66), 73 (24), 57 (25). HRMS calcd for C22H26N5O5


[M + H]+ 440.1933; found: 440.1940. IR (KBr): 3401, 3401, 3109,
3067, 3030, 1623, 1598, 1582, 1496, 1410, 1333, 1216, 1120, 1082,
1055, 1030, 808, 748, 699, 645. [a]D −37.3 (c 0.49, MeOH).


6-[2-(Morpholine-4-carbonyl)cyclopropyl]-9-(b-D-
ribofuranosyl)purine (8h)


White foam, yield 98%. Diastereomeric mixture 1 : 1. 1H NMR
(600 MHz, DMSO-d6): 1.63 and 1.64 (2 × ddd, 2 × 1H, Jvic =
8.6, 5.6, Jgem = 3.1 Hz, H-3b-cycloprop); 1.73 and 1.74 (2 × ddd,
2 × 1H, Jvic = 8.7, 5.5, Jgem = 3.1 Hz, H-3a-cycloprop); 2.762 and
2.770 (2 × ddd, 2 × 1H, Jvic = 8.7, 5.6, 4.0 Hz, H-2-cycloprop);
3.049 and 3.051 (2 × ddd, 2 × 1H, Jvic = 8.6, 5.5, 4.0 Hz, H-1-
cycloprop); 3.44–3.65 (m, 18H, H-5′b and H-morph); 3.69 (ddd,
2H, Jgem = 12.0, J5′a,OH = 5.2, J5′a,4′ = 4.0 Hz, H-5′a); 3.97 (td, 2H,
J4′ ,5′ = 4.0, J4′ ,3′ = 3.6, H-4′); 4.18 (td, 2H, J3′ ,2′ = J3′ ,OH = 4.9,
J3′ ,4′ = 3.6 Hz, H-3′); 4.61 and 4.62 (2 × ddd, 2 × 1H, J2′ ,OH = 5.8,
J2′ ,1′ = 5.7, J2′ ,3′ = 4.9 Hz, H-2′); 5.143 and 5.145 (2 × dd, 2 × 1H,
JOH,5′ = 6.0, 5.2 Hz, OH-5′); 5.26 and 5.27 (2 × d, 2 × 1H, JOH,3′ =
4.9 Hz, OH-3′); 5.54 (d, 2H, JOH,2′ = 5.8 Hz, OH-2′); 6.01 (d, 2H,
J1′ ,2′ = 5.7 Hz, H-1′); 8.77 (s, 2H, H-2); 8.79 (s, 2H, H-8). 13C NMR
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(151 MHz, DMSO-d6): 17.18 and 17.21 (CH2-3-cycloprop); 21.72
and 21.75 (CH-1-cycloprop); 23.05 and 23.09 (CH-2-cycloprop);
42.38 and 45.72 (CH2N-morph); 61.49 and 61.52 (CH2-5′); 66.21
and 66.42 (CH2O-morph); 70.53 and 70.56 (CH-3′); 73.90 and
73.93 (CH-2′); 85.92 and 85.95 (CH-4′); 87.84 and 87.86 (CH-1′);
132.55 and 132.56 (C-5); 144.62 and 144.65 (CH-8); 150.24 (C-4);
152.20 (CH-2); 159.84 (C-6); 169.09 (CO). FAB-MS, m/z (rel.%) =
406 (8) [M + H]+ (cation), 390 (7), 274 (20), 201 (7), 185 (18), 110
(8), 102 (100), 93 (32), 75 (8), 57 (7). HRMS calcd for C18H24N5O6


[M + H]+ 406.1726; found: 406.1723. IR (KBr): 3421, 3255, 1632,
1598, 1582, 1498, 1423, 1332, 1216, 1115, 1093, 1057, 1042, 1026,
929, 860, 806, 645. [a]D −18.8 (c 0.42, MeOH).


6-[2-(Diethylcarbamoyl)cyclopropyl]-9-(2-deoxy-b-D-erythro-
pentafuranosyl)purine (6i)


White foam, yield 83%. Diastereomeric mixture 1 : 1. 1H NMR
(500 MHz, DMSO-d6): 1.02 and 1.06 (2 × t, 2 × 6H, Jvic = 7.1 Hz,
CH3CH2N); 1.617 and 1.619 (2 × ddd, 2 × 1H, Jvic = 8.7, 5.6,
Jgem = 2.9 Hz, H-3b-cycloprop); 1.67 and 1.68 (2 × ddd, 2 × 1H,
Jvic = 8.5, 5.7, Jgem = 2.9 Hz, H-3a-cycloprop); 2.330 and 2.333
(2 × ddd, 2 × 1H, Jgem = 13.3, J2′b,1′ = 6.4, J2′b,3′ = 3.5 Hz, H-2′b);
2.68 and 2.69 (2 × ddd, 2 × 1H, Jvic = 8.5, 5.6, 3.9 Hz, H-2-
cycloprop); 2.768 and 2.770 (2 × ddd, 2 × 1H, Jgem = 13.3, J2′a,1′ =
7.1, J2′a,3′ = 5.9 Hz, H-2′a); 3.00 (ddd, 2H, Jvic = 8.7, 5.7, 3.9 Hz, H-
1-cycloprop); 3.25–3.50 (m, 8H, CH3CH2N); 3.516 and 3.523 (2 ×
ddd, 2 × 1H, Jgem= 12.0, J5′b,OH = 6.7, J5′b,4′ = 4.6 Hz, H-5′b); 3.61
and 3.62 (2 × ddd, 2 × 1H, Jgem = 12.0, J5′a,OH = 5.2, J5′a,4′ = 4.6 Hz,
H-5′a); 3.88 (td, 2H, J4′ ,5′ = 4.6, J4′ ,3′ = 2.8 Hz, H-4′); 4.44 (m, 2H,
J3′ ,2′ = 5.9, 3.5, J3′ ,OH = 4.1, J3′ ,4′ = 2.8 Hz, H-3′); 5.02 and 5.03
(2 × dd, 2 × 1H, JOH,5′ = 6.1, 5.2 Hz, OH-5′); 5.38 (dd, 2H, JOH,3′ =
4.1 Hz, OH-3′); 6.45 (dd, 2H, J1′ ,2′ = 7.1, 6.4 Hz, H-1′); 8.75 (s, 2H,
H-8); 8.77 (s, 2H, H-2). 13C NMR (125.7 MHz, DMSO-d6): 13.37
and 15.00 (CH3CH2N); 17.31 (CH2-3-cycloprop); 21.74 and 21.79
(CH-1-cycloprop); 23.40 (CH-2-cycloprop); 39.46 (CH2-2′); 40.60
and 41.89 (CH3CH2N); 61.76 and 61.77 (CH2-5′); 70.85 and 70.86
(CH-3′); 83.95 (CH-1′); 88.19 (CH-4′); 132.48 (C-5); 144.46 and
144.48 (CH-8); 149.90 (C-4); 152.11 (CH-2); 159.85 and 159.86
(C-6); 169.24 (CO). FAB-MS, m/z (rel.%) = 398 (60) [M + Na]+


(cation), 376 (7) [M + H]+ (cation), 308 (10), 282 (45), 260 (100),
217 (15), 187 (30), 177 (10), 159 (40), 137 (10), 117 (7), 109 (10), 100
(7), 79 (7), 72 (14), 61 (6). HRMS calcd for C18H26N5O4 [M + H]+


376.1984; found: 376.1992. Anal. calcd for C18H25N5O4·0.5H2O:
C 56.24, H 6.82, N 18.22. Found: C 56.16, H 6.79, N 19.97%. IR
(KBr): 3428, 3111, 3073, 1631, 1621, 1597, 1581, 1490, 1424, 1424,
1405, 1381, 1362, 1329, 1217, 1097, 1058, 807, 646. [a]D −5.1 (c
0.21, MeOH).


6-[2-(Hydroxymethyl)cyclopropyl]-9-(b-D-ribofuranosyl)purine
(10h)


White foam, yield 76%. Diastereomeric mixture 2 : 1 (after
repeated column chromatography). 1H NMR (500 MHz, DMSO-
d6): 1.20 and 1.41 (2 × m, 2 × 2H, H-3-cycloprop); 1.93 (m, 2H,
H-2-cycloprop); 2.60 (dt, 2H, Jvic = 8.2, 4.5 Hz, H-1-cycloprop);
3.45 (dt, 2H, Jgem = 11.3, Jvic = JHb,OH = 5.7 Hz, CHaHbO); 3.55
(ddd, 2H, Jgem = 11.8, J5′b,OH = 5.7, J5′b,4′ = 4.0 Hz, H-5′b); 3.59 (dt,
2H, Jgem = 11.3, Jvic = JHa,OH = 5.7 Hz, CHaHbO); 3.69 (dt, 2H,
Jgem = 11.8, J5′a,OH = 5.7, J5′a,4′ = 4.0 Hz, H-5′a); 3.97 (td, 2H, J4′ ,5′ =


4.0, J4′ ,3′ = 3.6 Hz, H-4′); 4.18 (ddd, 2H, J3′ ,OH = 4.9, J3′ ,2′ = 4.7,
J3′ ,4′ = 3.6 Hz, H-3′); 4.60 and 4.61 (2 × ddd, 2 × 1H, J2′ ,OH = 6.0,
J2′ ,1′ = 5.7, J2′ ,3′ = 4.7 Hz, H-2′); 4.75 (t, 2H, J = 5.7 Hz, OH); 5.16
(t, 2H, JOH,5′ = 5.7 Hz, OH-5′); 5.24 (d, 2H, JOH,3′ = 4.9 Hz, OH-3′);
5.519 and 5.523 (2 × d, 2 × 1H, JOH,2′ = 6.0 Hz, OH-2′); 5.997 and
5.999 (2 × d, 2 × 1H, J1′ ,2′ = 5.7 Hz, H-1′); 8.70 (s, 2H, H-2); 8.726
and 8.729 (2 × s, 2 × 1H, H-8). 13C NMR (125.7 MHz, DMSO-
d6): 15.61 and 15.64 (CH2-3-cycloprop); 18.24 (CH-1-cycloprop);
27.53 and 27.61 (CH-2-cycloprop); 61.52 and 61.54 (CH2-5′); 62.75
and 62.77 (CH2O); 70.55 and 70.57 (CH-3′); 73.85 and 73.91 (CH-
2′); 85.88 and 85.91 (CH-4′); 87.82 and 87.87 (CH-1′); 132.27 and
132.29 (C-5); 143.98 and 144.02 (CH-8); 149.80 (C-4); 152.13 (CH-
2); 162.79 and 162.80 (C-6). FAB-MS, m/z (rel.%) = 323 (10) [M +
H]+ (cation), 239 (60), 219 (40), 203 (14), 191 (40), 173 (20), 149
(68), 128 (18), 102 (100), 57 (32). HRMS calcd for C14H19N4O5


[M + H]+ 323.1357; found: 323.1355. IR (KBr): 3421, 3260, 3113,
1632, 1600, 1581, 1497, 1420, 1399, 1333, 1215, 1128, 1095, 1060,
1027, 809, 643. [a]D −35.2 (c 0.20, MeOH).


6-[2-(Hydroxymethyl)cyclopropyl]-9-(2-deoxy-b-D-erythro-
pentafuranosyl)purine (10i)


White foam, yield 44%. Diastereomeric mixture 1 : 1. 1H NMR
(500 MHz, DMSO-d6): 1.17 and 1.40 (2 × m, 2 × 2H, H-3-
cycloprop); 1.92 (m, 2H, H-2-cycloprop); 2.32 (ddd, 2H, Jgem =
13.3, J2′b,1′ = 6.2, J2′b,3′ = 3.4 Hz, H-2′b); 2.59 (dt, 2H, Jvic = 8.6,
4.5 Hz, H-1-cycloprop); 2.76 (ddd, 2H, Jgem = 13.3, J2′a,1′ = 7.2,
J2′a,3′ = 5.8 Hz, H-2′a); 3.45 (dd, 2H, Jgem = 11.4, Jvic = 6.5 Hz,
CHaHbO); 3.52 (dd, 2H, Jgem = 11.8, J5′b,4′ = 4.5 Hz, H-5′b); 3.58
(dd, 2H, Jgem = 11.4, Jvic = 5.4 Hz, CHaHbO); 3.62 (dd, 2H, Jgem =
11.8, J5′a,4′ = 4.5 Hz, H-5′b); 3.88 (td, 2H, J4′ ,5′ = 4.5, J4′ ,3′ =
3.0 Hz, H-4′); 4.44 (ddd, 2H, J3′ ,2′ = 5.8, 3.4, J3′ ,4′ = 3.0 Hz, H-3′);
6.44 (dd, 2H, J1′ ,2′ = 7.2, 6.2 Hz, H-1′); 8.683 and 8.685 (2 × s,
2 × 1H, H-8); 8.691 (s, 2H, H-2). 13C NMR (125.7 MHz, DMSO-
d6): 15.54 and 15.57 (CH2-3-cycloprop); 18.21 (CH-1-cycloprop);
27.46 and 27.53 (CH-2-cycloprop); 39.47 (CH2-2′); 61.80 (CH2-5′);
62.75 (CH2O); 70.87 and 70.89 (CH-3′); 83.92 and 83.94 (CH-1′);
88.16 (CH-4′); 132.23 and 132.24 (C-5); 143.85 (CH-8); 149.53
(C-4); 152.01 (CH-2); 162.64 (C-6). ESI-MS, m/z (rel.%) 329 (30)
[M + Na]+, 307 (35) [M + H]+, 238 (37), 190 (92). HRMS calcd for
C14H18N4O4Na [M + Na]+ 329.1226; found 329.1222. IR (CHCl3):
3436, 1632, 1598, 1434, 1399, 1334, 1217, 1098, 1079, 1059, 1037,
641. [a]D −5.6 (c 0.54, MeOH).


X-Ray diffraction


X-Ray crystallographic analysis† of single crystals of 6a (colour-
less, 0.01 × 0.01 × 0.59 mm) and 2g (colourless, 0.07 × 0.37 ×
0.44 mm) was performed with an Xcalibur X-ray diffractometer
with CuKa (k = 1.54180 Å), data collected at 150 K. Both structures
were solved by direct methods with SIR9230 and refined by full-
matrix least-squares on F with CRYSTALS.31 The hydrogen atoms
were all located in a difference map, but those attached to carbon
atoms were repositioned geometrically and then refined with riding
constraints, while all other atoms were refined anisotropically in
both cases.


Crystal data 2g. C8H8N4, monoclinic, space group C2/m, a =
13.6246(3) Å, b = 20.3049(5) Å, c = 9.4369(2) Å, b = 99.789(2)◦,
V = 743.25(3) Å3, Z = 4, M = 160.18, 11 926 reflections measured,
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820 independent reflections. Final R = 0.0409, wR = 0.0577,
GoF = 0.9440 for 723 reflections with I > 2r(I) and 75 parameters.


Crystal data 6a. C20H23N5O1, orthorhombic, space group
Pna21, a = 22.2791(2) Å, b = 7.0143(1) Å, c = 7.8922(2) Å, V =
1796.64(2) Å3, Z = 4, M = 349.44, 26 954 reflections measured,
3604 independent reflections. Final R = 0.0296, wR = 0.0328,
GoF = 1.0836 for 2807 reflections with I > 2r(I) and 237
parameters.
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Anticancer Res., 2003, 23, 4933–4939; (c) M. L. Compton, J. J. Toole
and L. R. Paborsky, Biochem. Pharmacol., 1999, 58, 709–714; (d) S. M.
Daluge, S. S. Good, M. B. Faletto, W. H. Miller, M. H. StClair, L. R.
Boone, M. Tisdale, N. R. Parry, J. E. Reardon, R. E. Dornsife, D. R.
Averett and T. A. Krenitsky, Antimicrob. Agents Chemother., 1997, 41,
1082–1093; (e) C. C. Lin, C. Fang, S. Benetton, G. F. Xu and U. T. Yeh,
Antimicrob. Agents Chemother., 2006, 50, 2926–2931.
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18 A. Bråthe, L.-L. Gundersen, K. E. Malterud and F. Rise, Arch. Pharm.,
2005, 338, 159–166.


19 (a) J. Furukawa, N. Kawabata and J. Nishimura, Tetrahedron, 1968, 24,
53–58; (b) P. W. Collins, A. F. Gasiecki, W. E. Perkins, G. W. Gullikson,
P. H. Jones and R. F. Bauer, J. Med. Chem., 1989, 32, 1001–1006.


20 P. Müller and F. Lacrampe, Helv. Chim. Acta, 2004, 87, 2848–2858.
21 (a) P. H. Mazzocchi and H. J. Tamburin, J. Org. Chem., 1973, 38, 2221–
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N-(4-Arylazobenzoyl)-1H-benzotriazoles 3 react with amino acids 4 and amines 6 to give azo-dye
labeled amino acids (5a–m) and amines (7a–n) in high yields (74–100%) with retention of chirality.


Introduction


Azobenzenes and their photochemistry are receiving increasing
attention.1 Azo-dye carboxylic acids have been widely used in
the materials and life sciences fields as molecular switches based
on their photoisomerization and FRET (fluorescence resonance
energy transfer):1c,d (i) to construct photoresponsive reporters
to monitor, regulate or control the activity of enzymes, with
potential as inhibitors for proteases;2 (ii) as quenchers to la-
bel oligonucleotides and phosphoramidites for the construc-
tion of molecular beacons or probes to detect specific nucleic
acids, DNA or glycoconjugates/saccaride;3 (iii) as fluorescence
quenchers/reporters of various biological reactions;4 (iv) in
the photoregulation of duplex formation of DNA and ODNs
(oligodeoxynucleotides);5 and (v) as photoisomerization units in
photoresponsive biomaterials.6


Connecting azo-dye carboxylic acids to host molecules is a key
step in the synthesis of azo-photoresponsive systems. In the synthe-
sis of photobiological switches or bioprobes, amino acids/peptides
or amines are common linkages between azo-dye acyl groups and
host molecules. Many azo-photoresponsive systems incorporate
azo-dye labeled a(x)-amino acids/peptides,2a,h,4a,f,5a,6a–e or x-amino
alcohols/amines.3a–j,4d,5b–e


Published synthetic methods to link azo-dye carboxylic acids
to bio-moieties (Scheme 1) have used (i) coupling reagents
such as DCC, EDCI, HOBT, HBTU, HATU;2f ,3f ,i,5b,c,e,7 (ii) acyl
chlorides;3a,j,8a–c and (iii) other activated azo-dye carboxylic acid
intermediates, including N-hydroxysuccinimidoester,3h,4b,c 4-[(4-
dimethylamino)phenylazo]benzoyl-1H-imidazole.4d


Utilization of these methods has encountered com-
plex procedures,2f ,3a,4b,c,7 harsh reaction conditions,4b,c,7 low
yields4c,5c,7,8b,c and difficulties in product purification.4b,c,f Thus mild
and efficient methods to label amino acids/peptides and amines
with azo-dye carboxylic acids are desired.


N-Acylbenzotriazoles are advantageous for N-, O-, C-, S-
acylation,9 especially where the corresponding acid chlorides
are unstable or difficult to prepare.10a,b We now report useful
reactions of amino acids and amines with N-(4-arylazobenzoyl)-
1H-benzotriazoles 3a and 3b.


Center for Heterocyclic Compounds, Department of Chemistry, Univer-
sity of Florida, Gainesville, FL 32611-7200, USA. E-mail: katritzky@
chem.ufl.edu; Fax: +1 352-392-9199; Tel: +1 352-392-0554
† Electronic supplementary information (ESI) available: General & exper-
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Results and discussion


1. Preparation of N-(4-arylazobenzoyl)-1H-benzotriazoles (3)


N - [[4-(p -Dimethylaminophenylazo)]benzoyl] -benzotriazole 3a
and N-(4-phenylazobenzoyl)-benzotriazole 3b were prepared by a
standard method (Scheme 2).9c,d Treatment of 4-(arylazo)benzoic
acids 1 with 1-(methylsulfonyl)-1H-benzotriazole 29c,d under reflux
for 5 h gave products N-(4-arylazobenzoyl)-1H-benzotriazole 3a–
b in 85–86% yield.


2. Preparation of azo-dye carboxylic acid labeled amino acid
derivatives


Azo-dye carboxylic acid labeled amino acid derivatives were
obtained in high yields by treating N-(4-arylazobenzoyl)-1H-
benzotriazole 3 with appropriate amino acids in DMF–H2O (3 :
1, v/v) mixture in the presence of triethylamine (Scheme 3). These
reactions were completed within 24 h at room temperature (mon-
itored by TLC). Novel products were characterized by 1H-NMR,
13C-NMR and elemental analysis. In the preparation and purifi-
cation of 5a–m, the mild conditions retained the original chirality
of the amino acids and amines, as confirmed by optical rotation
and HPLC experiments. The results are summarized in Table 1.
From the chiral starting materials 4a–g and 4j,k, the corresponding
products 5a–g and 5j–m had the optical rotation stated; and all
showed single peaks in HPLC analysis. In the case of racemic
compounds 5h and 5i, the measured optical rotation was zero and
two peaks of equal intensity were observed in HPLC analysis.
For example, a single peak was obtained for the enantiomer 4-[4-
(dimethylamino)phenylazo]benzoyl-L-phenylalaine 5c at 3.04 min;
but the racemic mixture 4-[4-(dimethylamino)phenylazo]benzoyl-
DL-phenylalaine 5h gave two peaks at 3.04 and 3.37 min.


3. Preparation of azo-dye carboxylic acid labeled amine
derivatives


Azo-dye labeled amine derivatives were also obtained in high
yields by treating N-(4-arylazobenzoyl)-1H-benzotriazole 3 with
appropriate amines. Optimum conditions for the reaction of 3
with amines 6 (Scheme 4) differ according to the type of amine
used, as shown in Table 2. Compound 3 and the amine 6 were
mixed in the appropriate solvent (dry THF or DMF) and stirred
at room temperature or with heating. Most of the products 7
were easily purified by washing with MeOH; others were obtained
by chromatography on silica gel; all the novel products were
characterized by 1H-NMR, 13C-NMR and elemental analysis. The
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Scheme 1 Literature methods of labeling amines and amino acids with azo-dye carboxylic acids.


Scheme 2


Scheme 3


Table 1 Preparation of azo-dye carboxylic acid labeled amino acids


Entry 3 Amino acid 4 5, yield (%) 5, mp/◦C 5, retention time/ming 5 [a]25
D


1 3a Glycine 4a 5aa, 99 238–240 3.34 —
2 3a L-Alanine 4b 5b, 86 205–207 3.04 +73.3
3 3a L-Phenylalanine 4c 5c, 82 202–203 3.42 +119.4
4 3a L-Tryptophan 4d 5d, 90 220–222 3.31 +112.1
5 3a L-Isoleucine 4e 5e, 87 230–235 3.42 +52.2
6 3a L-Methionine 4f 5f, 81 205–207 3.52 +31.1
7 3a L-Serine 4g 5g, 88 205–207 3.04, +60.0
8 3a DL-Phenylalanine 4h 5h, 82 203–204 3.37h 0.0
9 3a DL-Phenylglycine 4i 5ib, 88 189–191 2.97, 0.0


10 3a 6-Aminocaproic acid 4j 5jc, 95 208–210 3.56h —
11 3b L-Leucine 4k 5kd, 86 120–122 — +9.0
12 3b L-Phenylalanine 4c 5le, 95 185–186 3.19 +103.0
13 3b L-Alanine 4b 5mf, 87 222–224f 3.23 +39.3


a Lit.,4c,11 mp 232–233 ◦C, yield 43%. b Lit.,12 mp 188–190 ◦C. c Lit.,4b yield 77%. d Lit.,2f ,8c yield 95%, mp 173 ◦C. e Lit.,7 mp 183–184 ◦C, yield 65%. f Lit.,8c


mp 220 ◦C, yield 24%. g Single peak unless otherwise stated. h Two peaks of equal intensity.


results are summarized in Table 2, the products 7f, 7g from the
chiral starting materials 6f, 6g had certain optical rotation, and
showed a single peak in HPLC analysis. In contrast, for racemic
compound 7n, the optical rotation value was zero and two peaks
of equal intensity were observed in HPLC analysis.


4. Utilities and advantages of our method over previous methods


In comparison with literature data, our method comprises:
(1) mild and simple reaction and work-up conditions: we iso-
lated most of the products under milder reaction conditions
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Table 2 Preparation of azo-dye carboxylic acid labeled amino acid esters


Entry 3 Amine 6 7, yield (%) 7, mp/◦C


1 3a Morpholine 6a 7a, 100 212–215
2 3a n-Butylamine 6b 7b, 93 212–214
3 3a t-Butylamine 6c 7c, 85 228–230
4 3a 2-(Ethylamino)-ethanol 6d 7da, 94 176–178
5 3a 6-Amino-1-hexanol 6e 7eb, 93 150–152
6 3a L-a-Methylbenzylamine 6f 7fc, 88 222–224
7 3a L-Valine methyl ester hydrochloride 6g 7g, 91 156–158
8 3a p-Toluidine 6h 7h, 86 263–265
9 3a N-Methylaniline 6i 7i, 74 185–187


10 3a 2-Aminopyridine 6j 7j, 84 190–192
11 3a Carbazole 6k 7k, 81 204–206
12 3b n-Benzylamine 6l 7ld, 91 192–193
13 3b m-Toluidine 6m 7me, 86 168–169
14 3b DL-Valine methyl ester hydrochloride 6n 7nf, 91 131–132


a Lit.,3i yield 98%. b Lit.,3a yield 80%. c Lit.,13 yield 70%. d Lit.,8b mp 194–194.5 ◦C, yield 50%. e Lit.,8b mp 168.5–170.0 ◦C, yield 42%. f Lit.,14 mp130–131 ◦C,
yield 56%.


Scheme 4


and just by washing or chromatography on silica gel, whereas
reported methods gave side-products (for example, DCU in DCC
method,5c phenylazobenzic acids in acyl chloride method,8b HOSu
in NHS method4b,c) and also they needed complex purification
procedures2f ,3a,i,7,8b,c,11,13,14 (entries 1, 11–13 in Table 1 and entry 4,
5, 9, 12–14 in Table 2); (2) high yields: most of our products were
obtained in high yield (74–100%); whereas some old reported
methods7,8b,c,11,14 provided low yields for some compounds (for
example, entries 1, 12, 13 in Table 1 (yield range 24–43%) and entry
12, 13, 14 in Table 2 (yield range 42–56%)); (3) no racemization
occurred for chiral compounds in our method, but in reported
methods some coupling reagents reduced the ee value of products
in the coupling method7; (4) very high selectivity to amine over
alcohol groups, which is important for the synthesis of some
probes.3a (for example, entry 7 in Table 1 and entries 4, 5 in Table 2);
(5) cost effective: our methodology is cost effective because Bt–
H is cheaper than coupling reagents, such as HBTU, HATU,
EDCI.


Conclusion


In conclusion, a convenient and an efficient method for the
preparation of azo-dye labeled amino acids and amines has been
developed by reacting N-(4-arylazobenzoyl)-1H-benzotriazole
with amino acids and amines. All the azo-dye labeled products
were obtained under mild and simple reaction conditions in
high yields with no detectable racemization for chiral com-
pounds. For substrates having amine and alcohol functionality,
this methodology has shown high selectivity for amines to
alcohol.


Experimental


General Methods


Melting points were determined on Fisher melting apparatus. 1H-
NMR (300 MHz) and 13C-NMR (75 MHz) spectra were recorded
on a 300 MHz NMR spectrometer in CDCl3 or DMSO-d6. HPLC
analyses were performed on Beckman system gold programmable
solvent module 126, using Chirobiotic T column (4.6 × 250 mm),
detection at 254 nm, flow rate of 1.0 mL min−1 and MeOH as
eluting solvent. Elemental analyses were performed on a Carlo
Erba-1106 instrument. Optical rotation values were measured with
the use of sodium D line. Arylazobenzoic acids, amino acids,
and amines were purchased from Fisher or Aldrich chemical
companies.


General procedure for preparation of N-(4-arylazo)benzoyl-
benzotriazoles (3a,b). Arylazobenzoic acid 1 (7.43 mmol, 2.0 g
for 1a, 1.68 g for 1b), 1-(methylsulfonyl)-1H-benzotriazole 29d


(1.46 g, 7.43 mmol) and Et3N (1.5 mL, 10.4 mmol) were mixed
in THF at room temperature. After refluxing for 5h, the reaction
mixture was cooled to room temperature and kept overnight at
room temperature, then solid was precipitated. After filtration
and drying under vacuum, the corresponding product, N-(4-
arylazo)benzoyl-benzotriazoles 3a–b, were obtained.


N-[[4-(p-Dimethylaminophenylazo)]benzoyl]-benzotriazole (3a).
(2.24 g, 81%). Red microcrystal; mp 210.0–212.0 ◦C (from THF);
(found: C, 68.27; H, 4.77; N, 22.59. Calc. for C21H18N6O: C, 68.09;
H, 4.90; N, 22.69%); dH(300 MHz; CDCl3) 8.42 (1H, d, J 8.4,
ArH), 8.38 (2H, d, J 8.7, ArH), 8.19 (1H, d, J 8.1, ArH), 7.97
(4H, dd, J1 = J2 8.4, ArH), 7.72 (1H, t, J 7.2, ArH), 7.56 (1H,
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t, J 8.4, ArH), 6.77 (2H, d, J 9.0, ArH) and 3.13 (6H, s, 2 ×
NCH3,); dC(75 MHz, CDCl3) 170.0, 166.3, 156.4, 153.2, 145.9,
143.9, 133.1, 132.6, 131.1, 130.5, 126.5, 125.8, 122.1, 120.3, 115.0,
111.6 and 40.4.


General method for the preparation of carboxylic azo-dye labeled
amino acids 5a–m. N-(4-Arylazo)benzoyl-benzotriazole 3
(200 mg, 0.54 mmol for 3a and 0.611 mmol for 3b, 1eq.) and
amino acid 4 (1eq.) were added to a mixture of DMF and water
(3 : 1,v/v), and stirred at room temperature for 24 h. After the
evaporation of solvent, washed with CH2Cl2 and drying under
vacuum, the corresponding pure products 5 were obtained with
high yield of 81–99%; For 5k–m, after the evaporation of solvent,
the residue was dissolved in CH2Cl2 and washed with 4 N HCl.


4-[(4-Dimethylamino)phenylazo]benzoyl-glycine (5a). (175 mg,
99%). Red microcrystal; mp 238.0–240.0 ◦C (from CH2Cl2) (lit.,4b,10


mp 232–233 ◦C); dH(300 MHz, DMSO-d6; Me4Si) 8.94 (1H, t, J
5.7, NH), 8.02 (2H, d, J 8.7, ArH), 7.84 (2H, d, J 8.7, ArH), 7.83
(2H, d, J 9.3, ArH), 6.85 (2H, d, J 9.3, ArH), 3.95 (2H, d, J 6.0,
CH2) and 3.08 (6H, s, 2 × CH3); dC(75 MHz, DMSO-d6) 171.4,
165.9, 154.1, 152.9, 142.7, 134.1, 128.4, 125.1, 121.6, 111.6, 41.4
and 39.8.


Gerenal procedure for the preparation of 7a–f. Procedure A.
N-[[4-(p-Dimethylaminophenylazo)]benzoyl]-benzotriazole (3)
(200 mg, 0.54 mmol for 3a and 0.611 mmol for 3b) and
corresponding amines (1–3eq.) were mixed in THF (10mL) and
stirred for 1–48 h at room temperature (monitored by TLC). After
the evaporation of solvent, pure products 7 were obtained from
the residues after simple purification procedures with high yield
of 85–100%.


4-[4-(Dimethylamino)phenylazo]benzoyl-morpholine (7a). 1eq.
6a; purified with column on silica gel eluting with ethyl acetate–
hexane (1 : 2, v/v) to give 7a as red microcrystal (184 mg, 100%);
mp 212.0–215.0 ◦C (from EtOAc–hexane); found: C, 67.57; H,
6.66; N, 16.57. Calc. for C19H22N4O2: C, 67.44; H, 6.55; N, 15.56%;
dH(300 MHz, CDCl3) 7.88 (4H, t, J 8.1, ArH), 7.52 (2H, d, J 8.1,
ArH), 6.76 (2H, d, J 9.0, ArH), 3.85–3.40 (8H, br s, CH2CH2) and
3.11 (6H, s, 2 × CH3); dC(75 MHz, CDCl3) 170.1, 154.0, 152.8,
143.6, 135.6, 128.1, 125.4, 122.3, 111.5, 66.9, 40.3 and 29.8.


The preparation of 7g, 7h. Procedure B. N-[[4-(p-Dimethyl-
aminophenylazo)]benzoyl]-benzotriazole (3a) (200 mg,
0.54 mmol) was added to the solution of amine (1–3eq.)
and Et3N (3.0 eq.) in THF (10 ml) at room temperature. The
mixture was heated under reflux for 24 h. After filtration, the
solvent was evaporated under reduced pressure. Pure products
were obtained from the residues after simple purification
procedures.


4-[4-(Dimethylamino)phenylazo]benzoyl-L-valine methyl ester
(7g). 1.0eq. 6g; purified with column on silica gel eluting with
ethyl acetate–hexanes (1 : 3, v/v) to give 7g as red microcrystal
(188 mg, 90%); mp 156.0–158.0 ◦C (from EtOAc–hexane); [a]25


D


+59.6 (c 2.8 in MeOH); retention time: 3.29; found: C, 66.05; H,
6.94; N, 14.37. Calc. for C21H26N4O3: C, 69.95; H, 6.85; N, 14.65%;
dH(300 MHz, CDCl3) 7.90 (6H, m, ArH), 6.76 (2H, d, J 9.0, ArH),
6.67 (1H, d, J 8.4, NH), 4.83–4.79 (1H, m, J 5.1, 3.6, NHCH),
3.79 (3H, s, OCH3), 3.12 (6H, s, 2 × NCH3), 2.33–2.27 (1H, m,
CHCH3) and 1.02 (6H, t, J 6.6, 2 × CHCH3); dC(75 MHz, CDCl3)


172.8, 167.0, 155.4, 152.9, 143.7, 134.2, 128.1, 125.6, 122.4, 111.6,
57.6, 52.4, 40.4, 31.8, 19.2 and 18.2.


General procedure for the preparation of 7i–k. Procedure C.
N-[[4-(p-Dimethylaminophenylazo)]benzoyl]-benzotriazole (3a)
(200 mg, 0.54 mmol) and corresponding amine (2.0–3.0 eq.), Et3N
(0.23mL, 1.62 mmol) were mixed in DMF (10mL). The mixture
was heated at 150 ◦C for 5–10 h. After the evaporation of solvent
under reduced pressure, the residue was worked up with MeOH
and the products were obtained as red solids.


4-[4-(Dimethylamino)phenylazo]benzoyl-N-methylaniline (7i).
3 eq. 6i; worked up with MeOH to give 7i as red microcrystal
(140 mg, 74%); mp 185.0–187.0 ◦C (from MeOH); found: C,
73.38; H, 6.35; N, 15.71. Calc. for C22H22N4O: C, 73.72; H, 6.19;
N, 15.63%; dH(300 MHz; DMSO-d6; Me4Si) 7.75 (2H, d, J 7.5,
ArH), 7.57 (2H, d, J 6.9, ArH), 7.38 (2H, d, J 7.8, ArH), 7.27
(2H, d, J 6.6, ArH), 7. 20 (3H, d, J 6.3, ArH), 6.82 (2H, d, J
7.8, ArH), 3.40 (3H, s, CONCH3) and 3.06 (6H, s, 2 × NCH3);
dC(75 MHz; DMSO-d6; Me4Si) 168.9, 152.7, 152.4, 144.4, 142.6,
136.8, 129.3, 129.1, 127.1, 126.5, 125.0, 121.0, 111.5, 39.8 and
37.8.
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1H NMR studies of the reactions of some hydroxyalkanesulfonates, 1, with aniline derivatives, 2, show
the formation at equilibrium of anilinoalkanesulfonates, 3. Kinetic studies in water are consistent with
a mechanism involving dissociation of 1 to give the parent aldehyde, which reacts with 2 to give a
carbinolamine. Acid-catalysed dehydration of the carbinolamine yields an iminium ion which reacts
rapidly with sulfite to give the product 3. Study of the variation with pH of the rate constants of the
reaction indicates a change in the nature of the rate-determining step from carbinolamine formation to
carbinolamine dehydration as the pH is increased. Variations in values of rate and equilibrium
constants with the nature of 1 and 2 are discussed in terms of electronic and steric effects.


Introduction


The formation of aminoalkanesulfonates either by reaction of
amines with hydroxyalkanesulfonates or by reaction of the ap-
propriate imine with bisulfite is well known.1–3 One mechanistic
proposal involved an SN2 reaction between the amine and proto-
nated hydroxyalkanesulfonate.4,5 However there is strong evidence
against this route,6 and the accepted mechanism involves reaction
with sulfite of the iminium ion formed from the amine and the
free aldehyde, present at low concentration in equilibrium with
the hydroxyalkanesulfonate.7


One reason for the current interest in these compounds is their
use in the synthesis of azo-dyes for ink-jet printing.8–10 A major
problem with their use is that the reactions forming them may
fail to go to completion or, once formed, the required products
may partially revert to reactants. Hence to use these reactions
efficiently, quantitative information regarding the kinetics and
equilibria of their formation is essential. There is a brief report
of the reaction of ammonia with hydroxymethanesulfonate11


and a fuller study of the formation of anilinomethanesulfonate
from aniline and hydroxymethanesulfonate.7 The latter concluded
that the rate-limiting step in the overall reaction is likely to be
either carbinolamine formation from amine and aldehyde, or
carbinolamine dehydration. However, since this study covered a
narrow acidity range, pH 6–8, definite conclusions could not be
drawn.


Here we report kinetic and equilibrium results for the
reactions in water of hydroxypropanesulfonate, 1a, with a
series of ring-substituted anilines, 2, to form the corre-
sponding anilinopropanesulfonates, 3a. Some data for reac-
tions of 2-methylhydroxypropanesulfonate, 1b, and 2,2-dimethyl-
hydroxypropanesulfonate, 1c, with aniline are included for com-
parison. The results are interpreted7 in terms of Scheme 1. Values
of the overall equilibrium constant, K, defined in eqn (1) were
measured either using 1H NMR spectroscopy or by combination
of values of the rate constants kf and kr for the forward and reverse
reactions (Scheme 1).


Chemistry Department, Durham University, Durham, DH1 3LE, UK
† Electronic supplementary information (ESI) available: Supplementary
Tables S1–S11. See DOI: 10.1039/b803070g
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Measurements here were made over a much larger acidity range,
pH 5–10, than previously.7 The results clearly show that the
rate-determining step changes from carbinolamine formation to
carbinolamine dehydration as the pH is increased. This work also
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extends from one to four the number of hydroxyalkanesulfonates
studied and examines in detail the effects of ring substituents in
the anilines.


Results and discussion
1H NMR measurements


The spectrum of 1a, formed from equimolar propanal and sodium
bisulfite in deuterium oxide, shows a doublet of doublets at d
4.15 attributed to Hx, the a-hydrogen. Due to the chirality of the
adjacent carbon atom the b-hydrogens, HA and HB give distinct
resonances. Shifts and coupling constants are in Table 1. In the
presence of aniline, new bands attributed to anilinopropanesul-
fonate, 3a, are gradually formed, the change taking several hours.
Shifts are given in Table 1, where the HA, HB and HX correspond
to that for 1a. Changes in shift of the aromatic hydrogens of
the aniline ring, the methyl hydrogens and of hydrogens labelled
HB were small. However, on reaction, significant changes in the
values of shifts for HX and HA were observed, and integration after
equilibrium had been reached allowed the calculation of a value
for the equilibrium constant, K, of 70 ± 10 dm3 mol−1. In a related
fashion, new bands observed in the spectra of 1b and 1c in the
presence of aniline are attributed to the formation of 3b and 3c.
NMR data and equilibrium constants are in Table 1.


Changes of shift in the spectrum of N-methylaniline in the
presence of 1a are relatively small. However, integration of bands
due to the N-Me hydrogens, at d 2.65 in the parent and d 2.82 in
the product, in solutions containing various known excesses of 1a
allowed the calculation of a value of 1.1 ± 0.1 dm3 mol−1 for K.


Changes in the spectrum of 1a in the presence of six ring-
substituted anilines are consistent with the formation of the
corresponding anilinopropanesulfonates. Values of shifts for HX


(the a-hydrogen) in 1a and in the products 3a are listed in
Table 2. It should be noted that in all cases spectra recorded
with stoichiometric concentrations of 1 and 2 in the range 0.02–
0.10 mol dm−3 gave no evidence for the presence of species other
than the reactants or products 3. The thermodynamic stabilities of
the hydroxyalkanesulfonates, 1, are high12,13 so that there was little
dissociation to give aldehyde and bisulfite. For 1 in a large excess of


Table 2 Chemical shifts of HX (the a-hydrogen) in 1a and in adducts 3a
formed with ring-substituted anilines


d/ppm Dda/ppm


1a 4.15 0
Ring substituent in 3a
H 4.31 +0.16
4-Me 4.19 +0.04
4-Cl 4.24 +0.09
3-Cl 4.28 +0.13
3-CN 4.30 +0.15
3-NO2 4.34 +0.19
4-NO2 4.46 +0.31


a Dd = shift in 3a − shift in 1a.


2, no bands were observed from adducts formed by displacement
of both the anilino hydrogens.


Kinetic and equilibrium measurements


Aniline in water shows a strong UV absorbance band at 230 nm
(e = 8 × 103 dm3 mol−1 cm−1). In the presence of hydrox-
yalkanesulfonates, 1, the absorbance maximum slowly moves to
longer wavelength, 240 nm, with increased intensity. Related shifts
in absorbance maximum were observed with ring-substituted
anilines in the presence of 1. Spectrophotometric measurements at
an appropriate wavelength, usually 250 nm, were used for kinetic
studies. With a concentration of 1 in a large excess over that of
aniline (which was 1 × 10−4 mol dm−3) a single first-order process
was observed, designated kobs. Measurements were made at 25 ◦C
in solutions whose pH was controlled with dilute buffers (0.02–
0.04 mol dm−3). As will be shown, the analysis is simplified by
working with slight excesses of free sulfite added either in the
form of sodium sulfite or sodium bisulfite depending on the
pH. The sum of these concentrations will be designated as [sulfite]
as indicated in eqn (2).


[sulfite] = [SO3
2−] + [HSO3


−] (2)


Specimen results for reactions of 4-methylaniline and 3-
chloroaniline at pH 8.0 are in Tables 3 and 4, and data for other
ring-substituted anilines are provided as ESI in Tables S1–5†.
Examination of Table 3 shows that at a constant concentration
of 1a values of kobs depend inversely on the sulfite concentration.
Hence values of the product kobs[sulfite] are independent of the free
sulfite concentration. Since the formation of 3 from 1 and 2 is an
equilibrium process, kobs may be expressed in terms of the overall


Table 1 1H NMR dataaat 23 ◦C for hydroxyalkanesulfonates, 1, and corresponding anilinoalkanesulfonates, 3, in D2O


d/ppm J/Hz


HX HA HB Me JAX JBX JAB JAMe = JBMe Ka/dm3 mol−1


1a 4.15 1.84 1.53 0.90 3.2 10 15 7.5 —
1b 4.09 2.06 — 0.91, 0.94 5.2 — — 6.8 —
1c 4.03 — — 0.97 — — — — —
3a 4.31 2.02 1.5 0.90 3.2 10 15 7.5 70 ± 10
3b 4.35 2.30 — 0.94, 0.96 4.4 — — 7 62 ± 10
3c 4.25 — — 1.03 — — — — 34 ± 10


a Values of K , defined in eqn (1), determined from NMR integrals for systems at equilibrium. Specimen data in Table 8.
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Table 3 Kinetic and equilibrium data for reaction of 1a with 4-methylanilineain water at 25 ◦C and pH 8.0


[1a]/10−3 mol dm−3 [sulfite]/10−3 mol dm−3 kobs
b/10−3 s−1 kobs[sulfite]/10−6 mol dm−3 s−1 DAbsc Kd/dm3 mol−1


8.0 3.0 3.26 9.8 0.342 63
17 4.0 3.07 12.3 0.509 59
17 5.0 2.22 12.0 0.504 57
34 7.0 3.19 22.3 0.683 60
53 8.0 3.31 26.5 0.764 56
53 13 1.85 24.1 0.780 61
71 10 3.37 33.7 0.823 59
90 11 3.44 37.8 0.866 62
90 20 1.91 38.3 0.860 60


a Concentration is 1 × 10−4 mol dm−3. b Measured at 255 nm. c Change in absorbance accompanying reaction. d Calculated as DAbs/(DAbs∞ − DAbs)[1a]
with DAbs∞ = 1.02.


forward, kf, and reverse, kr, rate constants by eqn (3). Correspond-
ingly, plots of kobs[sulfite] versus [1] were linear, allowing the values
(at a given pH) of kf[sulfite] and kr[sulfite] to be determined from
the slopes and intercepts respectively. The results in Table 3 give
values for the reaction of 1a with 4-methylaniline at pH 8.0 of
kf[sulfite] 3.7 × 10−4 s−1 and kr[sulfite] 6.4 × 10−6 mol dm−3 s−1.
Their combination gives a value for K (= kf[sulfite]/kr[sulfite]) of
58 dm3 mol−1. The value of K calculated independently using the
absorbance changes accompanying reaction is 60 dm3 mol−1. Data
for the corresponding reaction of 3-chloroaniline are in Table 4.
Values obtained are kf[sulfite] 8.0 × 10−5 s−1 and kr[sulfite] 8.4 ×
10−7 mol dm−3 s−1, whose combination gives a value for K of
95 dm3 mol−1, in good agreement with the value of 97 dm3 mol−1


from absorbance measurements.


kobs[sulfite] = kf[sulfite][1] + kr[sulfite] (3)


For reactions of 1a with aniline and five ring-substituted
anilines, and for reaction of 1b with aniline, values of kf[sulfite]


and kr[sulfite] were determined at several pH values in the range
pH 5–10. Representative results for the reaction of 1a with aniline
are given in Table 5 and other results are given as ESI in Tables
S6–11†. The results show that when pH ≥ 7, the rate coefficients
show little dependence on acidity, while when pH < 7 values show
moderate increases with increasing acidity. Nevertheless, values of
K determined either from kinetic or absorbance measurements
are independent of pH over the range examined. The latter
observation is expected since there will be no change in the
ionisation state of the reactants 1 and 2 or the product 3 in this
pH range.


Reverse reaction


For the reaction of propanal with aniline and sulfite an alternative
method was used to evaluate the term kr[sulfite] relating to the
reverse reaction. Thus 1H NMR studies in CD3CN showed that
reaction of propanal (0.2 mol dm−3) with equimolar aniline gave
the imine 4 in high yield.


Table 4 Kinetic and equilibrium data for reaction of 1a with 3-chloroanilineain water at 25 ◦C and pH 8.0


[1a]/10−3 mol dm−3 [sulfite]/10−3 mol dm−3 kobs
b/10−4 s−1 kobs[sulfite]/10−6 mol dm−3 s−1 DAbsc Kd/dm3 mol−1


8.0 3.0 4.65 1.40 0.60 100
17 4.0 5.09 2.24 0.87 106
34 7.0 5.49 3.62 1.02 91
53 8.0 6.17 4.95 1.12 92
71 10 6.69 6.56 1.18 97
90 11 7.23 7.95 1.21 96


a Concentration is 1 × 10−4 mol dm−3. b Measured at 250 nm. c Change in absorbance accompanying reaction. d Calculated as DAbs/(DAbs∞ − DAbs)[1a]
with DAbs∞ = 1.35.


Table 5 Variation with pH of values of rate and equilibrium constants for reaction of 1a with aniline


pH kf[sulfite]/10−4 s−1 kr[sulfite]/10−6 mol dm−3 s−1 Ka(kinetic)/dm3 mol−1 Kb(Abs)/dm3 mol−1


5.2 14 18 77 60
5.9 3.7 4.7 78 52
7.0 1.85 2.2 84 76
7.6 1.40 2.2 64 76
8.0 1.90 2.3 84 71
9.1 0.74 1.0 74 68


10.0 0.88 1.2 73 70


a K = kf[sulfite]/kr[sulfite]. b Calculated from changes in absorbance accompanying reaction, as in Tables 3 and 4.
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Bands were observed at d 7.90 (CH, t, J = 5 Hz), d 7.03–
7.36 (Ar), d 1.81 (CH2, m) and d 1.19 (CH3, t, J = 7.5 Hz).
The reaction was repeated in acetonitrile and a small volume
of the solution was mixed with a large excess of aqueous sulfite
solution, so that the final stoichiometric concentration of imine
was ca. 1 × 10−4 mol dm−3 with a ratio of [sulfite] : [imine] of
greater than ten. UV studies indicated two processes on mixing
the imine with sulfite; a fast reaction, too rapid for measurement,
giving increased absorption at 250 nm and compatible with
initial formation of the anilinopropanesulfonate 3a, and a slow
decomposition with decreasing absorbance at 250 nm. The final
spectrum was consistent with the regeneration of aniline. Kinetic
measurements showed a first-order process whose rate constant
was measured in buffered solution with ionic strength 0.1 mol dm−3


using potassium chloride. It should be noted that here the final
concentrations of aniline and of hydroxypropanesulfonate, 1a, are
ca. 1 × 10−4 mol dm−3, so that in contrast with the earlier data,
where concentrations of 1a are much higher, the reaction flux in
the forward direction is negligible compared to the flux in the
reverse direction; hence kobs = kr. At each pH studied, values of
kobs were measured at six sulfite concentrations in the range 1 ×
10−3 mol dm−3 to 2 × 10−2 mol dm−3, and values were found to
be inversely dependent on [sulfite], so that the term kobs[sulfite]
was constant. Values in the pH range 5.8 to 9.9 are shown in
Fig. 1. Measurements of kr[sulfite] showed that values were, within
experimental error, independent of ionic strength in the range I =
0.05 to 0.20 mol dm−3.


Fig. 1 Variation with pH of values of log(kr[sulfite]) in the reaction of
propanal with aniline and sulfite. Experimental points determined from
the equilibration process are shown as �, and from the reverse reaction
as ●. The broken line is calculated from eqn (5) with k−3/K4 = 1.6 ×
10−6 mol dm−3 s−1 and KHSO3


- = 8 × 10−8 mol dm−3.


Rate-determining step


The forward reaction has a first-order dependence on the aniline
concentration, showing that the k1 step in Scheme 1, formation
of free aldehyde from the hydroxyalkanesulfonate, 1, is not rate-
limiting. Similarly, the inverse dependence on sulfite concentration


is not compatible with rate-limiting reaction of sulfite with
iminium ions, the k4 step. Hence carbinolamine formation, k2, or
dehydration, k3, will be the slow step in the overall reaction. Jencks
and co-workers have shown14–17 that in general in the reactions of
carbonyl compounds with amines, carbinolamine dehydration is
rate-limiting in alkaline solutions (pH > 7). In the present case
the assumption that k3, the acid-catalysed dehydration of carbino-
lamine, is rate-limiting and that steps leading to the carbinolamine
are at equilibrium, leads7 to eqn (4). Here K1 is the equilibrium
constant for dissociation of the dianion of 1 to give aldehyde
and sulfite, and K2 is the equilibrium constant for formation
of carbinolamine from aldehyde and aniline. Correspondingly,
eqn (5) will apply to the reverse reaction.
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In these eqns KHSO3
− is the acid dissociation constant of


hydrogen sulfite,7,18,19 and its value, 8 × 10−8 mol dm−3, indicates
that both the forward and reverse reactions should show a change
in dependence on acidity around pH = 7. When KHSO3


− > [H+], at
higher pH, values should become independent of acidity, and when
[H+] > KHSO3


− , at lower pH, then the logarithms of values should
increase linearly with increasing pH. The experimental results in
Table 5 and Tables S6–11† show that values of both kf[sulfite] and
kr[sulfite] do become approximately independent of acidity when
pH > 7. Values for the reverse reaction, determined both from
the equilibration process and from independent measurements
are shown in Fig. 1, where they are compared with the acidity
dependence predicted from eqn (5). This shows that while there
is acceptable agreement with eqn (5) in alkaline solutions, when
pH < 7 experimental values fall below those predicted. It should be
noted that the assumption that dehydration of the carbinolamine
occurs without acid catalysis predicts an inverse relation with
acidity when pH > 7, which is not observed.


The other possibility is that formation of the carbinolamine,
the k2 step, is rate-limiting in the forward direction. At pH
values above those where the parent anilines (2) are protonated,
the k2 step is not expected to show strong dependence on pH,
although weak general acid catalysis is possible.7,14,16 In the present
work we have worked at low buffer concentrations where such
effects should be small. The assumption that carbinolamine
formation/decomposition is rate-limiting leads to eqns (6) and
(7) for the forward and reverse reactions respectively.
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These expressions predict that when pH > 7, values should
show an inverse dependence on acidity, which is not observed
experimentally. When pH < 7 values should become independent
of acidity.
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Table 6 Summary of rate and equilibrium constants for formation of anilinoalkanesulfonates at pH 8.0 and 25 ◦C in water


Aniline Hydroxyalkane sulfonate


R R1 R2 pKa
a kf[sulfite]/10−4 s−1 kr[sulfite]/10−6 dm3 mol−1 s−1 Kb/dm3 mol−1


H H H 4.60 1.9 2.3 80
4-Me H H 5.08 3.6 6.0 60
4-Cl H H 4.15 1.1 1.4 81
3-Cl H H 3.46 0.79 0.84 94
3-CN H H 2.75 0.24 0.21 115
3-NO2 H H 2.47 0.18 0.14 133
H H Me 4.60 2.0 3.3 60
H Me Me 4.60 — — 34
NMe H H 4.85 1.1


a Values for anilinium ions, from ref. 20. b From data in Tables 1, 3–6 and S1–10.


Overall, our results (Fig. 1) are consistent with the idea that
in alkaline solutions, where pH > 7, acid-catalysed carbinolamine
dehydration is rate-limiting. As the solutions are made increasingly
acidic, in the pH range 7 → 5, carbinolamine formation becomes
rate-limiting.


Substituent effects


Values of rate and equilibrium constants measured at pH 8.0 are
summarised in Table 6. Hammett plots, versus r−, show good
correlations, with q values of −1.47 for the forward reaction
and −1.81 for the reverse reaction. At this pH, acid-catalysed
carbinolamine dehydration will be rate-limiting and eqn (4)
reduces to eqn (8).


kf[sulfite] = k3K1K2Ka (8)


For the reactions involving hydroxypropanesulfonate, 1a, values
of K1 and Ka will be invariant. Hence it is values of k3 and K2


which may be affected by ring substitution. K2 is the equilibrium
constant for carbinolamine formation, and the data for the cor-
responding reaction involving formaldehyde7 show no variation,
within experimental error, with ring substitution. Hence it is likely
that in the present system the q value reflects changes in value of
k3. This step, as shown in Scheme 2, is likely to involve transfer
of positive charge in the transition state towards the aniline ring.
Hence a negative value of q is expected. The value obtained, −1.47,
can be compared with a value of q = −2.8 for protonation of the
parent anilines.


For the reverse reaction at this pH the rate-determining step will
be hydration of the iminium ion. Eqn (5) reduces to eqn (9) and
the observed q value will depend on both the k−3 step and the K4


equilibrium, as shown in eqn (10).


k
k


kr sulfite[ ] = −3


4


(9)


q(observed) = q(k−3 step) − q(K4 process) (10)


The values of q for each of those processes will be positive since
they both involve reduction of positive charge on the iminium ion.
However, that for the equilibrium process is expected to be larger
since it involves full neutralisation of charge. Hence overall q has
a negative value.


The results in Table 6 show that values of K, the overall
equilibrium constant for formation of anilinoalkanesulfonates, 3,
from hydroxyalkanesulfonates, 1, and anilines, 2, show only small
variation. Both electronic and steric factors may be important. In
the reactions of hydroxypropanesulfonates, 1a, with substituted
anilines, 2, the substituent R is remote from the reaction centre
so that only electronic factors are involved. Here the values of
K change by only a factor of ca. 2 as the substituent is changed
from 4-Me to 3-NO2, indicating that the electronic effect of the
CHEt(SO3


−) group is rather similar to hydrogen. Interestingly, the
value of K for reaction of 1a with N-methylaniline is considerably
reduced, even allowing for the statistical factor of two relative
to aniline. This is probably a consequence of increased steric
repulsion with the ethyl and sulfite groups as the substituent on
nitrogen is changed from H to Me.


Increasing methyl substitution in the hydroxyalkanesulfonate
from 1a (R1 = R2 = H) to 1b (R1 = H, R2 = Me) and 1c (R1 = R2 =
Me) results in small decreases in the value of K. Here both steric
effects in the reactants, 1, and products, 3, must be considered,
and the small decreases observed are likely to indicate that the
anilinoalkanesulfonates, 3, are rather more sterically demanding
than the hydroxyalkanesulfonates, 1. Further evidence that this
is the case comes from the knowledge7 that for the reaction
of hydroxymethanesulfonate (formed from formaldehyde) with


Scheme 2
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aniline the value of K is 780 dm3 mol−1, which is a factor of
ten larger than for the corresponding reaction of 1a.


Carbinolamine formation


Our results indicate that as the acidity of the solutions increases the
rate-limiting step changes from the dehydration of carbinolamine
to its formation. This change is likely to have occurred by pH 5,
so that the forward rate term may be expressed as eqn (11).


k
k K K


Kf
a


HSO


sulfite[ ] =
−


2 1


3


(11)


Values obtained at this pH for reaction with a series of
substituted anilines are given in Table 7. Values of Ka, the acid
dissociation constant of 1a, and K1, the equilibrium constant
for dissociation of the dianion into propanol and sulfite, are
available,12,13 allowing values of k2 to be calculated. The values
in Table 8 show a dependence on substituent, q = −1.6, similar
to that shown in the reactions of anilines with formaldehyde,
where q = −1.8. However, values for the formaldehyde reaction
are ca. 250 times greater than those for reactions involving
propanal, consistent with the greater electrophilicity expected for
formaldehyde.7,21,22


Conclusion
1H NMR studies show that reactions of hydroxyalkanesulfonates
1 derived from propanal, isobutyraldehyde(2-methylpropanal)
and trimethylacetaldehyde (2,2-dimethylpropanal) with substi-
tuted anilines, 2, proceed smoothly to equilibrium to yield the
corresponding anilinoalkanesulfonates. There is no evidence for
the formation of species with anything other than 1 : 1 overall
stoichiometry. Kinetic studies in water with 1 in large excess over


Table 7 Values of k2 calculated from the forward reaction of 1a at pH 5.0
and 25 ◦C


Aniline


R kf[sulfite]/10−4 s−1 k2
a/dm3 mol−1 s−1


4-Me 20 760
H 14 530
4-Cl 5.0 190
3-Cl 3.0 110
3-CN 1.3 50
3-NO2 1.0 38


a Calculated from eqn (11) with Ka 2.0 × 10−11 mol dm−3, K1


0.0105 mol dm−3 and KHSO3
− 8.0 × 10−8 mol dm−3.


Table 8 Specimen calculation of K for reaction of 1b with 2, R = H


[1b]stoich/dm3 mol−1 [2]stoich/dm3 mol−1 [3b]eq/dm3 mol−1 Ka/dm3 mol−1


0.063 0.070 0.041 64
0.054 0.090 0.041 64
0.071 0.053 0.036 60


a Calculated as


K =
− −


[ ]


([ ] [ ] )([ ] [ ] )


3b


1b 3b 2 3b
eq


stoich eq stoich eq using integrals
for peaks due to [1b] and [3b] at equilibrium.


2 give a single first-order process, and the results are consistent
with the mechanism of Scheme 1. Variation of rate constants with
pH indicate that in alkaline solution, pH > 7, the rate-determining
step is acid-catalysed dehydration of the carbinolamine followed
by rapid reaction with the sulfite of the iminium ion formed
in this process. In more acidic solutions the results show that
carbinolamine formation becomes rate-limiting. Values of the
overall equilibrium constant show relatively little variation with
the nature of the ring substituent in the aniline or with the degree of
methyl substitution at the b-carbon atom of the parent aldehydes.
The results also allow determination of the values of rate constants
for carbinolamine formation from the aldehydes and anilines. The
results presented will be of interest in industrial processes which
use the anilinoalkanesulfonates as intermediates.


Experimental


Aniline, its substituted derivatives, and aldehydes were the purest
available commercially. Solutions of sodium sulfite and sodium
hydrogen sulfite were prepared in high purity water and concen-
trations checked by iodine titration.


1H NMR spectra were measured at 23 ± 1 ◦C in D2O using a
Bruker Avance 400 MHz spectrometer with a 30 degree pulse, 4
second acquisition and 1 second recycle delay, or with a Varian
Inova 500 MHz instrument with a 45 degree pulse and 4 second
acquisition time. Conditions were chosen to avoid saturation,
confirmed by the correspondence of spectra measured on different
instruments. Some early measurements were made with a Varian
Mercury 200 MHz instrument. Spectra of solutions containing
equimolar solutions of aldehydes and sodium hydrogen sulfite
confirmed the near-quantitative formation of hydroxyalkanesul-
fonates, 1. Changes in spectrum in the presence of aniline and its
derivatives showed the formation at equilibrium of anilinoalka-
nesulfonates, 3. Values for equilibrium constants, defined in eqn
(1), were determined from integrated peak intensities. A specimen
calculation for reaction of 1b with 2, R = H, is in Table 8.


UV spectra and kinetic measurements were made in water at
25 ± 0.2 ◦C using a Shimadzu UV-2102 PC spectrometer fitted
with a Peltier temperature control, or with Perkin Elmer k12
or k2 instruments, for which the temperature was controlled by
circulation of thermostatted water. The temperatures of actual
reaction solutions were checked regularly. The pH of solutions
was controlled using dilute buffers containing borax, phosphate,
acetate or bicarbonate, and pH values of reaction solutions were
checked using a Jenway 3020 pH meter. First-order rate constants
were evaluated using standard methods and are precise to ±5%.
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A chiral bisguanidinium macrocycle binds N-Boc-L-glutamate in a 1 : 1 stoichiometry with significant
selectivity in competitive solvent (DMSO–H2O).


Introduction


Recognition of polar molecules by synthetic receptors in aqueous
solvents is a formidable challenge because of the high degree of
solvation that has to be overcome. The development of synthetic
receptors for enantioselective binding of L-glutamate and L-
aspartate derivatives has been of particular interest because of
the critical role these amino acids play in the central nervous
system as excitatory transmitters. Several groups have successfully
developed receptors able to bind a range of dicarboxylates1–8


(including glutamate and aspartate) in protic solvents, typically
using polyamine macrocyclic receptors (which generally exist,
at physiological pH, as a mixture of several protonated forms,
all of which may contribute to binding),1,2 the metal complexes
derived from such polyamines,3 or appropriately functionalised
guanidinium or amidinium derivatives.4–6 However, examples
of enantioselective receptors for such dicarboxylates in protic
solvents remain rare.7


We recently described bisthiourea macrocycles 1 and 2 which
it was anticipated could serve as enantioselective receptors for di-
carboxylates, such as glutamate or aspartate, using two thiourea–
carboxylate interactions with additional hydrogen bonds between
the macrocyclic amides and the carboxylate groups (Fig. 1).
Macrocycles 1 and 2 proved to be highly selective for the 1 :
1 binding of N-Boc-L-glutamate in both acetonitrile and the
more competitive solvent dimethylsulfoxide (DMSO),9 with the
glutamate guest accommodated within the macrocyclic cavity
[Fig. 1, i)]. Binding of N-Boc-D-glutamate on the other hand was
predominantly 1 : 2 (host–guest) stoichiometry in DMSO [Fig. 1,
ii)], with a weak 1 : 1 (host H + guest G) binding constant and a
significantly stronger stepwise 1 : 2 (HG + G) binding constant.
The apparent cooperativity with stronger binding of the second
anionic guest than the first, a positive allosteric effect, is at first
sight surprising but the two anionic guests may be a significant
distance apart and therefore experience little electrostatic repul-
sion when both are bound. Furthermore, macrocycle 1 adopts
a wrapped conformation in chloroform that is stabilised by a
number of intramolecular hydrogen bonds, particularly from an
amide carbonyl to the thiourea NHs and adjacent amide NH, a
hydrogen bonding motif previously described by the dimeric pair
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crystal structure of acyclic pyridyl thiourea analogues of 2.10 In
chloroform, macrocycle 1 does not bind carboxylates at all because
the energy required to reorganise the macrocycle into a suitable
binding conformation (i.e. to break the intramolecular hydrogen
bonds) is not compensated by binding interactions that would
thereby be established. In DMSO, solvation of the intramolecular
hydrogen bonds weakens the preference for a tightly wrapped
conformation unsuitable for binding a carboxylate guest, but
binding of the first carboxylate group may still require a significant
reorganisation of the molecule and consequent energetic penalty,
which does not then have to be paid when a second carboxylate is
bound.


In order to develop similarly selective receptors able to bind
glutamate in more competitive aqueous solvent systems, we have
now prepared bisguanidinium macrocycle 3 and investigated its
binding properties with glutamate and aspartate derivatives. In
50 : 50 DMSO–H2O solution, macrocycle 3 forms a strong
1 : 1 complex with N-Boc-L-glutamate, but 1:2 complexation is
preferred with N-Boc-D-glutamate or either enantiomer of N-Boc-
aspartate.


Results


Synthesis


Direct conversion of bisthiourea macrocycle 1 to bisguanidinium
macrocycle 3, via treatment of an intermediate S-alkyl bisthiouro-
nium macrocycle with ammonia, was not successful. The desired
macrocycle was instead assembled via carbodiimide mediated
condensation of a biscarbamoyl thiourea with a bisamine;11 via
an efficient synthetic strategy involving use of the bisamine as
both precursor and condensation partner to the bis-carbamoyl
thiourea (Scheme 1).


Efficient coupling of 3-cyanobenzoic acid with (1S,2S)-
diphenylethylene diamine, followed by nitrile reduction, also
in good yield, gave bisamine 7. Conversion to a bis-carbomyl
thiourea 8, upon treatment of 7 with benzyloxycarbonyl
isothiocyanate,12 was straightforward. Coupling of bisthiourea
8 with bisamine 7 gave the protected bisguanidine macrocycle
9, in a modest optimised yield of 29% critically dependent
upon the use of 2 equivalents of DMAP in this step; the first
demonstration of carbamoyl thiourea–amine condensation utility
in macrocyclisation. Removal of the Cbz protecting groups was
readily achieved by hydrogenolysis to give the desired macrocycle
3, as its bis(hexafluorophosphate) salt.
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Fig. 1 i) 1 : 1 complex of bisthiourea macrocycle 1 with N-Boc-L-glutamate (Ka
1:1 = 2.7 × 104 M−1, Ka


1:2 = 3.9 × 102 M−1 in DMSO); ii) 1 : 2 complex
of bisthiourea macrocycle 1 with N-Boc-D-glutamate (Ka


1:1 = 2.6 × 102 M−1, Ka
1:2 = 1.9 × 104 M−1 in DMSO).


Scheme 1 Reagents and conditions: i) (PhO)2P(O)Cl, NEt3, CH2Cl2, then (1S,2S)-diphenylethylene diamine, K2CO3, H2O, 90%; ii) H2, Pd/C,
TFA–DMF–MeOH, then NEt3, 83%; iii) PhCH2O2CNCS, DMF–CH2Cl2, 73%; iv) 7, EDC, CH2Cl2–DMF, DMAP, 29%; v) H2, Pd/C, MeOH–DMF,
then HPF6, CH2Cl2–MeOH, 77%.


Binding characterisation


Macrocycle 3 gave a well-resolved 1H NMR spectrum in d6-DMSO
and in 5% CD3OD–CDCl3, consistent with the expected D2


symmetry. Binding studies with macrocycle 3 were first conducted
by 1H NMR titration in d6-DMSO (Fig. 2).†13,14 Addition of N-
Boc-L-glutamate (as the bis(tetrabutylammonium) dicarboxylate
salt) led to downfield shifts of the guanidinium NH resonance
(Ddmax > 1.3 ppm) and amide NH resonance (Ddmax > 1.0 ppm),
consistent with the formation of hydrogen bonds. The titration
curve did not reach saturation (6.4 equiv. added guest) and data
could not be fitted to a simple 1 : 1 (host–guest) binding isotherm,
but to a 1 : 2 (host–guest) binding isotherm in which binding is
dominated by a large 1 : 1 association (H + G) (Ka


1:1 > 104 M−1)
with a small contribution from sequential 1 : 2 binding (HG +


G) (Ka
1:2 ∼ 2 × 103 M−1). A similar downfield shift of the amide


NH resonance was observed on addition of 5.6 equiv. N-Boc-D-
glutamate, (also as the bis(tetrabutylammonium) dicarboxylate
salt, Ddmax ∼ 1.2 ppm), to macrocycle 3 and, once again, a
sigmoidal data plot was obtained which could not be fitted
assuming 1 : 1 binding and indicates two binding stoichiometries.15


Fitting using a 1 : 2 (host–guest) binding isotherm indicated that
binding of N-Boc-D-glutamate is dominated by 1 : 2 binding
(Ka


1:1 ∼ 103 M−1, Ka
1:2 > 104 M−1). Hence macrocycle 3 shows


similar binding selectivity, and preference for 1 : 1 binding with
N-Boc-L-glutamate, in DMSO, as the thiourea analogue 1.


Investigation of the binding properties of macrocycle 3 in a
more competitive solvent system, 50% H2O–DMSO in which
the macrocycle gives a poorly resolved 1H NMR spectrum,16


was made using isothermal calorimetry (ITC).17–19 Titration of 3


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2340–2345 | 2341







Fig. 2 NMR binding titration of macrocycle 3 with N-Boc-L-glutamate
(�), [3]/mM = 1.75, and N-Boc-D-glutamate (�), [3]/mM = 1.30, in
d6-DMSO.


with the bis(tetrabutylammonium) dicarboxylate salt of N-Boc-L-
glutamate gave a titration curve (Fig. 3)† which could be fitted
using a two-site binding model, giving a large 1 : 1 binding
constant, Ka


1:1 3.8 × 104 M−1 (DG1:1 = −26.1 kJmol−1), and a
smaller sequential 1 : 2 (host–guest) binding constant, Ka


1:2 = 5.3 ×
103 M−1. The data indicate that the predominant 1 : 1 binding is
both enthalpically and, to a lesser extent, entropically favourable
(Table 1, entry 1), whereas the subsequent binding of the second
equivalent is largely driven by favourable entropy.


Fig. 3 ITC data for macrocycle 3 with N-Boc-L-glutamate (�) and
N-Boc-D-glutamate (�) in 50 : 50 DMSO–H2O.


Titration of 3 with the bis(tetrabutylammonium) dicarboxylate
salt of N-Boc-D-glutamate indicated a large 1 : 2 (host–guest)


binding constant, Ka
1:2 1.4 × 104 M−1 (DG1:1 = −24.0 kJ mol−1),


and a smaller 1 : 1 binding component, Ka
1:1 2.9 × 103 M−1 (Table 1,


entry 2). ITC titration of macrocycle 3 with the two enantiomers
of N-Boc-aspartate was also carried out, and in both cases gave
predominantly 1 : 2 binding (Ka


1:2 > 104 M−1) (Table 1, entries
3 and 4), and a titration curve very similar to that observed for
N-Boc-D-glutamate. In each of these three cases the dominant 1 : 2
binding was largely driven by the enthalpic contribution, whereas
the smaller 1 : 1 binding was enthalpically very unfavourable, and
was driven by a large entropic contribution.


Overall the data suggest that there is a precise and tight fit
within the macrocyclic cavity for the preferred guest, N-Boc-L-
glutamate, with strong hydrogen bonding interactions to both
carboxylate groups of the glutamate (Fig. 4) and enthalpically
favourable 1 : 1 binding. Sequential binding, to form the 1 : 2
complex, presumably involves displacement of one carboxylate
functionality of the internally bound glutamate and binding to
the carboxylate of a second glutamate, with no net increase in
hydrogen bonding, but leading to a much more flexible complex.
Formation of the 1 : 2 complex from the 1 : 1 complex might
therefore be expected to be enthalpically neutral but entropically
favourable, as observed experimentally. Tight binding of N-
Boc-D-glutamate (and similarly N-Boc-L- and D-aspartate) is
presumably not possible within the cavity of macrocycle 3 and
instead initial 1 : 1 binding may only involve a single carboxylate–
thiourea interaction on the outside of the macrocycle. The data
indicate that this process is both highly endothermic and en-
tropically favourable, presumably because this first binding event
involves substantial reorganisation of macrocycle 3, breaking of
a number of intramolecular hydrogen bonds and desolvation of
tightly bound solvent molecules (in contrast binding of N-Boc-
L-glutamate described above leads to a much more rigid 1 :
1 complex with significantly greater hydrogen bonding leading
to an enthalpically much more favourable process). Sequential
binding of a second molecule of N-Boc-D-glutamate (and sim-
ilarly N-Boc-L- and D-aspartate) then involves an enthalpically
favourable formation of a second carboxylate–thiourea interaction
on the outside of the macrocycle and without any substantial
further reorganisation of the macrocycle. While it is important
not to over-interpret the thermodynamic data obtained from
the ITC experiments or rule out other binding stoichiometries,
this explanation satisfactorily rationalises the experimental data
and is entirely consistent with the binding properties observed
with the original thiourea macrocycle when binding the two
enantiomers of N-Boc-glutamate in DMSO. Unfortunately we
were unable to obtain any detailed structural information about
the complexation from NMR studies due to the poor solubility and


Table 1 ITC binding data for macrocycle 3 with biscarboxylate salts in 50 : 50 DMSO–H2Oa


Entry Guest Ka
1:1/M−1


DG1:1/kJ
mol−1


DH1:1/kJ
mol−1


TDS1:1/kJ
mol−1 Ka


1:2/M−1
DG1:2/kJ
mol−1


DH1:2/kJ
mol−1


TDS1:2/kJ
mol−1


1 N-Boc-L-Glu 3.8 × 104 −26.1 −18.1 8.0 5.3 × 103 −21.6 −2.2 19.4
2 N-Boc-D-Glu 2.9 × 103 −19.8 39.3 59.1 1.4 × 104 −24.0 −22.5 1.5
3 N-Boc-L-Asp 1.1 × 103 −17.4 61.7 79.1 1.1 × 104 −23.3 −19.2 4.1
4 N-Boc-D-Asp 2.5 × 103 −19.4 46.9 66.3 1.4 × 104 −23.9 −19.5 4.4


a Association constants are reported to two significant figures with estimated errors of ±20%. Ka
1:2 refers to the binding constant for stepwise association


of the 1 : 1 complex with a second equivalent of guest, the overall binding constant is therefore the product of reported Ka
1:1 and Ka


1:2.
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Fig. 4 Proposed mode of sequential binding of i) N-Boc-L-glutamate and ii) N-Boc-D-glutamate by macrocycle 3.


poorly resolved spectra of the complexes obtained in 50% DMSO–
H2O.


Conclusions


Bisguanidinium macrocycle 3 is able to bind strongly with
biscarboxylates in a highly competitive aqueous solvent system,
demonstrating an important advance over the class of bisthiourea
receptors we have reported previously. Macrocycle 3 is also
able to discriminate for the 1 : 1 binding of N-Boc-L-glutamate
against both its enantiomer N-Boc-D-glutamate and the smaller
aspartate derivatives. ITC binding studies were also carried out
with macrocycle 3 and using unprotected, zwitterionic L-glutamate


as guest in 50% H2O–DMSO (using a tris buffer) but in this case
indicated very weak binding (Ka


1:1 < 102 M−1). Studies are under
way to synthesise macrocycles which are both more water soluble
and incorporate additional functionality to stabilise interactions
with the ammonium group of unprotected glutamate.


Experimental


General techniques


Reactions were carried out in solvents of commercial grade and,
where necessary, distilled prior to use. Reactions requiring a
dry atmosphere were conducted in oven dried glassware under
nitrogen. CH2Cl2 was distilled from calcium hydride, as was
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petroleum ether where the fraction boiling between 40 and
60 ◦C was used. Where degassed solvents were used, a stream of
nitrogen was passed through them immediately prior to use, unless
otherwise stated. TLC was conducted on foil backed sheets coated
with silica gel (0.25 mm) and containing fluorescent indicator
UV254. Column chromatography was performed on Sorbsil C60,
40–60 mesh silica.


1H and 13C NMR spectra were recorded on Bruker AV300,
AM300 or DPX400 spectrometers. 1H chemical shifts are re-
ported as values in ppm referenced to residual solvent. The
following abbreviations are used to denote multiplicity and may
be compounded: s = singlet, d = doublet, t = triplet, q =
quartet, fs = fine splitting. Coupling constants, J, are measured
in Hertz (Hz). 13C spectra were proton decoupled and referenced
to solvent. The number of adjacent protons was determined by
DEPT experiments. Low resolution mass spectra were recorded
on a Waters ZMD mass spectrometer, single quadrupole, 2700
autosampler in methanol or acetonitrile. Accurate mass spectra
were recorded on a VG analytical 70–250-SE double focussing
mass spectrometer. Melting points were determined in open
capillary tubes using a Gallenkamp Electrothermal melting point
apparatus and are uncorrected. Microanalyses were performed by
MEDAC Ltd., Surrey.


1H NMR titration experiments13


1H NMR titration experiments were conducted on a Brüker AM
300 spectrometer at 298 K. A sample of host was dissolved in the
deuterated solvent. A portion of this solution was used as the host
NMR sample and the remainder used to dissolve a sample of the
guest, so that the concentration of the host remained constant
throughout the titration. Guest stock solutions were typically
prepared such that 10 lL of that solution contained 0.1 equivalents
of guest with respect to host, unless otherwise stated. Successive
aliquots of the guest solution were added to the host NMR sample
and the 1H NMR spectrum recorded after each addition. Changes
in chemical shift of guanidinium and amide NH host signals, as
a function of guest concentration, were analysed using NMRTit
HG software, assuming a 1 : 1 or 1 : 2 binding stoichiometry.


Isothermal calorimetry titration experiments19


All experiments were performed using an isothermal titration
calorimeter from Microcal Inc. (Northampton, MA). In a typical
experiment, a 0.6 mM receptor solution is added to the calorimet-
ric cell. A 40 mM solution of guest is introduced in 65 injections:
30 injections of 2.5 lL followed by 35 injections of 5.0 lL to
a total of 250 lL added guest. The solution is continuously
stirred to ensure rapid mixing and kept at 30 ◦C, through the
combination of an external cooling bath and an internal heater.
Dilution effects are determined by performing a blank experiment
in which the same guest solution is added to pure solvent and
the heat signature subtracted from the raw titration to produce
the final binding curve. Binding parameters are determined by
applying either one-site or two-sites models, using the Origin
software provided. These methods rely on standard nonlinear
least-squares regression (Levenberg–Marquard method) to fit the
curves, taking into account the change in volume that occurs
during the calorimetric titration.


Synthetic procedures


(1S,2S)-(−)-1,2-Diphenyl-1,2-ethylenediamine-L-tartrate was
prepared according to the method of Corey and co-workers.20


Benzyloxycarbonyl isothiocyanate was prepared according to
the method of Groziak and Townsend.12 Preparation of N,N ′-
(1S,2S)-diphenyl-ethyl-1,2-diylbis-3-aminomethylbenzamide (7)
has been reported previously.9b


N ,N ′-(1S,2S)-Diphenyl-ethyl-1,2-diylbis-[3-(N ′-benzyl-N ′′-
carbobenzyloxy-thioureido)-benzamide 8


N,N ′ -(1S,2S)-Diphenyl-ethyl-1,2-diylbis-3-aminomethylbenza-
mide (7) (250 mg, 0.52 mmol) was taken into a mixture of
CH2Cl2 (10 mL) and dimethylformamide (DMF) (1 mL). Ben-
zyloxycarbonyl isothiocyanate (252 mg, 1.3 mmol) was added
and the mixture stirred for 8 h, during which time formation of
a precipitate was observed, before concentration in vacuo. The
residue was suspended in CH2Cl2 (5 mL) and the solid collected
by filtration and washed with CH2Cl2 (2 × 5 mL) and Et2O (2 ×
5 mL). Drying in vacuo gave the title compound as a white solid
(330 mg, 73%): Rf = 0.25 (3% MeOH in DCM); mp = 155–156 ◦C;
1H NMR (400 MHz, d6-DMSO): d = 4.30 (4H, brs, CH2NH),
5.17 (4H, s, CH2O), 5.65 (2H, d, J = 6.5 Hz, CH), 7.10–7.50
(26H, m, ArH), 7.63 (2H, s, ArH), 9.04 (2H, d, J = 7.0 Hz,
NHCH), 10.24 (2H, br s, NHCH2), 11.23 (2H, s, NHCbz) ppm;
13C NMR (100 MHz, d6-DMSO): d = 47.8 (CH2), 57.2 (CH), 67.0
(CH2), 125.9 (CH), 126.7 (CH), 127.0 (CH), 127.4 (CH), 128.0
(CH), 128.4 (CH), 128.5 (CH), 128.6 (CH), 130.4 (CH), 135.2
(C), 135.7 (C), 138.2 (C), 140.8 (C), 153.4 (C), 166.6 (C), 180.1
(C) ppm; MS (ES+): m/z: 865 ([M + H]+, 90%) 887 ([M + Na]+,
85%).


Macrocycle 9


N,N′-(1S,2S)-Diphenyl-ethyl-1,2-diylbis-[3-(N ′-benzyl-N ′′-carbo-
benzyloxy-thioureido)-benzamide 8 (60 mg, 0.069 mmol) was
taken into CH2Cl2 (10 mL) and DMF (10 mL). 1-Ethyl-3-(3′-
dimethylaminopropyl)carbodiimide (EDC) (53 mg, 0.276 mmol)
and 4-dimethylaminopyridine (DMAP) (15 mg, 0.14 mmol) were
then added. To this vigorously stirred solution, a solution of N,N ′-
(1S,2S)-diphenyl-ethyl-1,2-diylbis-3-aminomethylbenzamide (7)
(34 mg, 0.071 mmol) in CH2Cl2–DMF (15 mL of a 2 : 1 mixture)
was added and the resulting mixture stirred for 36 h before
concentration in vacuo. Purification by column chromatography.
(SiO2 eluted with CH2Cl2 → EtOAc–CH2Cl2 (5 : 1) then SiO2


eluted with 2% MeOH in CH2Cl2) gave the title compound as a
white solid (28 mg, 29%); mp 171–172 ◦C; 1H NMR (400 MHz,
CDCl3): d = 4.24 (8H, brs, CH2NH), 5.09 (4H, s, CH2O), 5.64
(4H, br s, CHPh), 7.04 (4H, d, J = 7.0 Hz, NHCO), 7.12 (4H, br s,
NHCN), 7.20–7.40 (46H, m, ArH) ppm; 13C NMR (100 MHz,
5% CD3OD–CDCl3): d = 44.5 (CH2), 59.3 (CH), 66.8 (CH2),
126.0 (CH), 127.6 (CH), 127.7 (CH), 127.8 (CH), 127.9 (CH),
128.3 (CH), 128.5 (CH), 128.7 (CH), 130.4 (C), 134.8 (C), 137.1
(C), 138.7 (C), 159.9 (C), 163.9 (C), 168.5 (C) ppm; MS (ES+):
m/z: 639 ([M + 2H]2+, 100%) 1276 ([M + H]+, 30%); Found: C,
71.70; H, 5.54; N, 10.57. Calc. for C78H70N10O8·2H2O: C, 71.43;
H, 5.69; N, 10.68%.
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Macrocycle 3


Macrocycle 9 (17 mg, 0.013 mmol) was taken into MeOH–DMF
(2 mL of a 1 : 1 mixture). 10% Pd/C (3 mg) was added and
the mixture stirred under H2 (1 atm) for 14 h. The mixture was
filtered through CeliteTM and the filtrate concentrated in vacuo. The
residue obtained was then taken into CH2Cl2–MeOH (6 mL of a 5 :
1 mixture) and HPF6 (10 lL of a 60% v/v aqueous solution, 0.04
mmol) was added. The solution was then concentrated in vacuo
and the residue suspended in H2O, filtration and drying in vacuo
gave the title compound as a white solid (13 mg, 77%); mp 183–
185 ◦C; 1H NMR (300 MHz, d6-DMSO): d = 4.43 (8H, d, J =
4.0 Hz, CH2NH), 5.66 (4H, br s, CHPh), 7.00–7.80 (40H, m,
ArH + NH2


+), 8.03 (4H, br s, NHCH2), 9.16 (4H, br s, NHCO)
ppm; 13C NMR (100 MHz, CDCl3–CD3OD): d = 47.5 (CH2), 61.8
(CH), 126.2 (CH), 128.9 (CH), 129.9 (CH), 130.4 (CH), 130.6
(CH), 131.4 (CH), 131.9 (CH), 133.3 (C), 137.5 (C), 138.9 (C),
141.5 (C), 171.5 (C) ppm; MS (ES+): m/z: 504 ([M + 2H]2+, 93%)
526 ([M + 2Na]2+, 100%) 1008 ([M + H]+, 30%); Found: C, 55.55;
H, 4.90; N, 10.77. Calc. for C62H60F12N10O4P2·2H2O: C, 55.77; H,
4.83; N, 10.89%.
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N-Myristoyl transferase-mediated labelling using a substrate modified with an azide or alkyne tag is
described as an efficient and site-selective method for the introduction of a bioorthogonal tag at the
N-terminus of a recombinant protein. The procedure may be performed in vitro, or in a single
over-expression/tagging step in vivo in bacteria; tagged proteins may then be captured using
Staudinger–Bertozzi or ‘click’ chemistry protocols to introduce a secondary label for downstream
analysis. The straightforward synthesis of the chemical and molecular biological tools described should
enable their use in a wide range of N-terminal labelling applications.


Introduction


Protein labelling using bioorthogonal ligation chemistry


Site-specific labelling of proteins with chemical or fluorescent
probes is a prerequisite for many established and emerging tech-
niques in chemical and cell biology.1–3 Protein labelling technology
has been revolutionised by the discovery of highly selective, water-
compatible reactions that permit bioorthogonal ligation of a
synthetic probe at a defined site that bears a small chemical tag
such as an azide, alkyne or aldehyde.4 Bioorthogonal ligation
chemistry has proven to be robust,5 and has been used in a
remarkable range of applications for labelling proteins and other
biomolecules both in vitro and in vivo.6 However, there remains a
need for methods that allow the introduction of a suitable tag into
a protein in both an efficient and site-specific manner, particularly
in live cells.


Two distinct approaches have been developed to address this
problem, which enable introduction of tagged sites at either the
DNA or protein level. Expanded codon usage, first pioneered by
the Schultz group, enables incorporation of a tagged amino acid at
an arbitrary number of specific sites encoded in the parent gene.7,8


Alternatively, the protein can be modified post-translationally to
introduce a chemical modification bearing a bioorthogonal tag at
a suitable consensus motif. A growing range of enzymes have been
adapted for use in this approach, including farnesyl transferases,9,10


biotin ligase11 and formylglycine-generating enzyme.12 Despite the
great potential of these techniques, their adoption for general
labelling applications can be limited by the need for relatively
complex synthetic and biochemical protocols.


We recently communicated13 a straightforward and practical
transferase-based technique that permits site-specific in vitro and
in vivo generation of N-terminal azide-tagged recombinant pro-
tein, and subsequent labelling with Staudinger–Bertozzi ligation
chemistry.14 Here we report this work in full, and extend the scope
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to encompass transferase-mediated in vivo production of alkynyl-
tagged proteins and subsequent bioorthogonal labelling by [3 + 2]
azide-alkyne cycloaddition (‘click’ chemistry).4


Myristoyl-CoA:protein N-myristoyl transferase (NMT)


N-Myristoylation at an N-terminal glycine is a constitutive co-
translational modification that occurs in all eukaryotic cells, and
contributes to the regulation of signalling and trafficking by mod-
ulating protein-membrane and protein–protein associations.15


Myristoyl-CoA:protein N-myristoyl transferase (NMT), the en-
zyme that catalyses myristoylation, has been characterised in a
wide range of organisms, from yeast to humans.16–21 Compre-
hensive studies by Gordon et al. found that the specificity of
Saccharomyces cerevisiae NMT (ScNMT) towards fatty acyl-
coenzyme A (CoA) analogues is limited to acids that closely
mimic myristoyl-CoA (2, Fig. 1), particularly with respect to
chain length (∼14 heteroatoms) and flexibility.22–24 Nevertheless,
this early work suggested that ScNMT tolerates the introduction
of some functionality in the acyl chain of the myristoyl-CoA
substrate and recent reports have also described the use of modified
myristate for non-radioactive metabolic labelling in mammalian
cell lines.25,26 Encouraged by this work, we decided to investigate


Fig. 1 Myristic acid 1, myristoyl-CoA 2 and myristic acid analogues 3
and 4 designed and used in this study.
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the transfer of alkyne- and azide-modified myristate analogues by
NMT as a means for introducing a bioorthogonal ligation tag at
the N-terminus of proteins bearing an N-terminal myristoylation
motif.


Results and discussion


Design and synthesis of tagged substrates for NMT


A well-characterised and widely-used NMT cloned from Candida
albicans (CaNMT)18 was selected as the azido- or alkynyl-
myristate transfer agent. This enzyme exhibits excellent stability,
activity and solubility, and may be over-expressed and purified
without the need for an affinity tag.27 Two myristic acid analogues
were designed, incorporating an azide (3) or alkyne (4) at the
terminal position (Fig. 1) so as to mimic the chain length and
flexibility of the natural substrate as closely as possible. In 11-
azido undecanoic acid 3, three carbon atoms were replaced by the
three nitrogen atoms of the azide, whilst in tetradec-13-ynoic acid
4, the terminal carbon–carbon single bond was replaced by a triple
bond. It was hypothesised that these relatively minor modifications
would not have a significant impact on the affinity of the acyl-CoA
substrate for CaNMT.18,27 The long alkyl chains in 3 and 4 would
also be expected to act as a flexible linker between protein and
tag, potentially serving to improve the accessibility of the tag for
subsequent modification.


3 and 4 were synthesised in one or two steps starting from com-
mercially available x-bromo acids (Scheme 1). Simply reacting 11-
bromo undecanoic acid with sodium azide in DMSO furnished 3
in excellent yield, whilst a sequence of bromine displacement from
12-bromo dodecanoic acid with lithium trimethylsilyl acetylide
followed by base-mediated deprotection gave 4 in good overall
yield. Each analogue was then converted to the corresponding
acyl-CoA thioester by activation with 1,1′-carbonyldiimidazole
(CDI) and reaction with CoASH (trisodium salt) under basic
conditions.


Scheme 1 Synthesis of myristic acid analogues 3 and 4, and their
corresponding CoA thioester analogues 5 and 6. Reagents and conditions:
(i) NaN3, DMSO; (ii) (a) CDI, THF, (b) CoASH, THF-NaHCO3 (0.5 M);
(iii) TMS–Acetylene, nBuLi, THF-HMPA, −78 ◦C; (iv) K2CO3, MeOH.


In vitro azido- and alkynyl-tagging of a peptide substrate


A series of initial experiments were performed to demonstrate
that 5 and 6 are indeed substrates for CaNMT. A model peptide
substrate H-GLYVSRLFNRLFQKK-NH2 (7) bearing a canoni-
cal N-terminal myristoylation motif of general sequence GXXXS
(X = any amino acid)28–30 was synthesised by standard Fmoc/tBu


solid phase peptide synthesis (SPPS). 7 Corresponds to the N-
terminal region of Plasmodium falciparum ADP ribosylation
factor 1 (PfARF1),16,31–33 which we have shown previously to be
a substrate for CaNMT. The corresponding N-terminal azido-
myristoylated (8) and alkynyl-myristoylated (9) analogues of 7
were synthesised by capping the resin with 3 or 4, respectively,
prior to cleavage. Incubation of equimolar quantities of 7 and one
of the two acyl-CoA substrates (5 or 6) in the presence of a catalytic
quantity of CaNMT (0.25 mol %) in a suitable buffer for up to
2 h was sufficient for complete transfer of the acyl group to the
target peptide as determined by HPLC (Fig. 2). In each case 7 was
rapidly consumed during the reaction. Interestingly, transfer from
the alkyne-tagged myristoyl-CoA analogue 6 appears to be at least
two-fold faster than from the azide-tagged substrate 5, which may
reflect a higher affinity for the selective myristoyl-CoA binding
pocket. Both analogues are transferred at a rate comparable to
that of the native substrate 2.27


Fig. 2 HPLC traces showing in vitro transfer of (A) 3 or (B) 4 via CoA
ester 5, or 6 to the N-terminus of peptide 7 (H-GLYVSRLFNRLFQKK-
NH2), over reaction times of T = 0 up to 120 min. Products were identified
by reference to authentic samples of 8 and 9 prepared by chemical synthesis
(see Experimental).


In vivo azido- and alkynyl-tagging of a recombinant protein


Having confirmed that CaNMT will transfer the tagged acyl
group from acyl-CoA substrates 5 and 6 in vitro, we next
sought to apply this technique for the tagging and subsequent
labelling of a recombinant protein.‡ Previous work has shown that
Escherichia coli engineered to co-express NMT and a substrate
protein provides a practical system to study myristoylation in vivo


‡ We have previously shown that a recombinant protein can be tagged
in vitro using CaNMT. In this instance tagging of the protein proceeds in a
similar manner to the tagging of the peptide substrates described above.13
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in isolation from other cellular processes.34,35 Whilst bacteria
are competent to convert myristic acid to the activated CoA
thioester via acyl-CoA synthetase36 they do not possess protein
N-myristoyl transferases, which are an enzyme class exclusive to
eukaryotes. Furthermore, in common with eukaryotes, bacteria
express methionine aminopeptidase (MetAP),37 which is required
to strip the leader methionine from a substrate protein to reveal the
requisite N-terminal glycine. These properties make the bacterial
co-expression system a useful tool for the production of N-
myristoylated proteins.


In the co-expression approach bacteria are transformed with a
pair of expression constructs containing the NMT and substrate
sequences together with orthogonal antibiotic resistance genes;
under double antibiotic selection the bacteria retain both plasmids.
Simultaneous feeding with myristic acid and induction in the pres-
ence of isopropyl b-D-1-thiogalactopyranoside (IPTG) causes the
bacteria to express both proteins, and myristic acid is transferred
to the substrate inside the bacteria. We hypothesised that acids
3 and 4 could be used directly in such a co-expression system to
enable the generation of tagged protein, as outlined in Fig. 3. The
success of this approach would depend on both sufficient uptake
of the myristic acid analogues and their acceptance as substrates
by bacterial acyl-CoA synthetase. This methodology would offer
two key advantages over the in vitro approach:


Fig. 3 Schematic overview of the E. coli co-expression system applied to
azide and alkyne tagging of a protein in vivo.


(1) It removes the requirement for synthesis of the acyl-CoA
thioester, thus limiting the reagents required to cheap and
readily available compounds.
(2) Expression and isolation of the target tagged protein can be
achieved in a single experiment, without the need for separate
purification and isolation of either NMT or substrate.


A set of capture reagents were designed and synthesised to en-
able the detection of protein tagging via bioorthogonal ligation of
a biotin label to either azide- or alkyne-tagged targets (Scheme 2).
The syntheses described here are significantly simplified from those
reported in previous studies, and can be carried out in as few
as three steps, starting from commercially-available Biotin–PEG
NovaTagTM resin. In each case, an acid bearing the appropriate
capture group (pent-4-ynoic acid 10, 4-azidobutyric acid 11 or 3-
(diphenylphosphino)-4-(methoxycarbonyl) benzoic acid 12) was
preactivated with HATU and coupled in 4-fold excess relative
to resin loading. Subsequent cleavage (95% aqueous TFA) and
purification by RP-HPLC afforded the corresponding capture
reagents bearing an azide (13), alkyne (14) or triarylphosphine
(15) moiety in good overall yield.


Scheme 2 Synthesis of capture reagents 13, 14 and 15. (i) 20% piperidine
in DMF; (ii) acid 10, 11 or 12, HATU, DIPEA; (iii) 95% TFA(aq).


Expression constructs for CaNMT under ampicillin selection
and PfARF1 under kanamycin selection were co-transformed into
E. coli BL21 (DE3) competent cells, and induced for 4 h at 37 ◦C in
the presence of 1 mM IPTG together with 0.5 mM 3 or 4. After cell
lysis and centrifugation the fraction containing soluble protein was
reacted with the appropriate capture reagent (see Experimental)
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and analysed by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). The PfARF1 construct bears a C-terminal His6 tag,
which enables verification by Western blot with an aHis6–HRP
conjugate (Fig. 4A), whilst biotinylated protein was visualised
after blotting with NeutrAvidinTM–HRP conjugate (Fig. 4B–C).
Negative control cells expressing only CaNMT (lanes 3, 4 and 8)
or PfARF1 (lanes 7 and 8) cells fed with myristic acid rather than
a tagged analogue (lane 5) and uncaptured lysates (lane 6) were
run for comparison.


Fig. 4 In vivo transfer of an azide or alkyne tag to recombinant PfARF1.
A: cells fed with azido acid 3 visualised by Western blot with anti-His6-HRP
conjugate; B: cells fed with 3 and captured with reagent 13 (except lane 9,
captured with reagent 15), visualised with NeutrAvidinTM–HRP conjugate;
C: cells fed with 4 and captured with reagent 14 (except lane 9, experiment
not performed), visualised with NeutrAvidinTM–HRP conjugate. A known
endogenous biotinylated E. coli protein of ca. 22 kDa is observed in all
samples in B and C (marked by *).38


As shown in Fig. 4, transfer of both azido- and alkynyl- acids are
observed only in the presence of CaNMT, and subsequent capture
is highly specific for the tagged substrate. No significant capture
of either myristoylated PfARF1 or endogenous E. coli proteins is
observed under the conditions used. Furthermore, no labelling is
observed in cells over-expressing CaNMT with a PfARF1[G2A]
mutant protein bearing an alanine at the N-terminus (Fig. 4B and
C, lanes 2 and 4), demonstrating that the present method is highly
site-specific for an N-terminal Gly residue. The band observed
below PfARF1 (Fig. 4B and C, lanes 1–9) is biotin carboxyl carrier
protein (BCCP), a well-characterised endogenous biotinylated E.
coli protein.38,§ Interestingly, the efficiency of capture by [3 +
2] cycloaddition (or ‘click’ chemistry) appears to be superior
to that of capture with the Staudinger–Bertozzi reagent under
the conditions used, an observation that corroborates a previous
comparative study of bioorthogonal ligation approaches.5 [3 + 2]
capture of azide tagged protein with 14 is also superior to that
of alkyne tagged protein with 13 under identical conditions, an
observation noted previously by Speers and Cravatt.39 This is likely
due to the enhancement in rate in the presence of a large excess of
activated alkyne in the case of capture using reagent 14; in the case


§ Note that in our previous work13 we deliberately depleted the lysate of
this biotinylated protein prior to capture; this step may be omitted for
convenience as in the present report.


of capture with 13, the rate is presumably limited by the relatively
lower concentration of activated alkynyl-protein.


Conclusions


In summary, we have reported a novel method for in vivo co-
translational site-specific introduction of an azide or alkyne chem-
ical tag during expression of a recombinant protein. Subsequent
elaboration via click chemistry has been used to introduce a biotin
label for visualisation by gel electrophoresis, and in principle it
should be possible to adapt this approach for the introduction
of a wide range of labels. The canonical N-myristoylation motif
GXXXS has been shown to direct N-terminal tagging to a single
specific site. In addition to providing a convenient and potentially
general method for N-terminal recombinant protein labelling, this
system also provides a useful model system and proof-of-principle
for in vivo ‘tagging-by-substrate’ studies aimed at elucidating the
myristoylated proteome (or ‘myristome’) in cells in culture or in
multicellular organisms.25,26 Post- and co-translational methods
for protein labelling also present the potential for orthogonal
multi-site protein labelling in combination with other enzymatic
techniques. We envisage that the system presented here could
be combined with related approaches reported for the post-
translational introduction of tags,9,10,12 to enable site-specific
labelling of a protein with a FRET pair, for example. Work is
ongoing in our labs to extend the methodology presented here for
the labelling of other recombinant proteins for biophysical and
bioconjugate studies.


Experimental


Materials and methods


All solvents were purchased from BDH and used without further
purification. All reagents, unless otherwise stated, were purchased
at the highest quality available from Sigma-Aldrich and used
without further purification. NMR spectra were recorded in 5 mm
tubes calibrated to the residual solvent peak stated, on Bruker AV-
400 and AV-500 spectrometers. COSY and HMQC correlation
spectra were used to aid assignment where necessary. Samples were
characterised by MALDI-TOF (positive reflectron mode) mass
spectrometry, recorded on a Micromass Autospec-Q spectrometer.
Analytical RP-HPLC was carried out on a Gilson system (234
autoinjector, 322 series pumps, 155 UV-vis detector and controlled
by the UnipointTM system interface) equipped with a Hichrom
ACE 5 C18 250 × 4.6 mm analytical column. Semi-preparative
RP-HPLC was carried out on a Gilson semi-preparative RP-
HPLC system (Anachem Ltd.) equipped with type 306 pumps
and a Gilson 151 UV-vis detector. The system was fitted with a
Hichrom ACE 5 C18 250 × 21.2 mm semi-preparative column
fitted with a SecurityGuardTM cartridge system, C18, 4 × 3.0 mm
(Phenomenex).


Buffers. Buffer A comprised 30 mM Tris, 2.5 mM DTT,
0.5 mM EGTA, pH 7.4; buffer B comprised 30 mM Tris, 0.5 mM
EGTA, 0.1% TRITON R© X-100, pH 7.4; buffer C comprised
50 mM Tris.HCl, pH 7.4, 200 mM sodium chloride and 0.1%
TWEEN R© 20; buffer D comprised 50 mM Tris.HCl, pH 7.4,
200 mM sodium chloride and 0.1% TWEEN R© 20, complete
EDTA-free protease inhibitor cocktail (1 tablet per 15 mL, Roche
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Diagnostics); buffer E comprised 1 × phosphate buffered saline
with 0.1% SDS and 0.1% TRITON R© X-100.


Organic Synthesis


x-Azido undecanoic acid (3). 24 Sodium azide (1.37 g, 21.1
mmol) was dissolved in a solution of 11-bromoundecanoic acid
(4.80 g, 17.5 mmol) in DMSO (200 mL). The clear colourless
reaction mixture was stirred at room temperature overnight. The
reaction mixture was diluted with water (80 mL) and to this was
added HCl(aq) (1 M, 30 mL) cautiously. Once the reaction mixture
had cooled, the aqueous phase was extracted 3× with EtOAc and
the combined organic layers were washed 3× with water and then
brine before drying over MgSO4. After filtration, all volatiles were
removed under reduced pressure to yield the crude product as
a pale yellow oil. Purification by flash column chromatography
(diethyl ether-n-hexane, 1 : 1, Rf = 0.38) gave the product as
a waxy solid (3.05 g, 77% yield). dH/ppm (400 MHz, CDCl3)
1.24–1.43 (12H, m, (CH2)6), 1.55–1.72 (4H, m, CH2CH2CO2H
and CH2CH2N3), 2.36 (2H, t, J = 7.5 Hz, CH2CO2H), 3.27 (2H,
t, J = 7.0 Hz, CH2N3); dC/ppm (100 MHz, CDCl3) 24.7, 26.7,
28.9, 29.0, 29.1, 29.2, 29.3, 29.4, 34.1, 51.5, 180.2 (C=O); m/z
(MALDI-TOF −), 226 ([M–H]−).


Tetradec-13-ynoic acid (4). To a solution of TMS–acetylene
(1.26 mL, 8.95 mmol) in dry THF (7.0 mL) under nitrogen
and at −78 ◦C was added a solution of n-BuLi in hexanes
(4.30 mL, 2.5 M, 10.74 mmol). The reaction mixture was allowed
to warm up to room temperature for a few seconds before
cooling to −78 ◦C. To this mixture was added a solution of 12-
bromododecanoic acid (1.00 g, 3.58 mmol) in dry THF (20 mL)
and dry HMPA (13 mL) dropwise. The reaction was allowed
to warm to room temperature and stirred until complete. Upon
completion (after 18 h, followed by TLC) the reaction mixture was
returned to −78 ◦C and quenched by the addition of saturated
NH4Cl(aq.). The aqueous layer was extracted with DCM (3 ×
50 mL) and the combined organic layers were washed with brine
(3 × 50 mL) before drying over MgSO4 and concentration under
reduced pressure. The product was purified by flash column
chromatography (n-hexane-ethylacetate (1 : 1), Rf = 0.48). The
TMS protected alkyne was taken up in MeOH (10 mL) and to
this was added K2CO3 (192.2 mg). The reaction mixture was
stirred at room temperature for 18 h, after which time all volatiles
were removed under reduced pressure and the residues partitioned
between ethylacetate–HCl(aq.) (1 : 1, 60 mL). The aqueous phase
was extracted with ethylacetate (3 × 30 mL) and the combined
organic phases dried and concentrated as before. The product was
isolated as clear colourless oil and required no further purification
(199.3 mg, 25%). dH/ppm (400 MHz, CDCl3) 1.24–1.45 (14H, m,
(CH2)7), 1.54 (2H, qi, J = 7.4 Hz, CH2CH2CO2H), 1.65 (2H, qi,
J = 7.0 Hz, CH2CH2C≡CH), 1.96 (1H, t, J = 2.6 Hz, C≡CH),
2.20 (2H, dt, J1 = 2.6 Hz, J2 = 7.0 Hz, CH2C≡CH), 2.37 (2H, t,
J = 7.5 Hz, CH2CO2H), 9.80 (1H, bs, CO2H); dC/ppm (100 MHz,
CDCl3) 18.4, 20.7, 24.7, 28.5, 28.8, 29.1, 29.1, 29.2, 29.4, 29.5,
34.0, 68.1 (C≡CH), 84.8 (C≡CH), 180.0 (CO2H) m/z (ESI-TOF
−), 223 ([M–H]−); HRMS, found 223.1710 (C14H23O2, [M–H]−,
requires 223.1698).


x-Azido undecanoic acid CoA thioester (5). 24 To a stirring
solution of x-azido undecanoic acid, 3, (15 mg, 64 mmol) in dry


THF (1.0 mL) under nitrogen was added a solution of CDI (12 mg,
77 mmol) in DCM (1.0 mL). The reaction mixture was allowed
to stir at room temperature for 30 min. After this, all volatiles
were removed under reduced pressure. The resultant solids were
taken up in dry THF (2.0 mL) and to this was added a solution of
CoASH (50 mg, 64 mmol) in aqueous NaHCO3 (0.5 M, 5.0 mL).
The reaction was allowed to stir at room temperature for 4 h under
nitrogen. After this time the THF was removed under reduced
pressure and the remaining aqueous phase transferred in equal
volumes to two 12 mL centrifuge tubes. The addition of 20%
perchloric acid resulted in the formation of an off white precipitate.
The solids were pelleted by centrifugation and washed 3 × with
acetone. Purification by preparative RP-HPLC by elution over a
gradient of MeCN in 10 mM NH4OAc pH 5.2 (0–5 min 0% MeCN,
5–10 min up to 50% MeCN, 10–15 min 50% MeCN). Retention
time = 23.3 min, detection was at 258 nm. The product was
isolated as a white amorphous solid (11.4 mg, 17% yield). dH/ppm
(400 MHz, D2O) 0.70 (3H, s, CH3), 0.84 (3H, s, CH3), 1.08–1.29
(12H, m, 6 × CH2), 1.41–1.54 (4H, m, CH2CH2CH2C(O)NH
and CH2CH2N3), 2.34 (2H, s, SCH2), 2.50 (2H, t, J = 7.2 Hz,
(CH2)2CH2C(O)NH), 2.90 (2H, t, J = 5.9 Hz, C(O)CH2CH2NH),
3.19 (2H, t, J = 6.9, CH2N3), 3.25 (2H, bs, C(O)CH2CH2NH), 3.36
(2H, bs, SCH2CH2), 3.50 (1H, bs, 1


2
× CH2(CH3)2), 3.77 (1H, bs,


1
2


× CH2(CH3)2), 3.95 (1H, bs, C(O)CHOH), 4.16 (2H, bs, Rib-
CH2), 4.51 (1H, bs, Rib-CH), 4.61–4.82 (2H, m, 2 × Rib-CH), 6.11
(1H, bd, J = 4.2 Hz, CH(Pur)), 8.31 (1H, s, Ar-H), 8.57 (1H, s,
Ar-H); m/z (MALDI-TOF −), 1040 ([(M + (NH4


+)3) − H]−).


Tetradec-13-ynoic acid CoA thioester (6). Following the above
procedure (except using 4 (11.2 mg, 0.05 mmol), CDI (9.7 mg,
0.06 mmol) and CoASH (39.3 mg, 0.05 mmol)) the product
was isolated as a white amorphous white solid (7.6 mg, 19%).
dH/ppm (400 MHz, D2O) 0.69 (3H, s, CH3), 0.84 (3H, s, CH3),
1.01–1.23 (14H, m, 7 × CH2), 1.31 (2H, qi, J = 7.0 Hz,
CH2CH2C≡CH), 1.45 (2H, bs, CH2CH2CH2C(O)NH), 2.00 (2H,
bs, CH2C≡CH), 2.09 (1H, s, C≡CH), 2.35 (2H, s, SCH2), 2.44 (2H,
bs, (CH2)2CH2C(O)NH), 2.88 (2H, bs, C(O)CH2CH2NH), 3.22
(2H, bs, C(O)CH2CH2NH), 3.36 (2H, bs, SCH2CH2), 3.51 (1H,
bs, 1


2
× CH2(CH3)2), 3.80 (1H, bs, 1


2
× CH2(CH3)2), 3.95 (1H, bs,


C(O)CHOH), 4.19 (2H, bs, Rib-CH2), 4.50 (1H, s, Rib-CH), 4.64–
4.80 (2H, m, 2 × Rib-CH), 6.06 (1H, bd, J = 4.8 Hz, CH(Pur)),
8.28 (1H, s, Ar-H), 8.54 (1H, s, Ar-H); that this compound did
not generate satisfactory mass spectral data under ES (positive or
negative mode), FAB or MALDI ionisation techniques. However,
its purity (>95%) and identity were confirmed by proton NMR
spectroscopy (see above) and by analytical RP-HPLC over a
gradient of MeCN in 10 mM NH4OAc pH 5.2 (0–5 min 0% MeCN,
5–10 min up to 50% MeCN, 10–15 min 50% MeCN). Retention
time = 15.3 min, detection was by UV absorbance at 258 nm.


Solid-phase synthesis


Peptide Synthesis (H2N-GLYVSRLFNRLFQKK-OH, 7).27 N-
a-9-Fluorenylmethoxycarbonyl (Fmoc) protected amino acids
were obtained (Novabiochem) with the following side chain pro-
tecting groups: Arg(Pbf), Asn(Trt), Gln(Trt), Gly, Leu, Lys(Boc),
Phe, Ser(tBu), Tyr(tBu) and Val were purchased from Nov-
abiochem. O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HBTU) and Rink amide MBHA resin
were purchased from Merck Biosciences. Peptide synthesis grade


2312 | Org. Biomol. Chem., 2008, 6, 2308–2315 This journal is © The Royal Society of Chemistry 2008







N,N-dimethylformamide (DMF) was purchased from Rathburn
Chemicals and HPLC grade acetonitrile from Fischer. All other
chemicals were purchased from Sigma-Aldrich Company Ltd.
All reactions were carried out under an atmosphere of nitrogen.
An Advanced ChemTech Apex 396 multiple peptide synthesiser
(Advanced ChemTech Europe) was used for automated peptide
synthesis. The peptides created in this study used Rink amide
MBHA resin as the solid support (providing a C-terminal
amide). Syntheses utilised 25 lmol resin per well and a standard
Fmoc/tBu peptide synthesis strategy with DMF as solvent. The
resin was swelled in DMF for one hour before proceeding with
the cyclical steps of Fmoc deprotection (20% v/v piperidine in
DMF), 3 × 5 min, washing (DMF, 5 × 1 min) and backbone
elongation (coupling) mediated by HBTU and DIPEA (N,N ′-
diisopropylethylamine) (45 min). The coupling reaction used a 5-
fold excess of amino acid to resin, 1 equivalent of HBTU and 2 eq.
DIPEA. The coupling stage was repeated twice for the attachment
of the first amino acid to the resin. After elongation and final
Fmoc deprotection, the resin was washed with 1 × 1 mL DMF,
3 × 1 mL DCM and 3 × 1 mL MeOH before being allowed to dry in
a desiccator overnight. Manual deprotection was accomplished by
the addition of 1 mL of 95% TFA, 2.5% H2O and 2.5% triisopropyl
silane (TIS) with thorough mixing by vortex. The supernatant was
displaced through the frit into a 12 mL centrifuge tube and the
beads washed in a similar manner with a further 0.5 mL TFA. The
combined washings were treated with ∼9.5 mL TBME (cooled to
−20 ◦C) to precipitate the peptides. The solids were pelleted by
centrifugation for 15 min at 4300 rpm at 4 ◦C and washed (with
vortexing and centrifugation) repeatedly in TBME (three times
in total). The pelleted solids were dried in a desiccator overnight.
The deprotected peptides were purified by semi-preparative RP-
HPLC over a gradient of MeCN in 10 mM NH4OAc pH 5.2
(0–5 min 0% MeCN, 5–10 min up to 50% MeCN, 10–15 min 50%
MeCN). Detection was by UV absorbance at 223 nm. The product
(retention time 14.2 min) was obtained by lyophilisation as a white
amorphous solid. m/z (MALDI-TOF +), 1870 ([M + H]+).


Azidomyristoylated Peptide Synthesis (AzMyr-NH-GLYVSRL-
FNRLFQKK-OH, 8). The peptide was synthesised according to
the procedure for 7, except for addition of activated acid after
removal of the final Fmoc group. A solution of HBTU (500 lL,
0.5 M) in DMF was added to a solution of 3 (125 lmoles in DMF,
0.5 M) and DIPEA (1.5 mL, 0.5 M). The resultant mixture was
vortexed thoroughly for 15 min before addition to the appropriate
well of the peptide synthesiser. The peptide was then washed and
cleaved and purified as detailed above. The product (retention time
20.2 min) was recovered by lyophilisation as a white amorphous
solid. m/z (MALDI-TOF +), 2078 ([M + H]+).


Alkynylmyristoylated Peptide Synthesis (YnMyr-NH-GLYVS-
RLFNRLFQKK-OH, 9). The peptide was prepared as for 8
except using 4 (125 lmoles in DMF, 0.5 M). The product
(retention time 20.9 min) was recovered by lyophilisation as a
white amorphous solid. m/z (MALDI-TOF +), 2075 ([M + H]+).


N-(15-Oxo-19-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-
4,7,10-trioxa-14-azanonadecyl)pent-4-ynamide (Alkynyl capture
reagent, 13). Biotin-PEG NovaTagTM resin (0.48 mmol g−1


loading, 52.1 mg, 25 lmol,) was deprotected (Fmoc) by treatment
with 20% v/v piperidine in DMF before addition of pent-4-ynoic


acid 10 (12.3 mg, 125 lmol), HATU (47.5 mg, 125 lmol) and
DIPEA (43.5 lL) in DMF (2 mL). The crude product was
cleaved from the resin by treatment with 95% TFA and purified
by semi-preparative RP-HPLC over a gradient of MeCN (0.1%
TFA) in H2O (0.1% TFA) (0–1 min 30% MeCN, 1–30 min up to
100% MeCN, 30–35 min 100% MeCN). Detection was at 220 nm.
The product was obtained by lyophilisation as a white amorphous
solid (6.3 mg, 48% yield). dH/ppm (500 MHz, CDCl3) 1.49 (2H,
qi, J = 7.8 Hz, biotin CH2), 1.64–1.85 (8H, m, biotin CH2 × 2 and
NHCH2CH2CH2O × 2), 2.02 (1H, t, J = 2.6 Hz, C≡CH), 2.22
(2H, t, J = 7.4 Hz, biotin NHC(O)CH2), 2.42 (2H, t, J = 7.3 Hz,
CH2CH2C≡CH), 2.55 (2H, dt, J = 7.3, 2.5 Hz, CH2C≡CH),
2.77 (1H, d, J = 12.8 Hz, biotin 1


2
× SCH2), 2.95 (1H, dd, J =


12.8, 5.0 Hz, biotin 1
2


× SCH2), 3.18 (1H, dt, J = 7.3, 5.6 Hz,
SCH), 3.39 (4H, qi, J = 6.1 Hz, 2 × PEG CH2NH), 3.57–3.71
(12H, m, 6 × PEG CH2), 4.36 (1H, dd, J = 7.5, 4.7 Hz, biotin
SCHCH), 4.54 (1H, dd, J = 7.6, 4.9 Hz, biotin SCH2CH), 5.14
(1H, bs, NH), 5.96 (1H, bs, NH), 6.57 (2H, m, 2 × PEG–NHCO);
dC/ppm (125 MHz, CDCl3) 15.0, 25.6, 28.1, 29.0, 35.3, 35.4, 36.0,
37.8, 40.6, 55.5, 60.1, 61.9, 69.2, 69.9, 70.0 (4 × CH2), 70.2, 70.5
(2 × CH2), 83.3, 163.4, 171.0, 173.0; m/z (ESI-TOF +), 549 ([M +
Na]+), 527 ([M + H]+); HRMS, found 527.2921 (C25H43N4O6S,
[M + H]+, requires 527.2903).


N -(18-Azido-15-oxo-4,7,10-trioxa-14-azaoctadecyl)-5-(2-oxo-
hexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide (Azido cap-
ture reagent, 14). Synthesis and purification as 13, except for
addition of 4-azidobutanoic acid 11 (16.1 mg, 125 lmol). The
product was obtained by lyophilisation as a white amorphous
solid (6.3 mg, 45% yield). dH/ppm (500 MHz, CDCl3) 1.46 (2H,
q, J = 7.4 Hz, biotin CH2), 1.62–1.83 (8H, m, biotin CH2 × 2 and
NHCH2CH2CH2O × 2), 1.92 (2H, qi, J = 7.2 Hz, CH2CH2N3),
2.20 (2H, t, J = 7.3 Hz, biotin NHC(O)CH2), 2.26 (2H, t, J =
7.3 Hz, CH2CH2CH2N3), 2.74 (1H, d, J = 12.6 Hz, biotin 1


2
×


SCH2), 2.92 (1H, dd, J = 12.8, 5.0 Hz, biotin 1
2


× SCH2), 3.15
(1H, dt, J = 7.3, 5.6 Hz, SCH), 3.39 (6H, m, 2 × PEG CH2NH
and CH2N3), 3.54–3.68 (12H, m, 6 × PEG CH2), 4.33 (1H, dd, J =
7.5, 4.7 Hz, biotin SCHCH), 4.51 (1H, dd, J = 7.6, 4.9 Hz, biotin
SCH2CH), 5.15 (1H, bs, NH), 5.95 (1H, bs, NH), 6.54 (2H, m,
2 × PEG–NHCO); dC/ppm (125 MHz, CDCl3) 24.9, 25.6, 28.1,
29.0, 33.2, 35.9, 35.9, 37.8, 38.0, 40.6, 51.0, 55.5, 60.2, 61.9, 69.9,
70.0 (3 × CH2), 70.2, 70.4, 70.5, 163.5, 172.0, 173.0; m/z (MALDI-
TOF +), 580 ([M + Na]+), 558 ([M + H]+); HRMS, found 558.3074
(C24H44N7O6S, [M + H]+, requires 558.3074).


Methyl 2-(diphenylphosphino)-4-(15-oxo-19-(2-oxohexahydro-
1H-thieno[3,4-d]imidazol-4-yl)-4,7,10-trioxa-14-azanonadecylcar-
bamoyl)benzoate (Staudinger-Bertozzi Capture Reagent, 16).
Synthesis and purification as 13, except for addition of
3-(diphenylphosphino)-4-(methoxycarbonyl) benzoic acid 1240


(16.1 mg, 125 lmol). The product was obtained by lyophilisation as
a white amorphous solid (9.9 mg, 50% yield). dH/ppm (400 MHz,
CDCl3) 1.43 (2H, q, J = 7.6 Hz, biotin CH2), 1.60–1.87 (8H,
m, biotin CH2 × 2 and NHCH2CH2CH2O × 2), 2.19 (2H, dt,
J = 1.6, 7.1 Hz, biotin NHC(O)CH2), 2.74 (1H, d, J = 12.9 Hz,
biotin 1


2
× SCH2), 2.91 (1H, dd, J = 4.9, 12.9 Hz, biotin 1


2
×


SCH2), 3.15 (1H, dt, J = 4.7, 7.4 Hz, biotin SCH), 3.33 (2H,
app. q, J = 5.9 Hz, CH2NHC(O)CH2), 3.41–3.66 (14H, m, 6 ×
PEG CH2 and ArC(O)NHCH2), 3.75 (3H, s, OCH3), 4.33 (1H,
dd, J = 4.6, 7.5 Hz, biotin SCHCH), 4.52 (1H, dd, J = 4.9,
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7.7 Hz, biotin SCH2CH), 5.53 (1H, bs, NH), 6.24 (1H, bs, NH),
6.55 (1H, bs, NH), 7.01 (1H, bt, J = 4.1 Hz, NH), 7.26–7.38 (10H,
m, PPh2), 7.42 (1H, dd, J = 1.5, 3.7 Hz, Ar-H), 7.79 (1H, dd,
J = 1.5, 8.0 Hz, Ar-H), 8.09 (1H, dd, J = 3.7, 8.0, Ar-H); dC/ppm
(100 MHz, CDCl3) 8.5, 25.5, 28.1, 28.3, 31.5, 35.7, 39.7, 45.8, 52.3,
55.6, 60.4, 61.9, 68.8, 69.7, 69.8, 70.0, 70.1, 70.3, 126.8, 128.6,
128.7, 128.9, 129.0, 130.8, 133.0, 133.8, 134.0, 136.5, 136.7, 137.2,
141.1, 141.4, 162.7, 164.5, 166.6, 166.8, 173.9; dP/ppm (162 MHz,
CDCl3)–3.77 (1P, s, PPh2), 32.67 (1P, s, P(O)Ph2), oxidised to
unoxidised ∼1 : 50 by peak integration; m/z (MALDI-TOF +),
815 ([M + Na]+), 793 ([M + H]+), 245 (biotin fragment); HRMS,
found 793.3403 (C41H54N4O8SP, [M + H]+, requires 793.3400).
IMPORTANT NOTE: DMSO stocks of 16 were found to be 90%
oxidised to the corresponding phosphine oxide (by analytical RP-
HPLC) after 1 month of constant use. To ensure the quality of 16
used in capture experiments, once a DMSO stock had been made
up it was thoroughly de-gassed with helium, aliqotted into 20 lL
portions and stored at −20 ◦C under N2(g).


HPLC transfer assay


Stock solutions containing azidomristoyl–CoA 4 (20 mM in
10 mM NaOAc pH 5.0-EtOH, 1 : 1), peptide 5 (20 mM in H2O)
and CaNMT (50 lM in buffer A, 20% glycerol) were prepared.
Transfer reactions were carried out as follows: To buffer A (115 lL)
was added CaNMT (1 lL), azidomyristoyl–CoA 4 (5 lL) and
peptide (5 lL), mixed thoroughly and the reactions incubated at
37 ◦C. Samples were taken at 0 h, 1 h, and 18 h. Sampling involved
taking a 25 lL aliquot of the reaction mixture and quenching this
into 25 lL of methanol, the resultant solution was analysed by
HPLC over a gradient of MeCN (0.1% TFA) in H2O (0.1% TFA)
(0–2 min 2% MeCN, 2–25 min up to 100% MeCN, 25–35 min
100% MeCN). Detection was at 223 nm.


Protein expression and in vivo tagging


Recombinant CaNMT and PfARF1. CaNMT was cloned into
pET11c (ampicillin resistance), expressed in E. coli and purified
as described.27 PfARF1 wild-type and G2A mutant proteins were
cloned into pET28a (kanamycin resistance), expressed in E. coli
and purified as reported previously.27


Preparation of soluble cell extracts. BL21 (DE3) competent
cells (Stratagene) were co-transformed with pET11c-CaNMT and
pET28a-PfARF1 (wild type) or PfARF1 (G2A mutant). Single
transformations of each plasmid were performed as negative
controls. A single colony of transformed cells was used to in-
oculate fresh Luria-Bertani media supplemented with the relevant
selection antibiotics. Cells were incubated at 37 ◦C with shaking.
At mid-log phase, protein expression was induced with 1 mM
final IPTG, and the culture medium was supplemented with the
appropriate acid (stock in DMSO) to a final concentration of
500 lM. Cells were induced for 4 h at 37 ◦C with shaking. Cells
were harvested by centrifugation and washed 3 times with buffer
D. Cells were lysed by adding BugBuster R© reagent (Novagen)
supplemented with benzonase (Sigma-Aldrich). Soluble extracts
were separated by centrifugation (17,000 × g, 30 m, 4 ◦C). Total
protein content was determined by the Bradford method using
bovine serum albumin (BSA) as a standard.


In vivo assay. To an aliquot of cell lysate containing 40 lg
protein was added 0.3 lL capture reagent stock solution (10 mM
in DMSO, 50 lM final), 6 lL TCEP stock solution (10 mM in
H2O, 1 mM final), 0.6 lL triazolyl ligand (10 mM in DMSO,
100 lM final), 6 lL CuSO4 stock (10 mM in H2O, 1 mM final)
and the volume adjusted to 60 lL with buffer E if required. The
resultant reaction mixtures were adgitated at room temperature in
a carousel for 1 h. Two 15 lL aliquots were taken for SDS-PAGE
(for detection of the His6 tag and of biotin) with the same volume
left for repeat analysis if required.


Gel-based analysis


SDS PAGE. Proteins were separated by SDS-PAGE using
1 mm Bis-Tris gels (4% stacking gel, 12% resolving gel) in
NuPAGE R© MES SDS running buffer (Invitrogen). Samples were
prepared by boiling for 5 min in NuPAGE R© LDS sample loading
buffer (4 ×). BenchMarkTM prestained protein ladder (Invitrogen)
and biotinylated protein ladder (Cell Signaling Technology) were
used for molecular weight comparison as appropriate.


Immunoblotting. Proteins were transferred from PAGE gels
to HybondTM-ECLTM nitrocellulose membranes (Amersham Bio-
sciences) using a semi-dry electrophoretic transfer method. The
membranes were blocked for 1 h in BSA (5% in buffer C) before
washing for 3 × 10 min in buffer C. The blots were probed
using the appropriate antibody–HRP conjugate (anti-5 × His
or NeutrAvidinTM) at 1 : 5000 dilution in buffer C for 1 h
at room temperature. The membranes were then washed with
buffer C for 3 × 5 min before detection using the enhanced
chemiluminescence (ECL) kit according to the manufacturer’s
instructions (Amersham Biosciences).
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A general method is described for indirectly effecting radical carbocyclization of an alkyl chain onto an
aromatic ring. Birch reductive-alkylation of aromatic tert-butyl esters with a,x-dibromides,
chromium(VI)-mediated oxidation of the resulting 1,4-dienes and Finkelstein displacement of Br− with
NaI gives cross-conjugated ketones that undergo radical cyclization. The products are easily aromatized
to phenols by silylation, Saegusa oxidation and treatment with BiCl3.H2O. A special feature of the route
is that it allows attachment of a substituent to the original aromatic ring in place of the phenolic oxygen
of the normal product.


Introduction


Previous publications1 from this laboratory have described an
indirect method for effecting radical cyclization onto a benzene
ring, along the lines summarized in Scheme 1 (X = O, N). The
essential steps of the method involve converting a phenol into a
cross-conjugated ketone (1→2), which then undergoes stannane-
mediated radical cyclization under standard conditions (2→3).
Finally, exposure to TsOH causes rearomatization (3→4). In cases
where X = O, the cross-conjugated ketone can be generated as
shown, by oxidation in MeOH; alternatively, if the original ben-
zene ring carries a MeO group para to the phenolic OH, then the
oxidation must be done in the presence of an a,x-iodoalcohol in
order to generate the ketones 2. When X = N, a route similar to that
of Scheme 1 is followed,1b,c but with an additional step in which the
nitrogen is protected as a carbamate before introduction of iodine
and oxidation to the cross-conjugated ketone. Such cyclizations
of alkyl radicals onto a benzene nucleus are generally difficult,
but can be achieved in special cases, which we have summarized
in other publications.1 Application of the process summarized in
Scheme 1 to an all-carbon case (1, X = C) could be a useful
extension of the methodology.2 However, we find that when X = C,
oxidation in the sense 1→2 proceeds in poor yield. A few examples
of such oxidation of para alkyl phenols have been reported to
proceed efficiently, but these almost always involve para methyl
substitution.3 When the alkyl chain is longer than one carbon,
our experiments show that the oxidation is usually inefficient, and


Scheme 1 General approach to radical closure onto aromatic rings. X =
O, N.
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such examples as we have found in the literature confirm this
assessment.3 The approaches we tried include use of PhI(OAc)2


in water–MeOH;3 PhI(OCOCF3)2 in water–MeCN or in MeOH;4


t-BuOOH, RuCl2(PPh3)3;5 t-Ph(Me2)COOH, RuCl2(PPh3)3.


Results and discussion


Our inability to extend the process of Scheme 1 directly to the
all-carbon case caused us to consider alternatives to a MeO
group that would still allow rearomatization, and the use of
a tert-butyl ester, as in 5 (Scheme 2) appeared to be worthy
of consideration. Such esters ought to be readily available by
Birch reductive alkylation,6 since preparation of the corresponding
methyl esters had already been reported, together with studies on
their radical cyclization.7 We had anticipated that after radical
cyclization (5→6), removal of the tert-butyl group (6→7) and
oxidative decarboxylation8 would give the desired rearomatized
product (7→8). In the event, these speculations could not be
fully implemented, as rearomatization along the intended lines was
problematic; however, a modified version of the plan allowed us
to effect the desired rearomatization.9 We also investigated minor
changes to the sequence, so as to expand the range of final products
from phenols 8 to compounds of type 9 in which the phenolic OH
of 8 is replaced by H, or an alkyl, allyl, propargyl, alkynyl, aryl or
heteroaryl group.


Scheme 2 Cyclization of alkyl chains onto aromatic rings.


2434 | Org. Biomol. Chem., 2008, 6, 2434–2441 This journal is © The Royal Society of Chemistry 2008







Birch reductive alkylation of a number of aromatic tert-butyl
esters (Table 1) with 1,3-dibromopropane, 1,4-dibromobutane or
o-iodobenzyl bromide proceeded smoothly, giving in most cases
yields of at least 80%. The second stage of the process requires
oxidation of the resulting 1,4-diene system to a cross-conjugated
ketone, and this was best achieved with CrO3 in AcOH-Ac2O.10


In a few cases, better results were obtained under basic conditions
with 3,5-dimethylpyrazole and CrO3.7,11 In one example (Table 1,
entry 6), PDC-t-BuOOH was the best oxidant.12 Formation of
the cross-conjugated ketones is successful with benzenoid and
naphthalenoid systems, and substituents such as methyl and
methoxy groups can be present.


The bromides were converted into the corresponding iodides
by Finkelstein reaction and in all cases the radical cyclization
step (Table 2) was easily carried out by the standard method of
slow addition (5 h) of a benzene solution of Bu3SnH containing a
catalytic amount of AIBN to a refluxing solution of the substrate
in PhH.7 At the end of the addition the mixtures were refluxed
for an arbitrary period of 3–12 h. Attempts to use bromide
16b, instead of the iodide, as a radical precursor gave a poor
yield, presumably because bromides react with tributylstannyl
radicals about 100 times more slowly than iodides.7,13 Five- and
six-membered rings are formed in 65–96% yield, but our attempts
to generate a 7-membered ring (Table 2, entry 3) were unsuccessful.
7-Exo-trig cyclizations are not common, but a number are known14


and it is not clear why the process is unsuccessful in the present
case. We tried very slow addition of the stannane (over 10 h) in
refluxing PhH or PhMe, or reactions at room temperature with
Et3B/air as initiator (in EtOAc), or at −78 ◦C with Et3B/air (in
PhMe), but always observed simple reduction (replacement of I
by H) as by far the major product.


The next step of our planned sequence—the critical
rearomatization—was initially troublesome and several ap-
proaches had to be tried. With 10d as a test substrate (Scheme 3),
we first removed the tert-butyl group in the standard way by
treatment with CF3CO2H. Exposure of acid 10f to the action
of Pb(OAc)4 in the presence of Cu(OAc)2—conditions that had
served us well in the past for the conversion of 18 into 19
(Scheme 4),8 during a natural product synthesis—did not proceed
as expected, but gave instead a compound tentatively identified
as the acetate 10g, which was itself resistant to elimination of
AcOH under the influence of DBU in refluxing PhMe. When
we used PhI(OAc)2 for the attempted oxidative decarboxylation
of 10f, a complex mixture was obtained. Treatment of 10f
with DDQ in refluxing dioxane slowly produced the required
aromatized product 10h, but in poor yield (33%). These initial
experiments prompted us to introduce a second double bond
before attempting the decarboxylation. To this end, compound
10d was subjected to Saegusa oxidation15 by conversion into
the corresponding silyl enol ether, followed by treatment with


Scheme 3 Decarboxylation and rearomatization.


Table 1 Formation of cross-conjugated ketones. Reductive alkylations
were done by the general method given in the Experimental section.
General method A was used for oxidations, except for entries 2 and 3,
where method B was used, and entry 6, in which PDC-t-BuOOH was used
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Table 2 Radical cyclization and reoxidation. Radical cyclization was
done by the general method given in the Experimental section and Saegusa
oxidation was used for desaturation of the ketones, except for entry 6, in
which selenation and selenoxide fragmentation were used


Scheme 4 Oxidative decarboxylation.


Pd(OAc)2 (Table 2, entry 1, 10d→10e). This method of oxidation
was applied to several other enones (Table 2) and in all but one
case (entry 6) gave yields a little above 60%. In the case of 15d,
the silylation step, using either Me3SiOSO2CF3 and 2,6-lutidine,
or LDA and Me3SiCl was unsuccessful, but these procedures were
not examined exhaustively, since we found that phenylselenation
(LDA, PhSeCl) and oxidation (H2O2) generated the required
double bond, although only in modest yield (56%), presumably
because just one of the two intermediate phenyl selenides had the
appropriate stereochemistry for syn elimination.


The cross-conjugated ketone 10e was treated with CF3CO2H
to remove the tert-butyl group and, as expected, the resulting
acid underwent spontaneous decarboxylation16 to afford (55%)
indanol 10h (shown in Table 3) together with an unidentified
byproduct. Addition of anisole to suppress formation of this
byproduct was ineffective. We therefore turned our attention to
the use of BiCl3.H2O which had recently been reported to effect
smooth removal of


N-Boc groups from protected amino acids and peptides.17 In
these deprotections,17 prolonged reaction times had to be avoided
if the substrate also contained an ordinary tert-butyl ester, as
cleavage of the latter then started to occur during reaction times
longer than 1.5–2 h.17 With our substrate 10e, exposure to
BiCl3.H2O in aqueous MeCN at 65 ◦C resulted in efficient removal
of the tert-butyl group as well as decarboxylation to give directly
the desired aromatized product 10h (90%, Table 3, entry 1). We
did not establish if the decarboxylation occurred spontaneously
or whether the bismuth reagent is involved. The removal of the
tert-butyl group and decarboxylative aromatization are general
and overall yields with our dienones were in the range 79–95%
(Table 3). In no case did we notice the type of byproduct observed
with 10e when it was treated with CF3CO2H.


The intermediate ketones in our sequence can be modified by
hydride reduction to the alcohol level or they can be converted
into tertiary alcohols by reaction with a Grignard reagent or
organolithium (Table 4). Decarboxylation and aromatization then
gives the expected non-phenolic products. Simple alkyl and aryl
groups can be introduced, as well as allylic, propargylic, acetylenic
and heteroaromatic units (Table 4). When the intermediate ketone
is modified in this way, either by hydride reduction or by carbanion
addition, the rearomatization in the presence of BiCl3.H2O still
occurs efficiently but requires stoichiometric amounts of the
reagent. In contrast, the cross-conjugated ketones themselves
(Table 3) usually needed only 0.5 equivalents of BiCl3.H2O. Among
all 23 examples we studied, using BiCl3.H2O, only that of Table 4,
entry 14 took an unexpected course, giving the vinyl chloride 16n.


Conclusions


In summary, we have examined an indirect method for effecting
radical cyclization of an all-carbon chain onto an aromatic ring
and have shown that the process can be modified easily so that
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Table 3 Formation of phenols. In all cases 0.5 equiv BiCl3.H2O was used
to effect rearomatization, except for entries 6 and 7, where 1 equiv was
used


instead of the normal phenolic product one obtains compounds
with H, alkyl, aryl, allyl, propargyl, alkynyl or heteroaryl groups
in place of the phenolic OH. A key step in the sequence is
the use of BiCl3.H2O to deprotect the intermediate tert-butyl
esters; the reagent is compatible with the presence of double
and triple bonds as well as a furanyl unit. While many of
our final products are expected to be available by transition
metal catalyzed coupling processes, the present route avoids the


Table 4 Formation of alkylated aromatics. NaBH4-CeCl3.7H2O, or ap-
propriate Grignard reagent or organolithium were used to generate the
secondary or tertiary alcohols. Rearomatization was effected with 1 equiv
of BiCl3.H2O. Yields for rearomatization refer to two steps from the ketone
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sometimes awkward synthesis of haloaromatics that would be
required in order to apply such procedures.


Experimental


Experimental procedures not described below or in the Electronic
Supplementary Information† are given in the supporting informa-
tion for the preliminary communication.9


General procedure for reductive alkylation7


The apparatus consists of a three-necked round-bottomed flask
fitted with a cold finger condenser fused onto one of the necks
and containing a magnetic stirring bar. The exit of the condenser
carried a drying tube filled CaSO4. An external mark on the
flask indicated the level corresponding to the desired volume
of liquid ammonia. The central neck was closed by a septum
carrying a nitrogen inlet. The flask was cooled in a dry ice-acetone
bath and the cold finger condenser was charged with dry ice-
acetone. Another round-bottomed flask was half-filled with liquid
ammonia and several small pieces of Na were added, so as to
form a permanently blue solution. This flask was connected via
bent adaptors and dry Tygon tubing to the third neck of the other
flask. A solution of the starting aromatic ester in a mixture of dry
THF and t-BuOH (1–1.1 mole per mole ester) was injected into the
three-necked flask, and liquid ammonia was condensed into the
flask. Small pieces of Li wire (2–2.5 g-atom per mole ester) were
added rapidly to the vigorously stirred solution, and stirring at
−78 ◦C was continued for 10–15 min, to ensure that the dark blue
color persisted. A solution of the alkyl halide in THF was then
added dropwise from a syringe over ca. 2 min, and the resulting
yellow solution was stirred for 1 h at −78 ◦C. Then the cooling
bath was removed and the NH3 was evaporated under a stream of
N2 (2–3 h). Water was added and the mixture was extracted with
Et2O (4 times). The combined organic extracts were washed with
brine, dried (MgSO4) and evaporated. Flash chromatography of
the residue over silica gel gave the product.


General procedure A for oxidation10


A stirred solution of CrO3 and Ac2O in AcOH was cooled to 7 ◦C
and diluted with dry PhH. A solution of the reductive alkylation
product in PhH was added dropwise and stirring was continued
for 1–3 h (TLC control) at 7 ◦C. The mixture was diluted with
EtOAc and quenched carefully with saturated aqueous NaHCO3,
washed with water and brine, dried (MgSO4) and evaporated.
Flash chromatography of the residue over silica gel gave the cross-
conjugated ketone as an oil.


General procedure B for oxidation7,11


3,5-Dimethylpyrazole was added in one portion to a stirred and
cooled (−20 ◦C) suspension of dry CrO3 in CH2Cl2. Stirring at
−20 ◦C was continued for 10–20 min, and a solution of the
reductive alkylation product in CH2Cl2 was then added at a fast
dropwise rate. Stirring at −20 ◦C was continued for 30 min (TLC
control). The mixture was transferred to an ice bath and aqueous
NaOH (5 M) was added. Stirring at 0 ◦C was continued for 1 h,
and the mixture was then partitioned between Et2O and water. The
aqueous phase was extracted with Et2O and the combined organic


extracts were washed with brine, dried (MgSO4) and evaporated.
Flash chromatography of the residue over silica gel gave the cross-
conjugated ketone as an oil.


General procedure for Finkelstein displacement


Acetone (distilled from KMnO4 and dried over 4 Å molecular
sieves) was added to a mixture of the bromide and anhydrous
NaI. The mixture was stirred and refluxed for 16–20 h, cooled
and partitioned between Et2O and water. The combined organic
extracts were washed with brine, dried (MgSO4) and evaporated.
Flash chromatography of the residue over silica gel gave the iodide
as an oil.


General procedure A for radical cyclization


A solution of Bu3SnH and AIBN in dry PhH was added over 5 h
by syringe pump to a stirred and heated (85 ◦C) solution of the
iodide in PhH. Heating was continued for several hours after the
addition. Evaporation of the solvent and flash chromatography
of the residue over KF-flash chromatography silica gel (10%w/w
KF) afforded the cyclized product as an oil.


General procedure B for radical cyclization


Method A was followed, except that THF was used as the solvent.


General procedure for Saegusa oxidation15


2,6-Lutidine was added to a stirred and cooled (0 ◦C) solution
of the enone in dry CH2Cl2. Neat Me3SiOSO2CF3 was then
added dropwise over 1 h. After the addition, stirring at 0 ◦C was
continued for 1 h and then the mixture was quenched by addition
of saturated aqueous NaHCO3. The mixture was diluted with
CH2Cl2 and the organic phase was dried (MgSO4) and evaporated,
first under waterpump vacuum and then under oilpump vacuum
until all lutidine had been removed. The resulting enol silane
was used directly without purification. Dry MeCN was added,
followed by Pd(OAc)2, and the mixture was stirred overnight
(Ar atmosphere) and then filtered through a pad of Celite, using
CH2Cl2. Evaporation of the filtrate and flash chromatography of
the residue over silica gel gave the dienone.


General procedure A for rearomatization


BiCl3.H2O17 was added to a solution of the dienone in a mixture
of MeCN and water, and the mixture was stirred at 65–70 ◦C. An
additional equal portion of BiCl3.H2O was added after 1 h, and
stirring at 65–70 ◦C was continued until the reaction was complete
(TLC control). Solid NaHCO3 was added and mixture was stirred
at room temperature for 10 min, and then filtered through a pad
of Celite, using CH2Cl2 as a rinse. The filtrate was washed with
brine, dried (MgSO4) and evaporated. Flash chromatography of
the residue over silica gel gave the aromatized product.


General procedure B for rearomatization


Method A was followed, except that 1 equiv of BiCl3.H2O was
added at the beginning of the reaction, and no further additions
were made.
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6-Hydroxy-6-phenyl-1,2,3,6-tetrahydroindene-3a-carboxylic acid
tert-butyl ester (10o). PhMgCl (2 M in THF, 0.22 mL,
0.44 mmol) was added at a fast dropwise rate to a stirred and cooled
(−78 ◦C) solution of 10e (51 mg, 0.22 mmol) in Et2O (5 mL). The
cold bath was removed and stirring was continued for 1 h. The
mixture was cooled to 0 ◦C, quenched by dropwise addition of
saturated aqueous NH4Cl, and extracted with Et2O. The combined
organic extracts were washed with brine, dried (MgSO4) and
evaporated. The crude product (10o) was used directly in the next
step.


5-Phenylindan (10p)18. General procedure B for rearomatiza-
tion was followed, using BiCl3.H2O (73 mg, 0.218 mmol), 10o
(total product from the previous step) in MeCN (5 mL) and water
(0.1 mL), and an overnight reaction period. Flash chromatography
of the crude product over silica gel, using hexane, gave 10p (36 mg,
85%) as an oil: 1H NMR (CDCl3, 400 MHz) d 2.16 (apparent
quintet, J = 7.4 Hz, 2 H), 2.89 (two overlapping apparent q, J =
7.6 Hz, 4 H), 7.34–7.63 (m, 8 H); 13C NMR (CDCl3, 100 MHz)
d 25.6 (t), 32.6 (t), 32.9 (t), 123.2 (d), 124.6 (d), 125.2 (d), 126.8
(d), 127.2 (d), 128.7 (d), 139.5 (s), 141.8 (d), 143.4 (s), 144.9 (s);
mmax (microscope, CDCl3 cast; cm−1) 3058, 3030, 2950, 2842, 1599,
1480; exact mass m/z calcd for C15H14 194.10956, found 194.10907.


7-Hydroxy-7-methyl-1,3,4,7-tetrahydro-2H-naphthalene-4a-car-
boxylic acid tert-butyl ester (11g). MeMgBr (3 M in THF,
0.20 mL, 0.60 mmol) was added at a fast dropwise rate to a stirred
and cooled (−78 ◦C) solution of 11e (100 mg, 0.40 mmol) in Et2O
(5 mL). The cold bath was removed and stirring was continued
for 2 h. The mixture was cooled to 0 ◦C, quenched slowly with
water, and extracted with Et2O. The combined organic extracts
were washed with brine, dried (MgSO4) and evaporated. The
crude product (11g) was used directly in the next step.


6-Methyl-1,2,3,4-tetrahydronaphthalene (11h)19. General pro-
cedure B for rearomatization was followed, using BiCl3.H2O
(116.8 mg, 0.35 mmol), 11g (total product from the previous step)
in MeCN (5 mL) and water (0.1 mL), and a reaction time of 9 h.
Flash chromatography of the crude product over silica gel (1.5 ×
15 cm), using hexane, gave 11h (38 mg, 74%) as an oil: 1H NMR
(CDCl3, 300 MHz) d 1.78–1.83 (m, 4 H), 2.30 (s, 3 H), 2.73–2.77
(m, 4 H), 6.91 (s, 1 H), 6.94–6.97 (m, 2 H); 13C NMR (CDCl3,
100 MHz) d 20.8 (q), 23.2 (t), 23.3 (t), 28.9 (t), 29.3 (t), 126.1
(d), 128.9 (d), 129.6 (d), 133.9 (s), 134.7 (s), 136.8 (s); mmax (CHCl3


cast; cm−1) 3000, 2925, 2857, 1505, 1449.


5-Allyl-5-hydroxy-1,2,3,5-tetrahydrocyclopenta[a]naphthalene-
9b-carboxylic acid tert-butyl ester (16k). Allylmagnesium bro-
mide (1 M in Et2O, 0.24 mL, 0.24 mmol) was added at a fast
dropwise rate to a stirred and cooled (−78 ◦C) solution of 16e
(46 mg, 0.16 mmol) in Et2O (5 mL). The cold bath was removed
and stirring was continued overnight. The mixture was cooled
to 0 ◦C, quenched by dropwise addition of saturated aqueous
NH4Cl, and extracted with Et2O. The combined organic extracts
were washed with brine, dried (MgSO4) and evaporated. The crude
product (16k) was used directly in the next step.


5-Allyl-2,3-dihydro-1H-cyclopenta[a]naphthalene (16l). Gen-
eral procedure B for rearomatization was followed, using
BiCl3.H2O (53 mg, 0.16 mmol), 16k (total product from the
previous step) in MeCN (5 mL) and water (0.1 mL), and an


overnight reaction period. Flash chromatography of the crude
product over silica gel, using hexane, gave 16l (20 mg, 60%) as an
oil: 1H NMR (CDCl3, 400 MHz) d 2.25 (apparent quintet, J =
7.4 Hz, 2 H), 3.11 (t, J = 7.6 Hz, 2 H), 3.27 (t, J = 7.6 Hz, 2 H),
3.84 (d, J = 6.4 Hz, 2 H), 5.10 (t, J = 1.6 Hz, 1 H), 5.12–5.15 (m,
1 H), 6.09–6.19 (m, 1 H), 7.30 (s, 1 H), 7.44–8.05 (m, 4 H); 13C
NMR (CDCl3, 100 MHz) d 24.5 (t), 31.2 (t), 33.9 (t), 37.5 (t), 115.9
(t), 123.8 (d), 124.6 (d), 124.7 (d), 125.0 (d), 125.5 (d), 130.8 (s),
130.9 (s), 134.7 (s), 137.4 (d), 138.1 (s), 140.7 (s); mmax (microscope,
CDCl3 cast; cm−1) 3074, 2950, 2844, 1638, 1439; exact mass m/z
calcd for C16H16 208.12520, found 208.12512.


5-Furan-2-yl-5-hydroxy-1,2,3,5-tetrahydrocyclopenta[a]naph-
thalene-9b-carboxylic acid tert-butyl ester (16o). n-BuLi (1.6 M
in hexane, 3.125 mL, 5 mmol) was added dropwise to a stirred
and cooled (−78 ◦C) solution of furan (0.363 mL, 5 mmol) and
TMEDA (0.748 mL, 5 mmol) in Et2O (1.8 mL). The cooling
bath was replaced by an ice bath and stirring was continued
for 45 min. The resulting furanyllithium (0.46 mL) was taken
up into a syringe and added at a fast dropwise rate to a stirred
and cooled (−78 ◦C) solution of 16e (65 mg, 0.23 mmol) in Et2O
(5 mL). The cold bath was replaced by an ice bath and stirring was
continued overnight. The mixture was cooled to 0 ◦C, quenched
by dropwise addition of saturated aqueous NH4Cl, and extracted
with Et2O. The combined organic extracts were washed with brine,
dried (MgSO4) and evaporated. The crude product (16o) was used
directly in the next step.


2-(2,3-Dihydro-1H-cyclopenta[a]naphthalen-5-yl)furan (16p).
General procedure B for rearomatization was followed, using
BiCl3.H2O (77 mg, 0.23 mmol), 16o (total product from previous
step) in MeCN (5 mL) and water (0.1 mL), and an overnight
reaction period. Flash chromatography of the crude product over
silica gel, using hexane, gave 16p (37 mg, 69%) as an oil: 1H NMR
(CDCl3, 300 MHz) d 2.29 (apparent quintet, J = 7.5 Hz, 2 H),
3.15 (t, J = 7.8 Hz, 2 H), 3.30 (t, J = 7.8 Hz, 2 H), 6.57–6.59 (m,
1 H), 6.66–6.67 (m, 1 H), 7.47–8.38 (m, 6 H); 13C NMR (CDCl3,
100 MHz) d 24.4 (t), 31.3 (t), 33.7 (t), 108.6 (d), 111.1 (d), 123.6
(d), 124.7 (d), 125.2 (d), 125.8 (d), 126.1 (d), 127.3 (s), 129.6 (s),
130.7 (s), 140.2(s), 140.4 (s), 142.0 (s), 153.4 (s); mmax (microscope,
CDCl3 cast; cm−1) 3063, 2952, 2844, 1579, 1514, 1498, 1457; exact
mass m/z calcd for C17H14O 234.10446, found 234.10441.


1-(4-Bromobutyl)-1,4-dihydronaphthalene-1-carboxylic acid
tert-butyl ester (17). The general procedure for reductive
alkylation was followed, using 16 (1.79 g, 7.85 mmol) in dry THF
(20 mL), t-BuOH (0.83 mL, 8.70 mmol), liquid NH3 (70 mL),
Li (0.12 g, 16.60 mmol), and 1,4-dibromobutane (2.40 mL,
19.80 mmol) in THF (20 mL). Flash chromatography of the crude
product over silica gel (4 × 38 cm), using first hexane and then
1 : 9 EtOAc-hexane, gave 17 (2.56 g, 90%) as an oil: 1H NMR
(CDCl3, 400 MHz) d 0.97–1.02 (m, 1 H), 1.31–1.33 (m, 1 H), 1.36
(s, 9 H), 1.75–1.83 (m, 2 H), 1.90–1.96 (m, 1 H), 2.09–2.16 (m,
1 H), 3.28–3.33 (m, 2 H), 3.40–3.44 (m, 2 H), 5.70 (ddd, J = 10.1,
2.2, 2.2 Hz, 1 H), 6.10 (ddd, J = 10.1, 3.7, 3.7 Hz, 1 H), 7.14–7.17
(m, 3 H), 7.20–7.32 (m, 1 H); 13C NMR (CDCl3, 100 MHz) d 23.0
(t), 27.7 (q), 29.7 (t), 33.0 (t), 33.3 (t), 38.1 (t), 51.6 (s), 80.7 (s),
125.7 (d), 126.1 (d), 126.3 (d), 126.4 (d), 128.2 (d), 128.4 (d), 134.1
(s), 135.5 (s), 173.7 (s); mmax (CH2Cl2 cast; cm−1) 2977, 2933, 1722,
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1454, 1367, 1246; exact mass m/z calcd for C19H25
79BrNaO2 (M +


Na) 387.09301, found 387.09299.


1-(4-Bromobutyl)-4-oxo-1,4-dihydronaphthalene-1-carboxylic
acid tert-butyl ester (17a). General procedure A for oxidation
was followed, using CrO3 (3.48 g, 34.80 mmol), Ac2O (6.10 mL),
AcOH (10.0 mL), PhH (10 mL), 17 (2.54 g, 6.96 mmol) in PhH
(30 mL), and a reaction time of 3 h. Flash chromatography of the
crude product over silica gel (4 × 36 cm), using first hexane and
then EtOAc-hexane mixtures up to 3 : 7 EtOAc-hexane, gave 17a
(1.98 mg, 75%) as an oil: 1H NMR (CDCl3, 300 MHz) d 0.82–0.88
(m, 1 H), 1.22–1.25 (m, 1 H), 1.30 (s, 9 H), 1.68–1.70 (m, 2 H),
2.15 (ddd, J = 13.6, 12.2, 4.6 Hz, 1 H), 2.30 (ddd, J = 13.6, 12.3,
4.9 Hz, 1 H), 3.20–3.28 (m, 2 H), 6.56 (d, J = 10.3 Hz, 1 H), 6.92
(d, J = 10.3 Hz, 1 H), 7.41–7.46 (m, 1 H), 7.51–7.60 (m, 2 H), 8.16
(ddd, J = 7.9, 1.5, 0.6 Hz, 1 H); 13C NMR (CDCl3, 100 MHz) d
22.6 (t), 27.7 (q), 32.6 (t), 32.8 (t), 37.7 (t), 53.5 (s), 82.5 (s), 126.2
(d), 126.7 (d), 127.7 (d), 129.6 (d), 131.8 (s), 132.6 (d), 141.7 (s),
148.2 (d), 170.2 (s), 184.4 (s); mmax (CH2Cl2 cast; cm−1) 2977, 2933,
1729, 1667, 1456, 1244; exact mass m/z calcd for C19H23


79BrNaO3


(M + Na) 401.07228, found 401.07211.


1-(4-Iodobutyl)-4-oxo-1,4-dihydronaphthalene-1-carboxylic acid
tert-butyl ester (17b). The general procedure for Finkelstein
displacement was followed, using acetone (25 mL), 17a (1.81 g,
4.75 mmol), anhydrous NaI (2.49 g, 16.6 mmol), and a reaction
time of 17 h. Flash chromatography of the crude product over
silica gel (2 × 20 cm), using 10% EtOAc-hexane, gave 17b (1.86 g,
92%) as an oil: 1H NMR (CDCl3, 400 MHz) d 0.81–0.83 (m, 1 H),
1.15–1.20 (m, 1 H), 1.31 (s, 9 H), 1.70–1.75 (m, 2 H), 2.14–2.18 (m,
1 H), 2.25–2.30 (m, 1 H), 3.00–3.05 (m, 2 H), 6.57 (d, J = 11.3 Hz,
1 H), 6.94 (d, J = 11.3 Hz, 1 H), 7.42–7.47 (m, 1 H), 7.52–7.60 (m,
2 H), 8.19 (d, J = 7.8 Hz, 1 H); 13C NMR (CDCl3, 100 MHz) d 5.6
(t), 24.7 (t), 27.5 (q), 33.2 (t), 37.3 (t), 53.4 (s), 82.4 (s), 126.3 (d),
126.7 (d), 127.7 (d), 129.6 (d), 131.8 (s), 132.7 (d), 141.7 (s), 148.2
(d), 170.2 (s), 184.4 (s); mmax (CH2Cl2 cast; cm−1) 2925, 2853, 1727,
1665, 1600, 1242; exact mass m/z calcd for C19H23INaO3 (M +
Na) 449.05842, found 449.05835.


9-Oxo-1,3,4,9,10,10a-hexahydro-2H -phenanthrene-4a-carbo-
xylic acid tert-butyl ester (17c). The general procedure for radical
cyclization was followed, using Bu3SnH (0.21 mL, 0.77 mmol) and
AIBN (10.6 mg, 0.06 mmol) in PhH (5 mL), and 17b (275 mg,
0.65 mmol) in PhH (10 mL). Heating was continued for 12 h after
the addition. Flash chromatography of the crude product over
KF-flash chromatography silica gel (10%w/w KF) (1.5 × 17 cm),
using EtOAc-hexane mixtures, gave 17c (126 mg, 65%) as an oil:
1H NMR (CDCl3, 400 MHz) d 1.24–1.34 (m, 1 H), 1.36 (s, 9 H),
1.39–1.43 (m, 2 H), 1.57–1.61 (m, 3 H), 2.01–2.04 (m, 1 H), 2.22–
2.30 (m, 1 H), 2.61 (dd, J = 18.2, 7.9 Hz, 1 H), 2.77–2.81 (m, 2 H),
7.34 (ddd, J = 7.8, 7.2, 1.2 Hz, 1 H), 7.39–7.41 (m, 1 H), 7.53 (ddd,
J = 7.9, 7.2, 1.5 Hz, 1 H), 7.81 (ddd, J = 7.9, 1.5, 0.5 Hz, 1 H); 13C
NMR (CDCl3, 100 MHz) d 21.8 (t), 23.1 (t), 27.8 (q), 28.5 (t), 33.0
(t), 37.5 (d), 41.7 (t), 51.4 (s), 81.3 (s), 127.0 (d), 127.1 (d), 127.6
(d), 131.9 (s), 133.7 (d), 143.4 (s), 173.6 (s), 197.8 (s); mmax (CH2Cl2


cast; cm−1) 2934, 2862, 1721, 1692, 1599, 1246; exact mass m/z
calcd for C19H24NaO3 (M + Na) 323.16177, found 323.16166.


9-Oxo-1,3,4,9-tetrahydro-2H-phenanthrene-4a-carboxylic acid
tert-butyl ester (17d). The general procedure for Saegusa oxi-
dation was followed, using 2,6-lutidine (0.96 mL, 8.23 mmol), 17c


(705 mg, 2.35 mmol), CH2Cl2 (15 mL), Me3SiOSO2CF3 (1.3 mL,
7.05 mmol), Pd(OAc)2 (522 mg, 2.33 mmol) and MeCN (10 mL).
Flash chromatography of the crude product over silica gel (2.5 ×
25 cm), using 10% EtOAc-hexane, gave 17d (434 mg, 60%) as
an oil: 1H NMR (CDCl3, 400 MHz) d 1.28 (s, 9 H), 1.37–1.42
(m, 2 H), 1.81–1.86 (m, 2 H), 2.00–2.60 (m, 1 H), 2.28–2.29 (m,
1 H), 2.60–2.71 (m, 1 H), 2.92–2.97 (m, 1 H), 6.42 (s, 1 H), 7.43–
7.59 (m, 1 H), 7.54–7.59 (m, 2 H), 8.21–8.23 (m, 1 H); 13C NMR
(CDCl3, 100 MHz) d 23.4 (t), 27.4 (q), 27.7 (t), 35.3 (t), 39.6 (t),
53.9 (s), 81.9 (s), 124.9 (d), 125.5 (d), 126.5 (d), 127.6 (d), 130.3
(s), 132.3 (d), 143.8 (s), 161.8 (s), 169.8 (s), 184.9 (s); mmax (CH2Cl2


cast; cm−1) 2935, 2861, 1727, 1663, 1560, 1254; exact mass m/z
calcd for C19H22NaO3 (M + Na) 321.14612, found 321.14608.


1,2,3,4-Tetrahydrophenanthren-9-ol (17e)20. General proce-
dure B for rearomatization was followed, using BiCl3.H2O (386 mg,
1.16 mmol), 17d (345 mg, 1.16 mmol) in MeCN (5 mL) and water
(0.1 mL), and a reaction time of 12 h. Flash chromatography of
the crude product over silica gel (1.5 × 15 cm), using 10% EtOAc-
hexane, gave 17e (188 mg, 82%) as an oil: 1H NMR (CDCl3,
400 MHz) d 1.87–1.90 (m, 2 H), 1.97–1.99 (m, 2 H), 2.83 (t, J =
6.1 Hz, 2 H), 3.06 (t, J = 6.3 Hz, 2 H), 5.40 (s, 1 H), 6.52 (s, 1 H),
7.46–7.51 (m, 1 H), 7.52–7.60 (m, 1 H), 7.97 (d, J = 8.4 Hz, 1 H),
8.23 (t, J = 8.3 Hz, 1 H); 13C NMR (CDCl3, 100 MHz) d 22.9 (t),
23.3 (t), 25.2 (t), 30.4 (t), 110.5 (d), 121.8 (d), 122.8 (s), 123.4 (s),
124.1 (d), 125.1 (s), 126.3 (d), 133.6 (s), 134.4 (s), 149.0 (s); mmax


(CDCl3 cast; cm−1) 3408, 2929, 2859, 1626, 1599; exact mass m/z
calcd for C14H14O 198.10446, found 198.10438.
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This study reports the straightforward preparation of a deuterated biohopanoid that will be used to
probe a new biosynthetic pathway. This multistep hemisynthesis required a stereoselective
glycosylation, a regioselective deuteration as well as a properly defined strategy for the final
deprotections and the purification of the amphiphilic final glycoside.


In contrast with most other common functionalities present in
biomolecules, there is no general biochemical reaction explain-
ing the formation of natural ethers. Surprisingly, some living
organisms produce polyhydroxylated ethers along with their
corresponding glycosides. This is the case for calditol, found in the
archaean Sulfolobus solfactaricus,1 and bacteriohopane derivatives
1 and 2 (Fig. 1), isolated from Zymomonas mobilis.2–4 Triter-
penoids of the hopane series are widespread amongst eubacteria.
Composite hopanoids are the major constituents of the lipids of
Z. mobilis, by far the most abundant being bacteriohopanetetrol
derivatives 1 and 2. We thus recently developed synthetic methods
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Fig. 1 Natural hopanoids (1–3) isolated from Z. mobilis and deuterated analog 4.


Scheme 1 Putative biosynthesis of bacteriohopane–carbapseudopentose 1.


to construct biohopanoids to investigate both their biosynthesis
and their biological function which are poorly understood.


A preliminary biosynthetic investigation led us to hypothesize
that a glycoside such as 2 could be the precursor of ether 1 through
a so far unknown enzymatic ring contraction (Scheme 1).5 As a
matter of fact we are also investigating the mechanism of the
mycobacterial galactofuranose–pyranose interconversion, which
is also a ring contraction.6–10 At first sight, the process depicted
in Scheme 1 appears analogous to the well-established inositol–
synthase mechanism,11 with, however, a very significant difference:
the putative mechanism implied in the biosynthesis of cyclitol
1 from glycoside 2 would involve an endo opening of the sugar
ring giving rise to an oxonium intermediate whereas the inositol
synthase pathway involves the formation of an intermediate
aldehyde leading to an intramolecular aldol process.11
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The isotopic labeling of a molecule used in feeding experiments
is exploited as a tracer of a specific biosynthetic pathway. In the
case of the pentacyclic hopane skeleton of natural molecules 1–3,
feeding experiments with 13C- and deuterium-labelled molecules
led Rohmer et al. to discover the long overlooked non-mevalonate
pathway for isoprenoid biosynthesis.4,12–15 More recently, a prelimi-
nary feeding experiment using deuterated N-acetyl-D-glucosamine
(6,6′-D2-GlcNAc) proved that glycoside 2 and ether 1 share the
same biosynthetic pathway derived from GlcNAc.5 Moreover,
the similar isotope abundance found in the glycon moieties
of hopanoids 1 and 2, after feeding experiments, suggested
a precursor to product relationship between glycoside 2 and
cyclopentitol 1.


In order to demonstrate or rule out this biosynthetic assump-
tion, we now need to show that glycoside 2 can be transformed
into ether 1 by Z. mobilis enzymatic machinery. Therefore, the
synthesis of deuterated glycoside 4 is required to unambiguously
demonstrate that 2 is the direct biosynthetic precursor of 1
(Fig. 1).


Recently, we have reported a concise strategy centered on the
copper activation of the C30 hopane moiety for the synthesis
of bacteriohopanetetrol 3 and its glycosylated derivative 2.16


Then, we developed a more general approach based on a LiDBB
lithiation of phenyl sulfide 5 (Scheme 2) for the synthesis of a wide
range of biohopanoids including bacteriohopanepentols bearing
an additional hydroxyl group at position C-31.17,18


The synthesis of deuterated analog 4 thus started from phenyl
sulfide 5 (Scheme 2), easily obtained in a few steps from the com-
mercially available Dammar resin.17,19 Diol 6 was then prepared by
the new coupling procedure we recently developed.17 The properly
protected glucosamine donor 7 was prepared by a quantitative
acetylation of the known20 primary alcohol. The acetate group was
chosen to allow its selective deprotection, after the glycosylation
step.


The regio- and stereoselective coupling of diol 6 and phenyl
sulfide 7 was conducted in the presence of NIS and a catalytic
amount of TfOH in CH2Cl2 at a temperature ranging from −78 ◦C
to −30 ◦C. The reaction proceeded smoothly and furnished the
desired b-D-glucosaminylhopanetetrol derivative 8 as the main
product in 84% yield (Scheme 2). The 1H and 13C NMR spectra of 8


were in complete agreement with the assigned structure, especially
the expected b-configuration.


The 6′-acetate selective deprotection was readily achieved by
carefully treating glycoside 8 with MeONa in a mixed solvent
of THF–MeOH at room temperature. Under these conditions,
the phthalimido group was not deprotected and the desired 6′-
hydroxy glycoside 9 was obtained in 94% yield. Intermediate 9
could then undergo an oxidation followed by a LiAlD4 reduction
to introduce the two deuterium atoms in the target molecule 11.
Many methods are available for the conversion of primary hydroxy
groups into carboxylic acids. However, most of them are not
appropriate for highly functionalized structures such as compound
9 bearing acid and base sensitive protective groups. Moreover, we
wanted to achieve the regioselective oxidation of the glucosamine
primary alcohol in presence of the secondary alcohol of the ribitol
side-chain. After the screening of the best oxidation reagents, we
found that the TEMPO oxidation procedure developed by Davis
and Flitsch gave, from far, the best yields.21 From the known
procedure, we only modified the esterification condition, using an
excess amount of iodomethane in presence of sodium bicarbonate
and tetrabutylammonium chloride. The desired ester 10 was thus
obtained in 69% yield for two steps (Scheme 2).


As expected, the following reduction was much more difficult
to optimize. The use of LiAlD4 was essential for the complete
bisdeuteration of ester 10, since NaBD4 is generally not efficient
for the reduction of carboxylic esters. Not surprisingly, the main
side-reaction was the removal of the phthalimido group. The
desired deuterated alcohol 11 was then isolated in a moderate
but reproducible yield.


At this stage, the bisdeuteration was easily confirmed by the
comparison of 1H, 13C NMR and mass spectra of derivative 11 with
those of the corresponding non-deuterated molecule 9. A small
multiplet was observed for the carbon C-6′ of the glucosamine
subunit due to the coupling between the carbon and the two
deuterium atoms. In addition, the expected a- and b-shifts were
also observed for the C-6′ (Dd = 0.4 ppm, see Experimental section)
and C-5′ atoms (Dd = 0.2 ppm), respectively.


The sequence of deprotections of 11 was similar to that we
had developed for the non-labelled one (Scheme 3).16 Thus, the
acetonide group in 11 was removed using hydrochloric acid (1% in


Scheme 2 Reagents and conditions: (a) NIS, TfOH, MS 4 Å, CH2Cl2, −78 to −30 ◦C, 84%; (b) MeONa, THF–MeOH, rt, 94%; (c) TEMPO, NaOCl,
NaHCO3, KBr, Bu4NCl, CH2Cl2, 0 ◦C; then MeI, NaHCO3, Bu4NCl, rt, 69%; d) LiAlD4 THF, −40 to −20 ◦C, 36%.
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Scheme 3 Reagents and conditions: (a) HCl (1%), MeOH–THF, rt, 83%; (b) H2N–NH2·H2O, EtOH–H2O, 80 ◦C, 88%; (c) Pd black, H2, THF–AcOH–H2O,
rt.


MeOH) at room temperature yielding bisdeuterated glycoside 12
in 83% yield. The hydrazine promoted phthalimido deprotection
afforded the desired amine 13. The purification of this product
proved more difficult than its tri-O-benzyl analogue16 due to
its higher polarity which complicated the required silica gel
chromatography. Given the glycolipidic nature of molecule 13,
purification using standard reversed phase preparative HPLC or
ion exchange chromatography was not appropriate. A successful
purification was finally achieved in two steps: a silica gel chro-
matography using a polar solvent system (CH2Cl2–MeOH, 20 : 1),
followed by a size-exclusion chromatography (CH2Cl2–CH3OH,
2 : 1) to afford pure 13 in 88% yield. After screening catalyst and
solvent systems, the final bisdeuterated glycoside 4 was obtained
after the hydrogenolysis of 13 in the presence of palladium black
under a hydrogen atmosphere in 93% yield.


The structure of 4 was confirmed by comparing all analytical
data with its non-deuterated analogue 2,16 and also by the
comparison of the 1H-NMR of the peracetates of 4 and 2.22,23


In conclusion, we have developed a straightforward preparation
of deuterated glycoside 4 that will be used as a biosynthetic probe
for the discovery of a new enzymatic reaction. This multistep
synthesis required a stereoselective glycosylation, a regioselective
deuteration as well as a properly defined strategy for the final
deprotections and the purification of the amphiphilic glycoside 4.


Feeding experiments using deuterated molecule 4 are in progress
and the results will be reported in due course.


Experimental


Phenyl 6-O-acetyl-3,4-di-O-benzyl-1,2-dideoxy-2-phthalimido-1-
thio-b-D-glucopyranoside 7


Phenyl 3,4-di-O-benzyl-1,2-dideoxy-2-phthalimido-1-thio-b-D-
glucopyranoside13 (1.84 g, 3.16 mmol) was acetylated (pyridine–
Ac2O, 2 : 1, v/v, 30 mL) at room temperature for 1 h. The
excess of Ac2O was decomposed by pouring the reaction mixture
into ice–water. The resulting mixture was extracted three times
with CH2Cl2. The combined extracts were washed with brine,
dried (MgSO4) and filtered through cotton. The solvents were
concentrated to dryness under reduced pressure. The crude
acetate was chromatographed on silica gel (cyclohexane–EtOAc,
3 : 1) to yield 7 as a light yellow syrup (2.04 g, quant., Rf 0.32,
cyclohexane–EtOAc, 3 : 1). [a]25


D +92 (c 1.00, CHCl3). 1H NMR
(400 MHz, CDCl3): d = 6.92–7.73 (19H, m, ArH), 5.58 (1H, d,


J1,2 = 10.6 Hz, 1-H), 4.47–4.94 (4H, m, BnCH2), 4.50 (1H, dd,
J5,6b = 2.1 Hz, Jgem = 11.9 Hz, 6-Hb), 4.46 (1H, dd, J2,3 = 10.3 Hz,
J3,4 = 8.6 Hz, 3-H), 3.44 (1H, t, J = 10.3 Hz, 2-H), 3.43 (1H,
dd, J5,6a = 5.2 Hz, Jgem = 11.9 Hz, 6-Ha), 3.81 (1H, ddd, J5,6b =
2.1 Hz, J5,6a = 5.2 Hz, J4,5 = 9.9 Hz, 5-H), 3.71 (1H, J3,4 = 8.6 Hz,
J4,5 = 9.9 Hz, 4-H), 2.12 (3H, s, OAc). 13C NMR (101 MHz):
d = 170.5 (CH3C=O), 133.8, 133.7, 132.6, 128.7, 128.5, 128.0,
127.8, 127.4, 123.4, 123.3, 83.1 (C-1), 80.4 (C-3), 79.1 (C-4), 77.0
(C-5), 75.01 and 75.00 (BnCH2), 62.9 (C-6), 54.7 (C-2), 20.8
(CH3C=O). HRMS (DCI): m/z 641.2319 [M + NH4


+], calcd for
C36H37O7N2S: 641.2321.


Acetate 8


A suspension of diol 6 (53.0 mg, 0.09 lmol), glycoside 7 (78.9 mg,
126 lmol) and molecular sieves (4 Å, 30.0 mg) in anhydrous
CH2Cl2 (3 mL) under an atmosphere of argon was stirred at room
temperature for 15 min, then NIS (51.0 mg, 0.225 mmol) was
added at room temperature, followed by a slow addition of TfOH
(0.40 lL, 0.0045 lmol) at −78 ◦C. The reaction temperature was
allowed to warm up to −30 ◦C gradually within ca. 3 h and the
reaction was monitored by TLC during that period, until diol
6 could not be detected any more. The reaction mixture was
quenched with Et3N at −20 ◦C before it was diluted with CH2Cl2.
Then the organic phase was washed successively with saturated
aqueous Na2S2O3, brine, and dried over MgSO4, filtered through
cotton and the filtrates were evaporated under reduced pressure.
The resulting crude product was chromatographed on silica gel
(toluene–EtOAc, 5 : 1) to yield 8 as a light yellow syrup (83.3 mg,
84%, Rf 0.47, toluene–EtOAc, 5 : 1). [a]19


D +19 (c 0.35, CHCl3).
1H NMR (400 MHz, CDCl3): d = 6.92–7.71 (14H, m, ArH), 5.29
(1H, d, J1′ ,2′ = 8.5 Hz, 1′-H), 4.45–4.93 (4H, m, BnCH2), 4.46 (1H,
m, 6′-Hb), 4.39 (1H, dd, J2′ ,3′ = 10.7 Hz, J3′ ,4′ = 8.0 Hz, 3′-H),
4.30 (1H, dd, J5′ ,6′a = 3.9 Hz, Jgem = 11.8 Hz, 6′-Ha), 4.26 (1H, m,
34-H), 4.22 (1H, dd, J1′ ,2′ = 8.5 Hz, J2′ ,3′ = 10.7 Hz, 2′-H), 3.83
(2H, m, 33-H and 35-Hb), 3.74 (2H, m, 5′-H and 4′-H), 3.63 (1H,
t, J34,35a = Jgem = 9.6 Hz, 35-Ha), 3.35 (1H, m, 32-H), 2.55 (1H,
brs, J = 3.0 Hz, 32-OH), 2.13 (3H, s, AcO), 1.28 and 1.26 (6H, 2 s,
acetal-Me), 1.00 and 0.98 (6H, 2 s, 8b- and 14a-Me), 0.89 (3H, s,
4a-Me), 0.86 (3H, s, 10b-Me), 0.84 (3H, s, 4b-Me), 0.82 (3H, d,
J22,29 = 6.4 Hz, 22-Me), 0.71 (3H, s, 18a-Me), 1.11–1.80 (29H, m,
hopane), 0.72–0.97 (3H, m, hopane); 13C NMR (101 MHz): d =
170.6 (CH3C=O), 137.5, 133.3, 128.5, 128.0, 127.8, 127.4, 123.3,
108.2 (acetal-C), 97.9 (C-1′), 80.3 (C-33), 79.1 (C-3′), 79.0 (C-4′),
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75.02 and 74.95 (BnCH2), 74.8 (C-34), 73.1 (C-5′), 69.0 (C-32),
67.4 (C-35), 62.5 (C-6′), 56.1 (C-5), 55.3 (C-2′), 54.4 (C-17), 50.4
(C-9), 49.2 (C-13), 45.6 (C-21), 44.3 (C-18), 42.0 (C-3), 41.7 (C-14),
41.6 (C-8), 41.5 (C-19), 40.3 (C-1), 37.3 (C-10), 36.7 (C-22), 33.6
(C-15), 33.4 (C-24), 33.22 and 33.19 (C-4 and C-7), 30.3 (C-30),
30.2 (C-20), 28.0 (acetal-Me), 27.6 (C-31), 25.4 (acetal-Me), 23.9
(C-12), 22.8 (C-16), 21.6 (C-23), 20.9 (C-11), 20.8 (CH3C=O), 20.1
(C-29), 18.6 (C-2 and C-6), 16.5 and 16.4 (C-26 and C-27), 15.9
(C-25 and C-28). HRMS (FAB): m/z 1122.6663 [M + Na+], calcd
for C66H91O10NNa: 1122.6646.


Alcohol 9


To a solution of compound 8 (79.0 mg, 72 lmol) in anhydrous
THF (2 mL) under an atmosphere of argon was added a freshly
prepared solution of MeONa in MeOH (0.03 M, 4 mL) at room
temperature. The resulting mixture was then stirred for 70 min. The
reaction mixture was neutralized (pH = 7) by adding Amberlyst
A-120 resin (H+ form) before it was filtered through cotton. The
filtrates were evaporated under reduced pressure and the residue
was chromatographed on silica gel (cyclohexane–acetone, 7 :
1) affording the desired product 9 as a white amorphous solid
(71.0 mg, 94%, Rf 0.28, cyclohexane–EtOAc, 2 : 1). [a]18


D +52 (c
1.0, CHCl3). 1H NMR (400 MHz, CDCl3): d = 6.91–7.70 (14H,
m, ArH), 5.32 (1H, d, J1′ ,2′ = 8.6 Hz, 1′-H), 4.45–4.92 (4H, m,
BnCH2), 4.38 (1H, dd, J2′ ,3′ = 10.7 Hz, J3′ ,4′ = 8.7 Hz, 3′-H), 4.27
(1H, m, 34-H), 4.18 (1H, dd, J1′ ,2′ = 8.6 Hz, J2′ ,3′ = 10.7 Hz, 2′-H),
3.97 (1H, dd, J5′ ,6′b = 2.1 Hz, Jgem = 12.1 Hz, 6′-Hb), 3.76–3.85 (4H,
m, 33-H, 6′-Ha, 35-Hb, 4′-H), 3.67 (1H, t, J34,35a = Jgem = 9.6 Hz, 35-
Ha), 3.61 (1H, m, 5′-H), 3.36 (1H, m, 32-H), 2.58 (1H, brs, 32-OH),
2.19 (1H, brs, 6′-OH), 1.29 and 1.26 (6H, 2 s, acetal-Me), 0.99 and
0.98 (6H, 2 s, 8b- and 14a-Me), 0.89 (3H, s, 4a-Me), 0.86 (3H, s,
10b-Me), 0.84 (3H, s, 4b-Me), 0.82 (3H, d, J22,29 = 6.4 Hz, 22-Me),
0.71 (3H, s, 18a-Me), 1.10–1.79 (29H, m, hopane), 0.72–0.97 (3H,
m, hopane); 13C NMR (101 MHz): d = 137.7, 133.7, 128.5, 128.0,
127.8, 127.4, 123.3, 108.4 (acetal-C), 98.1 (C-1′), 80.3 (C-33), 79.0
(C-4′), 78.8 (C-3′), 75.5 (C-5′), 75.02 (BnCH2), 74.96 (C-34), 74.8
(BnCH2), 69.1 (C-32), 67.7 (C-35), 61.5 (C-6′), 56.1 (C-5), 55.5
(C-2′), 54.4 (C-17), 50.4 (C-9), 49.2 (C-13), 45.7 (C-21), 44.4 (C-
18), 42.1 (C-3), 41.7 (C-14), 41.61 (C-8), 41.56 (C-19), 40.3 (C-1),
37.3 (C-10), 36.7 (C-22), 33.6 (C-15), 33.4 (C-24), 33.23 and 33.21
(C-4 and C-7), 30.4 (C-30), 30.2 (C-20), 28.0 (acetal-Me), 27.6 (C-
31), 25.4 (acetal-Me), 23.9 (C-12), 22.8 (C-16), 21.6 (C-23), 20.9
(C-11), 20.1 (C-29), 18.7 (C-2 and C-6), 16.5 and 16.4 (C-26 and
C-27), 15.9 (C-25 and C-28). HRMS (FAB): m/z 1080.6553 [M +
Na+], calcd for C66H91O10NNa: 1080.6541.


Ester 10


To a solution of 9 (35.0 mg, 33 lmol) in CH2Cl2 (5 mL) was
added TEMPO (1.0 mg, 7 lmol) at 0 ◦C, followed by a mixture
of saturated aqueous NaHCO3 (1 mL), KBr (5.0 mg) and Bu4NCl
(6.0 mg). The resulting mixture was stirred vigorously for 20 min
at 0 ◦C before a mixture of saturated aq. NaCl, saturated aq.
NaHCO3 and 10% aq. NaOCl (2 : 1 : 2, v/v/v, 1.5 mL) was
added dropwise within 1 h at 0 ◦C. Then, to this yellowish mixture
was added successively NaHCO3 (20.0 mg), Bu4NCl (20.0 mg)
and MeI (1 mL) at 0 ◦C. The reaction mixture was allowed to
warm up gradiently to room temperature and the stirring was


continued overnight. The resulting dark red mixture was extracted
three times with CH2Cl2, and the combined extracts were washed
with brine, dried over MgSO4 and filtered through cotton. The
resulting filtrates were concentrated to dryness and the residue
was chromatographed on silica gel (cyclohexane–EtOAc, 4 : 1) to
afford 10 as a syrup (24.6 mg, 69%, Rf 0.49, cyclohexane–EtOAc,
2 : 1). [a]19


D +40 (c 0.80, CHCl3). 1H NMR (400 MHz, CDCl3):
d = 6.89–7.71 (14H, m, ArH), 5.31 (1H, d, J1′ ,2′ = 8.4 Hz, 1′-H),
4.44–4.85 (4H, m, BnCH2), 4.37 (1H, dd, J2′ ,3′ = 10.6 Hz, J3′ ,4′ =
8.7 Hz, 3′-H), 4.26 (1H, dd, J1′ ,2′ = 8.4 Hz, J2′ ,3′ = 10.6 Hz, 2′-H),
4.25 (1H, m, 34-H), 4.15 (1H, d, J4′ ,5′ = 9.7 Hz, 5′-H), 3.99 (1H,
dd, J3′ ,4′ = 8.7 Hz, J4′ ,5′ = 9.7 Hz, 4′-H), 3.87 (1H, dd, J34,35b =
3.6 Hz, Jgem = 9.6 Hz, 35-Hb), 3.81 (1H, m, 33-H), 3.80 (3H, s,
OMe), 3.62 (1H, dd, J34,35a = Jgem = 9.6 Hz, 35-Ha), 3.29 (1H, m,
32-H), 2.39 (1H, brs, 32-OH), 1.16 and 1.13 (6H, 2 s, acetal-Me),
0.87 (6H, 2 s, 8b- and 14a-Me), 0.78 (3H, s, 4a-Me), 0.75 (3H, s,
10b-Me), 0.72 (3H, s, 4b-Me), 0.68 (3H, d, J22,29 = 6.4 Hz, 22-Me),
0.59 (3H, s, 18a-Me), 1.02–1.75 (29H, m, hopane), 0.50–0.85 (3H,
m, hopane); 13C NMR (101 MHz): d = 168.4 (ester-C=O), 137.4,
133.6, 131.6, 128.4, 128.0, 127.9, 127.4, 123.3, 108.2 (acetal-C),
98.1 (C-1′), 81.0 (C-4′), 80.3 (C-33), 78.1 (C-3′), 75.0, 74.8, 74.7
(C-34), 74.3 (C-5′), 69.1 (C-32), 67.4 (C-35), 56.1 (C-5), 55.0 (C-2′),
54.4 (C-17), 52.6 (OMe), 50.4 (C-9), 49.2 (C-13), 45.5 (C-21), 44.3
(C-18), 42.1 (C-3), 41.7 (C-14), 41.6 (C-8), 41.5 (C-19), 40.2 (C-1),
37.3 (C-10), 36.6 (C-22), 33.6 (C-15), 33.3 (C-24), 33.20 and 33.17
(C-4 and C-7), 30.2 (C-30), 30.1 (C-20), 28.0 (acetal-Me), 27.5 (C-
31), 25.3 (acetal-Me), 23.9 (C-12), 22.8 (C-16), 21.5 (C-23), 20.9
(C-11), 20.0 (C-29), 18.6 (C-2 and C-6), 16.5 and 16.4 (C-26 and
C-27), 15.8 (C-25 and C-28). HRMS (FAB): m/z 1108.6479 [M +
Na+], calcd for C67H91O11NNa: 1108.6490.


Bisdeuterated alcohol 11


To a solution of 10 (95.0 mg, 87 lmol) in freshly distilled THF
(8 mL) under an atmosphere of dry argon was added LiAlD4


(5.8 mg, 138 lmol) portionwise in four amounts at a temperature
varying from −40 ◦C to −20 ◦C until the starting material could
not be detected any more by TLC. Excess LiAlD4 was reacted
with EtOAc (2 mL) at −78 ◦C before the reaction mixture was
concentrated to dryness in vacuo, the residue was purified by
column chromatography (cyclohexane–EtOAc, 4 : 1) yielding 11
as a white amorphous solid (33.4 mg, 36%, Rf 0.28, cyclohexane–
EtOAc, 2 : 1). [a]18


D +59 (c 1.25, CHCl3). 1H NMR (400 MHz,
CDCl3): d = 6.91–7.70 (14H, m, ArH), 5.32 (1H, d, J1′ ,2′ = 8.5 Hz,
1′-H), 4.45–4.92 (4H, m, BnCH2), 4.38 (1H, dd, J2′ ,3′ = 10.7 Hz,
J3′ ,4′ = 8.7 Hz, 3′-H), 4.27 (1H, m, 34-H), 4.18 (1H, dd, J1′ ,2′ =
8.5 Hz, J2′ ,3′ = 10.7 Hz, 2′-H), 3.81 (3H, m, 33-H, 35-Hb, 4′-H),
3.67 (1H, t, J34,35a = Jgem = 9.6 Hz, 35-Ha), 3.60 (1H, d, J4′ ,5′ =
9.8 Hz, 5′-H), 3.35 (1H, m, 32-H), 2.55 (1H, brd, 32-OH), 2.08
(1H, s, 6′-OH), 1.29 and 1.26 (6H, 2 s, acetal-Me), 0.99 and 0.98
(6H, 2 s, 8b- and 14a-Me), 0.89 (3H, s, 4a-Me), 0.86 (3H, s, 10b-
Me), 0.84 (3H, s, 4b-Me), 0.82 (3H, d, J22,29 = 6.4 Hz, 22-Me),
0.71 (3H, s, 18a-Me), 1.10–1.79 (29H, m, hopane), 0.72–0.97 (3H,
m, hopane); 13C NMR (101 MHz): d = 137.7, 133.7, 128.5, 128.0,
127.8, 127.4, 123.3, 108.4 (acetal-C), 98.1 (C-1′), 80.4 (C-33), 79.0
(C-4′), 78.8 (C-3′), 75.3 (C-5′, b-shift), 75.02 (BnCH2), 74.97 (C-
34), 74.85 (BnCH2), 69.1 (C-32), 67.7 (C-35), 60.9 (m, C-6′D2,
a-shift), 56.1 (C-5), 55.5 (C-2′), 54.4 (C-17), 50.4 (C-9), 49.3 (C-
13), 45.7 (C-21), 44.4 (C-18), 42.1 (C-3), 41.8 (C-14), 41.63 (C-8),
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41.57 (C-19), 40.3 (C-1), 37.4 (C-10), 36.7 (C-22), 33.6 (C-15), 33.4
(C-24), 33.24 and 33.21 (C-4 and C-7), 30.4 (C-30), 30.2 (C-20),
28.1 (acetal-Me), 27.6 (C-31), 25.4 (acetal-Me), 23.9 (C-12), 22.8
(C-16), 21.6 (C-23), 20.9 (C-11), 20.1 (C-29), 18.7 (C-2 and C-6),
16.5 and 16.4 (C-26 and C-27), 15.9 (C-25 and C-28). HRMS
(FAB): m/z 1082.6656 [M + Na+], calcd for C66H89O10D2NNa:
1082.6666.


Bisdeuterated tetrol 12


The diol 11 (6.5 mg, 6 lmol) was dissolved in THF–MeOH
(1 : 1, v/v, 2 mL) containing aqueous HCl (37%, 12 lL) at
0 ◦C. The resulting mixture was stirred overnight vigorously at
room temperature. Then, it was neutralized with solid NaHCO3,
filtered through cotton and concentrated to dryness. The residue
was chromatographed on silica gel (CH2Cl2–MeOH, 30 : 1)
providing 12 as a white solid (5.2 mg, 83%, Rf 0.18, CH2Cl2–
MeOH, 20 : 1). [a]18


D +29 (c 0.61, CHCl3). 1H NMR (400 MHz,
CDCl3): d = 6.91–7.72 (14H, m, ArH), 5.25 (1H, d, J1′ ,2′ = 8.5 Hz,
1′-H), 4.47–4.93 (4H, m, ArCH2), 4.43 (1H, dd, J2′ ,3′ = 10.7 Hz,
J3′ ,4′ = 8.5 Hz, 3′-H), 4.18 (1H, dd, J1′ ,2′ = 8.5 Hz, J2′ ,3′ = 10.7 Hz,
2′-H), 3.88 (2H, m, 35-Ha and 35-Hb), 3.74 (2H, m, 34-H and 4′-
H), 3.63 (2H, m, 32-H and 5′-H), 3.52 (1H, m, 33-H), 3.22 (1H,
brd, 34-OH), 2.97 (1H, brd, J = 4.8, 33-OH), 2.72 (1H, s, 6′-OH),
2.47 (1H, brd, 32-OH), 0.98 (6H, 2 s, 8b- and 14a-Me), 0.92 (3H,
d, J22,29 = 6.3 Hz, 22-Me), 0.89 (3H, s, 4a-Me), 0.85 (3H, s, 10b-
Me), 0.83 (3H, s, 4b-Me), 0.72 (3H, s, 18a-Me), 1.10–1.85 (29H, m,
hopane), 0.72–0.95 (3H, m, hopane); 13C NMR (101 MHz): d =
137.8, 137.7, 133.8, 131.5, 128.6, 128.1, 128.0, 127.8, 127.4, 123.4,
98.8 (C-1′), 79.3 (C-4′), 79.0 (C-3′), 75.5 (C-5′), 75.1 (BnCH2),
74.9 (BnCH2), 73.9 (C-33), 73.3 (C-32), 71.7 (C-35), 71.6 (C-34),
56.1 (C-5), 55.8 (C-2′), 54.5 (C-17), 50.4 (C-9), 49.3 (C-13), 46.1
(C-21), 44.3 (C-18), 42.1 (C-3), 41.8 (C-14), 41.7 (C-8), 41.6 (C-
19), 40.3 (C-1), 37.4 (C-10), 36.9 (C-22), 33.7 (C-15), 33.4 (C-24),
33.3 and 33.2 (C-4 and C-7), 31.4 (C-30), 28.9 (C-20), 27.7 (C-
31), 23.9 (C-12), 22.8 (C-16), 21.6 (C-23), 20.9 (C-11), 20.0 (C-29),
18.7 (C-2 and C-6), 16.6 and 16.5 (C-26 and C-27), 15.9 (C-25
and C-28). HRMS (FAB): m/z 1042.6343 [M + Na+], calcd for
C63H85O10D2NNa: 1042.6353.


Bisdeuterated amine 13


To a suspension of 12 (5.2 mg, 5 lmol) in EtOH (2 mL) and H2O
(3 drops) under an atmosphere of argon was added hydrazine
monohydrate (100%, 120 lL), the reaction mixture was refluxed
overnight at 80 ◦C. The resulting mixture was concentrated to
dryness and the crude product was chromatographed on silica gel
(CH2Cl2–MeOH–Et3N, 20 : 1 : 0.02) followed by a gel filtration
on a size-exclusion Sephadex LH-20 chromatography (CH2Cl2–
CH3OH, 2 : 1) to afford 13 as a colorless solid (4.0 mg, 88%,
Rf 0.31, CH2Cl2–MeOH, 10 : 1). [a]19


D +37 (c 0.96, CHCl3). 1H
NMR (400 MHz, CDCl3): d = 7.32–7.39 (10H, m, ArH), 4.69–
5.01 (4H, m, ArCH2), 4.47 (1H, brd, 1′-H), 4.08 (1H, m, 35-Hb),
3.90 (2H, m, 35-Ha and 34-H), 3.65 (4H, m, 32-H, 33-H and 4′-
H), 3.56 (1H, m, 3′-H), 3.44 (1H, d, J4′ ,5′ = 9.5 Hz, 5′-H), 2.93
(1H, m, 2′-H), 0.99 and 0.98 (6H, 2 s, 8b- and 14a-Me), 0.96 (3H,
d, J22,29 = 6.3 Hz, 22-Me), 0.89 (3H, s, 4a-Me), 0.85 (3H, s, 10b-
Me), 0.83 (3H, s, 4b-Me), 0.73 (3H, s, 18a-Me), 1.10–1.88 (29H,
m, hopane), 0.72–0.95 (3H, m, hopane). 13C NMR (101 MHz):
d = 137.8, 137.6, 128.7, 128.6, 128.5, 128.3, 128.2, 128.0, 127.9,


103.3 (C-1′), 84.2 (C-3′), 78.2 (C-4′), 75.7 (C-5′), 75.3 (BnCH2),
75.0 (BnCH2), 74.0 (C-32), 73.5 (C-33), 71.8 (C-34), 71.6 (C-35),
60.6 (m, C-6′), 56.4 (C-2′), 56.1 (C-5), 54.5 (C-17), 50.5 (C-9), 49.2
(C-13), 46.2 (C-21), 44.4 (C-18), 42.1 (C-3), 41.8 (C-14), 41.7 (C-
8), 41.6 (C-19), 40.3 (C-1), 37.4 (C-10), 36.9 (C-22), 33.7 (C-15),
33.4 (C-24), 33.3 and 33.2 (C-4 and C-7), 31.7 (C-30), 29.0 (C-20),
27.8 (C-31), 24.0 (C-12), 22.9 (C-16), 21.6 (C-23), 20.9 (C-11), 20.1
(C-29), 18.7 (C-2 and C-6), 16.6 and 16.5 (C-26 and C-27), 15.9
(C-25 and C-28). HRMS (FAB): m/z 912.6284 [M + Na+], calcd
for C55H83O8D2NNa: 912.6298.


Bisdeuterated 35-O-b-D-glucosaminylbacteriohopanetetrol 4


A solution of 13 (14.8 mg, 17 lmol) in THF–AcOH–H2O (4 mL,
16 : 8 : 3, v/v/v) was vigorously stirred overnight under an
atmosphere of hydrogen in presence of Pd black (20 mg) at
room temperature. The catalyst was filtered off by passing the
reaction mixture through a short plug of Celite R©, and the solvents
were evaporated under reduced pressure yielding the deprotected
bisdeuterated analogue 4 as a pale solid (11.0 mg, 93%, Rf 0.53,
EtOAc–i-PrOH–H2O, 4.5 : 3 : 2). [a]22


D +5 (c 0.52, pyridine). 1H
NMR (400 MHz, pyridine-D5): d = 4.92 (1H, d, J1′ ,2′ = 8.0 Hz,
1′-H), 4.68 (1H, m, 34-H), 4.67 (1H, m, 35-Hb), 4.58 (1H, m, 35-
Ha), 4.42 (1H, m, 32-H), 4.30 (1H, m, 33-H), 4.21 (1H, dd, J3′ ,4′ =
9.1 Hz, J4′ ,5′ = 9.6 Hz, 4′-H), 4.03 (1H, dd, J2′ ,3′ = 9.4 Hz, J3′ ,4′ =
9.1 Hz, 3′-H), 3.88 (1H, d, J4′ ,5′ = 9.6 Hz, 5′-H), 3.32 (1H, m, 2′-H),
1.06 (3H, d, J22,29 = 5.7 Hz, 22-Me), 0.95 and 0.94 (6H, 2 s, 8b- and
14a-Me), 0.86 (3H, s, 4a-Me), 0.80 (6H, 2 s, 10b-Me and 4b-Me),
0.69 (3H, s, 18a-Me), 1.08–2.20 (29H, m, hopane), 0.70–0.91 (3H,
m, hopane). 13C NMR (101 MHz): d = 105.2 (C-1′), 78.3 (C-5′,
b-shift), 77.7 (C-3′), 75.4 (C-33), 73.5 (C-32), 73.3 (C-34), 73.1 (C-
35), 71.4 (C-4′, c-shift), 58.4 (C-2′), 56.1 (C-5), 54.4 (C-17), 50.3
(C-9), 49.3 (C-13), 46.5 (C-21), 44.2 (C-18), 41.9 (C-3), 41.6 (C-
14), 41.5 (C-8 and C-19), 40.1 (C-1), 37.2 (C-10), 37.0 (C-22), 33.6
(C-15), 33.2 (C-24), 33.0 (C-4 and C-7), 32.1 (C-30), 29.8 (C-20),
27.7 (C-31), 23.9 (C-12), 22.6 (C-16), 21.5 (C-23), 21.1 (C-11), 20.2
(C-29), 18.7 (C-2 and C-6), 16.54 and 16.45 (C-26 and C-27), 15.8
(C-25 and C-28). HRMS (FAB): m/z 732.5379 [M + Na+], calcd
for C41H71D2O8NNa: 732.5359.
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Thesis, 1997, Université Louis Pasteur, Strasbourg, France.
23 T. Duvold and M. Rohmer, Tetrahedron, 1999, 55, 9847–9858.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2394–2399 | 2399








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


Synthesis and mycobacterial growth inhibition activities of bivalent and
monovalent arabinofuranoside containing alkyl glycosides


Kottari Naresh,a Binod Kumar Bharati,b Narayanaswamy Jayaraman*a and Dipankar Chatterjib


Received 29th February 2008, Accepted 20th March 2008
First published as an Advance Article on the web 2nd May 2008
DOI: 10.1039/b803409e


Arabinofuranosides constitute one of the important components of cell wall structures of
mycobacteria. With this importance of arabinofuranosides in mind, alkyl glycosides bearing
arabinofuranoside trisaccharides were prepared, wherein the sugars were presented either in the
monovalent or bivalent forms. Following the synthesis, the monovalent and bivalent alkyl glycosides
were tested for their activities in a mycobacterial growth assay. The growth of the mycobacterial strain
M. smegmatis was assessed in the presence of the alkyl glycosides and it was realized that the alkyl
glycosides acted as inhibitors of the mycobacterial growth. The inhibition of the growth, caused by the
above alkyl glycosides, was not observed for the arabinofuranose trisaccharide alone, without the alkyl
groups, and for an alkyl glycoside bearing maltose as the sugar component.


Introduction


Alkyl glycosides comprising arabinofuranosyl residues have im-
mense significance as they are major components of mycobacterial
cell walls. Seminal works of Brennan, Chatterjee and coworkers
have established that arabinofuranose residues are present promi-
nently in the arabinogalactan and lipoarabinomannan compo-
nents of the mycobacterial cell wall structures.1 For example, it
was shown that the lipoarabinomannans from Mycobacterium
smegmatis are comprised of 40–70 arabinofuranosyl residues, in
addition to 11 mannopyranosyl residues, phosphatidyl inositols
and lipidic chains. The non-reducing end of the arabinofuranosyl
oligomer portion requires the presence of a few mannopyranosyl
oligosaccharides that act as caps and the caps are important
in order to activate virulence to the mycobacteria. There are
no structural homologues of arabinofuranoside containing alkyl
glycosides in mammalian systems and, in this context, the
mycobacterial originated alkyl glycosides are inherently foreign to
the mammalian immune systems.2 The importance associated with
the arabinan structures in mycobacterial cell walls led to the inves-
tigations, aimed at, for example, (i) to delineate the functions of
arabinofuranosyl transferase enzymes that are responsible for the
construction of arabinans;3 (ii) to construct structural analogues
that act as arabinofuranosyl transferase inhibitors that could be
useful to prevent the growth of the mycobacterium4 and (iii) to
evolve highly immunogenic lipoarabinomannan oligosaccharides
protein conjugates as potential TB vaccines.5 Studies previously
had shown that individual mannose, arabinose and lipid residues
are essential as components in order to engage a preferential
binding to, for example, pulmonary surfactant proteins present
in the alveolar macrophages.6 The requirement of the lipid
component in the alkyl glycosides denotes the essential role
of forming alkyl glycoside–protein aggregates necessary for the
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biological functions.7 In this respect, the presence of multivalent
effects, seen commonly in carbohydrate–protein interactions,8 are
apparent in arabinomannan bearing alkyl glycoside–protein inter-
actions. Multivalent effects provide significantly enhanced binding
affinities, often through cross-linking processes.9 Studies of the
multivalent effects in alkyl glycosides containing arabinofuranosyl
residues were thus considered appropriate. Accordingly, the syn-
thesis of bivalent and monovalent arabinofuranosyl trisaccharides
containing alkyl glycosides was accomplished. In an earlier study,
the ability of the synthetic alkyl glycosides was assessed in
a mycobacterial growth assay. This report provides details of
the synthesis of arabinofuranosyl trisaccharide containing alkyl
glycosides and the influence of these ligands on the growth profile
of the M. smegmatis.


Results and discussion


Syntheses of monovalent and bivalent alkyl glycosides incor-
porated with the arabinofuranose trisaccharide were targeted.
Incorporation of linkers between the branch points and the sugar
moieties was desired in the case of the bivalent ligand. It was
shown previously that through bond distances of 15 Å between the
sugars were required for their effective lectin binding, from studies
of the binding a-D-mannopyranoside containing bivalent ligands
binding to lectin concanavalin A.10 Further, in order to achieve
the hydrophobic–hydrophilic balance in the alkyl glycosides,
the presence of double alkyl chains were deemed necessary.
Arabinofuranosyl trisaccharide containing glycosides 1 and 2
(Fig. 1), were thus planned. In addition to the alkyl glycosides
1 and 2, a maltose based alkyl glycoside was also considered to be
useful for a comparison purpose in the biochemical studies.


Synthesis


The target alkyl glycoside structures have three distinct structural
components, namely, (i) the sugar component; (ii) the ethylene
glycol functionalized glycerol moiety and (iii) the long alkyl
lyophilic component.
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Fig. 1 Molecular structures of monovalent (1) and bivalent alkyl
glycosides (2).


Diethylene glycol and long alkyl group functionalized glycerol.
The synthesis of this derivative was planned through O-alkylations
of long alkyl group functionalized glycerol with an appropriately
derivatized diethylene glycol. The long alkyl group functionalized
glycerol was planned, in turn, through bis-O-alkylation of diol
311 with the long alkyl group moiety. Diol 3 was subjected
to O-alkylation with 1-bromohexadecane, followed by de-O-
benzylation (H2 and Pd–C (10%)), to afford O-alkylated derivative
4 (Scheme 1). Derivative 4 was subjected to bis-O-alkylation
with a protected diethylene glycol tosylate12 and a further de-
O-benzylation afforded the diethylene glycol and long chain alkyl
group functionalized diol 5 (Scheme 2).


Scheme 1 Reagents and conditions: (i) C16H33Br, NaH, THF, 36 h, reflux;
(ii) H2, Pd–C, EtOAc–MeOH (1 : 1), rt, 24 h.


Scheme 2 Reagents and conditions: (i) NaH, THF, reflux, 36 h; (ii). H2,
Pd–C, EtOAc–MeOH (1 : 1), rt, 18 h.


Synthesis of arabinofuranoside trisaccharide. The required
glycosyl acceptor benzyl-6-O-acetyl-a-D-arabinofuranoside 6 was
prepared by the reaction of benzyl-a-D-arabinofuranoside13 with
Ac2O in the presence of Bu2SnO. The arabinofuranoside 6 served
as the acceptor for a glycosylation with 2,3,5-tri-O-benzoyl-a-D-
arabinofuranosyl trichloroacetimidate (7)13 and the glycosylation
was conducted in the presence of TMSOTf, to afford the protected
trisaccharide (Scheme 3). De-O-benzylation at the reducing end
of the trisaccharide afforded the lactol 8, which was converted
subsequently to an activated trichloroacetimidate glycosyl donor
9. The complete deprotection of the protecting groups in 8 afforded
free hydroxyl group containing trisaccharide 10.


The preparation of monovalent (1) and bivalent (2) alkyl
arabinofuranosides was performed with the acceptor 5 and con-
trolled molar equivalents of the trisaccharide donor 9. Thus, the


Scheme 3 Reagents and conditions: (i). TMSOTf, rt, 2 h, CH2Cl2, MS
(4 Å); (ii). H2, Pd–C, EtOAc–MeOH (1 : 1), rt, 24 h; (iii). CCl3CN, DBU,
CH2Cl2, −10 ◦C, 20 min; (iv). NaOMe–MeOH : THF, rt, 24 h.


reaction of one and two molar equivalents of trichloroacetimidate
9 with the acceptor diol 5, in the presence of TMSOTf, followed
by the deprotection led to the formation of monovalent alkyl
arabinofuranoside 1 and bivalent alkyl arabinofuranoside 2,
respectively, in good yields (Scheme 4).


Scheme 4 Reagents and conditions: (i) TMSOTf, CH2Cl2, MS (4 Å),
−10 ◦C, 2 h; (ii). NaOMe–MeOH : THF, rt, 24 h.


Synthesis of the monovalent alkyl glycoside bearing the dis-
accharide maltose 12 was also accomplished. Accordingly, the
glycosylation of diol 5 with the acetobromo maltose 11,14 using
Ag2CO3 as the activator, followed by a deprotection, afforded the
monovalent alkyl disaccharide 12 (Scheme 5).


Scheme 5 Reagents and conditions: (i). Ag2CO3, AgClO4, CH2Cl2, rt, 36 h,
78%; (ii). NaoMe–MeOH, rt, 18 h.


The identities and structural homogeneities of the alkyl glyco-
sides 1, 2, 10 and 12 were established by NMR spectroscopy and
mass spectrometry. In the ES-MS spectrum of 1, the molecular
ion peak was identified as the base peak. For 2, mass spectral
peaks corresponding to the consecutive loss of arabinofuranosyl
oxonium ions were observed, in addition to the presence of
the molecular ion peak. The molecular structures were further
confirmed by 1H and 13C NMR spectroscopy.
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The critical micellar concentrations (CMCs) at which the
alkyl arabinofuranosides 1 and 2 undergo transformation into
micelles were assessed, using a fluorescence probe 8-anilino-1-
naphthalene sulfonic acid (ANSA).15 The measured CMC of each
alkyl glycoside was 1: 3.7 lM and 2: 5.2 lM. The increase in the
hydrophilic component in 2 was found to increase the CMC value,
in comparison to 1.


Effect of monovalent (1) and bivalent (2) alkyl arabinofuranosides
on the growth profile of M. smegmatis. The newly synthesized
alkyl arabinofuranosides 1 and 2 were studied in a mycobacterial
growth assay, in order to identify their effects on the mycobacterial
growth pattern. In addition to 1 and 2, the arabinofuranose trisac-
charide 10 and the alkyl glycoside bearing the maltosyl sugar unit
12 were also taken up for the studies. The growth of the wild type
M. smegmatis, which is a rapidly growing mycobacterium, was
examined in Middlebrook broth. The synthetic alkyl glycosides
1, 2 and 12 and the arabinofuranose trisaccharide 10 were
incorporated into the growth medium as a solution in aq. methanol
(50%). It was observed that alkyl arabinofuranosides 1 and 2
reduced the growth rate of the mycobacterium significantly. Fig. 2
shows the growth profiles for solutions having differing amounts
of the alkyl glycosides 1 and 2. Arabinofuranose trisaccharide
10 and the alkyl glycoside 12 did not reduce the growth rate of
mycobacterium and the growth was comparable to that of the
wild type. A maximum retardation of 62% was observed for the
monovalent alkyl glycoside 1 in the solution containing 200 lg
mL−1 of the ligand 1 and this maximum retardation of growth
required ∼ 60 h. On the other hand, it was observed that the
bivalent sugar ligand 2 exhibited a maximum inhibition of 35% in
the solution containing 100 lg mL−1 of the ligand and the time
required for this maximum inhibition was ∼ 30 h. In comparison
to the inactivity of the arabinofuranosyl trisaccharide 10 and the
alkyl glycoside 12 in the mycobacterial growth pattern, the above
results showed that 1 and 2 inhibited the growth. Interestingly,
the maximum inhibition did not persist throughout the duration
of the analysis. Specifically, it was observed that the bivalent
ligand 2 showed a reduction in inhibition after ∼ 40 h and
the mycobacterium continued to grow further after the initial
retardation in the exponential phase. The recovery of growth after
a retardation in the presence of the alkyl glycoside is unlikely
to result from a substrate-like activity of the alkyl glycoside
beyond a period in the exponential phase of the growth. The fact
that the arabinofuranose trisaccharide 10, constituting the sugar
component of the ligands 1 and 2, did not lead an effect in the
growth rate augment the above inference on the activity profile
of the ligands 1 and 2. A possible reason for the retardation in
the mycobacterial growth in the presence of the ligands 1 and
2 could be due to a slow diffusion of the nutrients mediated by
porins penetrating the cell wall. An important controlling factor
influencing the growth is the thick hydrophobic cell wall. Diffusion
of nutrients through the cell wall is promoted by porins, which are
channels formed from stable oligomeric protein, localized in the
cell wall.16 Studies previously have shown that the mycobacterial
porins are the major determinants of permeability to hydrophilic
molecules and nutrients.17 The incorporation of ligands 1 and 2
in the cell wall, in some form, might thus affect the diffusion
of the nutrients through the cell wall. The ligands 1 and 2 may
incorporate at different rates, which could depend on the extent of


Fig. 2 Effect of (a) monovalent alkyl glycoside 1 and (b) bivalent alkyl
glycoside 2 on the growth profile of M. smegmatis. Inset in each figure
shows the percentage inhibition of the growth of M. smegmatis in the
presence of alkyl glycosides 1 and 2 relative to the profile for the growth in
methanol alone.


the hydrophilicities and hydrophobicities. The more hydrophilic 2
might thus incorporate into the cell wall in a process analogous
to faster association and dissociation, thereby leading to the
inhibition at an early period of the growth. On the other hand, the
relatively more hydrophobic 1 requires higher concentrations and
also inhibition of growth occurs at the later period of the growth.
Alternatively, the inhibition of growth by ligands 1 and 2 could
be due to some other factors. Clearly, it is difficult to ascertain
the origin of the inhibitory effect by these ligands at present.
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The fact that the arabinofuranose trisaccharide 10 alone and the
alkyl glycoside 12 did not have an effect on the growth imply that
both the nature of the sugar ligand and the long alkyl groups are
essential for the functional nature of the alkyl arabinofuranosides
1 and 2.


Conclusion


Arabinofuranosyl trisaccharides containing alkyl glycosides, rel-
evant to the class of mycobacterial cell wall components, were
designed. A monovalent alkyl glycoside (1), with one trisaccharide
moiety, and a bivalent alkyl glycoside (2), bearing two trisaccha-
ride moieties, were synthesized and their CMCs assessed. The
alkyl glycosides were tested in a mycobacterial growth assay
and it was found that the alkyl glycosides were able to inhibit
the mycobacterial growth to varying degrees. The observations
of this report open up a possibility that arabinofuranoside
containing alkyl glycosides may form a new class of inhibitors
of mycobacterial growth.


Experimental section


General information


Solvents were dried and distilled according to literature proce-
dures. All chemicals were purchased from commercial sources and
were used without further purification. Silica gel (100–200 mesh)
was used for column chromatography and TLC analysis was
performed on commercial plates coated with silica gel 60 F254.
Visualization of the spots on TLC plates was achieved by
UV radiation or spraying 5% sulfuric acid in ethanol. High-
resolution mass spectra were obtained from Q-TOF instrument
by electrospray ionization (ESI). 1H and 13C NMR spectral
analyses were performed on a spectrometer operating at 300 MHz,
400 MHz, and 75 MHz, 100 MHz, respectively in CDCl3 solutions
unless otherwise stated. Chemical shifts are reported with respect
to tetramethylsilane (TMS) for 1H NMR and the central line
(77.0 ppm) of CDCl3 for 13C NMR. Coupling constants (J) are
reported in Hz. Standard abbreviations s, d, t, dd, br s, m refer
to singlet, doublet, triplet, doublet of doublet, broad singlet,
multiplet.


5-O-Hexadecyl-2-hydroxymethyl-3,7-dioxatricosane-1,5-diol (4)


Diol 311 (1.32 g, 3.82 mmol) in THF (5 mL) was added to a
suspension of NaH (0.3 g, 7.5 mmol, 60% in mineral oil) in THF
(25 mL). After stirring for 30 min. at 60 ◦C, 1-bromohexadecane
(3 mL, 10 mmol) in THF (5 mL) was added slowly, stirred at
the same temperature for 36 h, cooled, filtered and filtrate was
concentrated in vacuo. The crude residue was dissolved in CH2Cl2


(20 mL) and washed with water (3×20 mL). The organic phase was
dried (Na2SO4), filtered and the filtrate was concentrated in vacuo.
A solution of the crude reaction mixture in EtOAc–MeOH (1 : 1)
(15 mL) was treated with Pd–C (10%) (0.25 g) and stirred under
H2 (1 bar) for 18 h. Filtration of the reaction mixture, followed
by purification (pet. ether–EtOAc 1 : 4) afforded 4, as a white
powder. Yield: 1.29 g (54%); Rf (pet. ether–EtOAc 1 : 4) 0.4; mp
48–50 ◦C; 1H NMR (300 MHz, CDCl3) d 0.82 (t, J = 6.6 Hz, 6 H),
1.17–1.22 (br s, 52 H), 1.51–1.56 (m, 4 H), 3.36–3.74 (m, 16 H); 13C
NMR (75 MHz, CDCl3) d 14.0, 20.9, 22.6, 25.1, 26.0, 29.3, 29.5,


31.8, 60.3, 62.1, 62.3, 69.8, 70.1, 71.8, 77.9, 81.4; ES-MS Calcd.
for C38H78O5Na [M + Na]: 637.5747, found 637.5745.


10-O-Hexadecyl-8-(7′-hydroxy-2′,5′-dioxaheptyl)-3,6,9,13-
tetraoxanonacosane-1,10-diol (5)


Derivative 4 (1.29 g, 2.1 mmol) in THF (5 mL) was added to
a suspension of NaH (0.11 g, 60% in mineral oil, 2.75 mmol)
in THF (20 mL). After refluxing for 30 min, 1-O-benzyl-5-O-
tosyl-3-oxa-pentane-1,5-diol12 (1.7 g, 5 mmol) in THF (5 mL)
was added slowly, stirred at reflux for 36 h, cooled, filtered and
filtrate was concentrated in vacuo. The crude residue was dissolved
in CH2Cl2 (50 mL), washed with water (3×30 mL). The organic
phase was dried, filtered and the filtrate was concentrated in vacuo.
A solution of the crude residue in EtOAc–MeOH (1 : 1) (30 mL)
was treated with Pd–C (10%) (0.15 g), stirred under H2 (1 bar) for
18 h. Filtration of the reaction mixture, followed by purification
(EtOAc–MeOH, 19 : 1), afforded 5, as a white solid. Yield: 1.02 g
(62%); Rf (EtOAc) 0.3; mp 36–38 ◦C; 1H NMR (CDCl3, 300 MHz)
d 0.88 (t, J = 6.6 Hz, 6 H), 1.91–1.22 (br s, 52 H), 1.51–1.56 (m,
4 H), 3.38–3.71 (m, 32 H); 13C NMR (CDCl3, 75 MHz) d 13.8,
21.2, 22.9, 25.5, 26.0, 29.4, 29.6, 31.6, 60.9, 61.1, 66.2, 68.2, 69.0,
69.9, 70.4, 71.2, 71.6, 72.3, 76.6, 77.6, 78.0; ES-MS Calcd. for
C46H94O9Na [M + Na]: 813.6796, found 813.6835; Anal. Calcd.
for C46H94O9: C 69.83, H 11.97; found: C 69.52, H 11.79.


Benzyl 5-O-acetyl-a-D-arabinofuranoside (6)


To a solution of benzyl-a-D-arabinofuranoside13 (0.12 g, 0.5 mmol)
in PhMe–C6H6 (9 : 1) (20 mL), Bu2SnO (0.16 g, 0.64 mmol) was
added. The solution was refluxed for 18 h, after which half the
amount of the solvents was removed. Ac2O (0.06 mL, 0.64 mmol)
was then added to the reaction mixture at room temperature and
the solution was stirred for 2 h, concentrated in vacuo and purified
(pet. ether–EtOAc 2 : 3) to afford 6, as a gum. Yield: 0.09 g (71%);
Rf (pet. ether–EtOAc 1 : 3) 0.33; [a]D = −33 (c 1, CHCl3); 1H NMR
(CDCl3, 300 MHz) d 2.0 (s, 3 H), 3.7 (br s, 2 H), 4.0–4.23 (m, 5 H),
4.42 (d, J = 11.7 Hz, 1 H), 4.67 (d, J = 11.7 Hz, 1 H), 4.95 (br s,
1 H), 7.0–7.4 (m, 5 H); 13C NMR (CDCl3, 75 MHz) d 20.8, 64.1,
69.2, 77.8, 80.8, 82.3, 106.6, 128.0, 128.4, 136.9, 171.3; ES-MS
Calcd. for C14H18O6Na [M + Na]: 305.1002, found 305.1001.


5-O-Acetyl-[2,3,5-tri-O-benzoyl-a-D-(1→2)-arabinofuranosyl]-
[2,3,5-tri-O-benzoyl-a-D-(1→3)-arabinofuranosyl]-D-
arabinofuranose (8)


A solution of 6 (0.24 g, 0.85 mmol), 713 (1.24 g, 2.04 mmol) and MS
4 Å, (0.3 g) in CH2Cl2 (30 mL) was stirred for 15 min. TMSOTf
(0.032 mL in 2 mL CH2Cl2, 0.17 mmol) was then added dropwise
at −10 ◦C under N2 atmosphere, the reaction mixture was stirred
for 2 h at room temperature, neutralized with Et3N, filtered and
filtrate concentrated in vacuo and purified (pet. ether–EtOAc 2 :
1) to afford the protected derivative of 8, as a foamy solid. Yield:
0.52 g (54%); Rf (pet. ether–EtOAc 6.5 : 3.5) 0.5; [a]D = +17.4 (c
1, CHCl3); 1H NMR (CDCl3, 300 MHz) d 2.01 (s, 3 H), 4.36 (s,
2 H), 4.46–4.57 (m, 2 H), 4.64–4.82 (m, 8 H), 5.24 (s, 1 H), 5.51
(s, 1 H), 5.55 (br s, 1 H), 5.6–5.64 (m, 5 H), 7.1–8.0 (m, 35 H);
13C NMR (CDCl3, 75 MHz) d 20.5, 60.3, 62.1, 63.5, 69.2, 78.8,
81.3, 81.6, 82.1, 82.4, 86.9, 105.5, 105.8, 127.6–129.7, 132.0, 133.3,
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137.2, 165.3–166.1, 170.6; ES-MS Calcd. for C66H58O20Na [M +
Na]: 1193.3, found 1193.4.


A solution of above foamy solid (0.54 g, 0.45 mmol) in EtOAc–
MeOH (1 : 1) (50 mL) was treated with Pd–C (10%) (0.05 g),
stirred under H2 (1 bar) for 18 h. Filtration of the reaction mixture,
followed by purification (pet. ether–EtOAc 2 : 1) afforded 8, as a
white glassy solid. Yield: 0.49 g (94%); Rf (pet. ether–EtOAc 1 : 1):
0.50; [a]D = +8.6 (c 1, CHCl3); 1H NMR (CDCl3, 400 MHz) d 2.03
(s, 3 H), 3.1 (br s, 1 H), 4.1–4.3 (m, 1 H), 4.37–4.53 (m, 4 H), 4.62–
4.79 (m, 6 H), 5.44–5.53 (m, 4 H), 5.60–5.66 (m, 3 H), 7.26–8.06
(m, 30 H); 13C NMR (CDCl3, 100 MHz) d 20.6, 60.3, 63.5, 63.7,
64.9, 77.5, 78.2, 79.3, 80.4, 80.8, 81.4, 81.6, 81.9, 82.1, 85.6, 96.5,
101.6, 105.3, 105.7, 128.3–129.9, 133.0, 133.4, 133.6, 165.3–166.1,
170.6; ES-MS Calcd. for C59H52O20Na [M + Na]: 1103.3, found
1103.3.


[a-D-(1→2)-Arabinofuranosyl]-[a-D-(1→3)-arabinofuranosyl]-D-
arabinofuranose (10)


To a solution of 8 (0.10 g, 0.091 mmol) in THF–MeOH (1 :
1) (5 mL), NaOMe in MeOH (0.01 mL) was added and stirred
at room temperature for 18 h, neutralized with Amberlite ion-
exchange (H+) resin, filtered and concentrated in vacuo to afford
10, as a foamy solid. Yield: 0.04 g (95%); 1H NMR (D2O, 300 MHz)
d 3.1–4.04 (m, 15 H), 4.7–5.1 (m, 3 H); 13C NMR (D2O, 75 MHz)
d 62.1, 62.3, 63.4, 66.1, 67.4, 68.4, 69.5, 69.7, 70.5, 72.1, 72.8,
73.4, 77.3, 81.0, 82.1, 84.9, 93.6, 97.7, 110.2; ES-MS Calcd. for
C15H26O13Na [M + Na]: 437.1, found 437.1.


[11-O-Hexadecyl-8-(7′-hydroxy-2′,5′-dioxaheptyl)-3,6,9,13-
tetraoxanonacosyl]-[a-D-(1→2)-arabinofuranosyl]-[a-D-(1→3)-
arabinofuranosyl]-a-D-arabinofuranoside (1)


To a stirred solution of trisaccharide 8 (0.05 g, 0.05 mmol) and
CCl3CN (0.17 mL, 0.17 mmol) in CH2Cl2 (10 mL), DBU (7.6 lL,
5 lmol) (0.075 mL from a stock solution of 0.1 mmol in CH2Cl2)
as added at −10 ◦C and stirred for 20 min. The crude reaction
mixture was separated using pet. ether–EtOAc (7 : 3) to afford
the trichloroacetimidate 9, as a foamy solid. Yield: 0.06 g (92%).
A solution of 9 (0.06 g, 0.047 mmol), 5 (0.03 g, 0.04 mmol)
and MS 4 Å (0.1 g) in CH2Cl2 (10 mL) was stirred for 15 min.
TMSOTf (5.7 lL, 5 lmol) (0.057 mL from a stock solution of
0.1 mmol in CH2Cl2) was added dropwise at −10 ◦C, under N2


atmosphere. The reaction mixture was stirred at room temperature
for 2 h, neutralized with Et3N, filtered and filtrate concentrated
in vacuo and purified (pet. ether–EtOAc 1 : 1) to afford the
protected derivative of 1. Yield: 0.05 g (88%); Rf (pet. ether–EtOAc
1 : 1) 0.3; [a]D = +14.2 (c 1, CHCl3); 1H NMR (CDCl3, 400 MHz)
d 0.82 (t, J = 6.6 Hz, 6 H), 1.17–1.21 (br s, 52 H), 1.51–1.56
(m, 4 H), 2.02 (s, 3 H), 3.24–3.8 (m, 31 H), 4.3–4.8 (m, 10 H),
5.21 (s, 1 H), 5.50–5.82 (m, 7 H), 7.2–8.3 (m, 30 H); 13C NMR
(CDCl3, 100 MHz) d 14.0, 20.1, 22.5, 26.0, 28.9, 29.1, 29.6, 30.0,
31.8, 61.6, 63.0, 63.5, 69.3, 70.2, 70.4, 70.8, 71.6, 74.6, 77.4, 78.3,
78.8, 80.9, 81.2, 81.4, 82.5, 86.9, 105.6, 105.9, 106.2, 127.2–129.8,
133.0, 133.6, 165.4–165.8, 170.7; MALDI-TOF-MS Calcd. for
C105H144O28Na [M + Na]: 1876.0, found 1875.9.


To a solution of the protected derivative of 1 (0.04 g, 0.02 mmol)
in THF–MeOH (1 : 1) (10 mL), NaOMe in MeOH (0.010 mL)
was added at room temperature and stirred for 24 h, neutralized


with Amberlite ion-exchange (H+) resin, filtered and filtrate
concentrated to afford 1, as a foamy solid. Yield: 0.02 g, (95%);
[a]D = +47.3 (c 1, MeOH); 1H NMR (D2O, 300 MHz) d 0.86 (t,
J = 6.4 Hz, 6 H), 1.2–1.39 (m, 52 H), 1.51–1.56 (m, 4 H), 3.3–4.2
(m, 45 H), 5.04–5.2 (m, 3 H); 13C NMR (CD3OD, 75 MHz) d 14.4,
23.7, 27.2, 30.4, 30.7, 33.1, 62.2, 62.6, 62.8, 63.0, 71.4, 71.9, 72.0,
73.7, 78.6, 79.5, 79.8, 82.0, 83.6, 85.6, 85.8, 87.8, 107.9, 108.7,
109.3; ES-MS Calcd. for C61H118O21Na [M + Na]: 1209.8, found
1209.9.


[11-O-Hexadecyl-8-({7′-[a-D-(1→2)-arabinofuranosyl]-[a-D-
(1→3)-arabinofuranosyl]-a-D-arabinofuranosyl}-2′,5′-
dioxaheptyl)-3,6,9,13-tetraoxanonacosyl]-[a-D-(1→2)-
arabinofuranosyl]-[a-D-(1→3)-arabinofuranosyl]-a-D-
arabinofuranoside (2)


A solution of 9 (0.06 g, 0.04 mmol), 5 (0.016 g, 0.02 mmol) and
MS 4 Å, (0.1 g) in CH2Cl2 was stirred for 15 min. TMSOTf
(5.7 lL, 5 lmol) (0.057 mL from a stock solution of 0.1 mmol
in CH2Cl2) was added drop-wise at −10 ◦C, under N2 atmosphere.
The reaction mixture was stirred at room temperature for 2 h,
neutralized with Et3N, filtered and filtrate concentrated in vacuo
and purified (pet. ether–EtOAc, 2 : 1) to afford the protected
derivative of 2. Yield: 0.07 g (74%); Rf (pet. ether–EtOAc 1 : 1):
0.7; [a]D = +8.7 (c 1, CHCl3); 1H NMR (CDCl3, 300 MHz) d 0.82
(t, J = 6.6 Hz, 6 H), 1.17–1.22 (br s, 52 H), 1.51–1.55 (m, 4 H), 2.02
(s, 6 H), 3.2–3.8 (m, 30 H), 4.3–4.8 (m, 20 H), 5.17 (s, 2 H), 5.52–
5.82 (m, 14 H), 7.2–8.3 (m, 60 H); 13C NMR (CDCl3, 75 MHz), d
14.0, 20.2, 22.5, 25.6, 25.9, 29.2, 29.5, 29.9, 31.7, 61.5, 63.5, 69.1,
69.3, 70.1, 70.5, 70.7, 70.9, 71.5, 72.5, 77.8, 80.9, 81.3, 82.2, 86.9,
105.3, 105.6, 106.2, 128.2–129.8, 132.4, 132.6, 132.9, 133.4, 165.1–
166.1, 170.6; MALDI-TOF-MS Calcd. for C164H194O47Na2 [M +
2Na]: 2961.3, found 2961.7.


To a solution of the protected derivative of 2 (0.03 g, 0.01 mmol)
in THF–MeOH (1 : 1) (10 mL), NaOMe in MeOH (0.01 mL)
was added at room temperature and stirred for 18 h, neutralized
with Amberlite ion-exchange (H+) resin, filtered and concentrated
in vacuo to afford 2, as a foamy solid. Yield: 0.015 g (94%); [a]D =
+45.4 (c 1, MeOH); 1H NMR (D2O, 300 MHz) d 0.86 (t, J =
6.4 Hz, 6 H), 1.2–1.49 (m, 52 H), 1.51–1.56 (m, 4 H), 3.3–4.2 (m,
60 H), 5.05–5.19 (m, 6 H); 13C NMR (CD3OD, 75 MHz), d 14.4,
23.7, 27.2, 30.5, 30.8, 31.1, 33.0, 62.2, 62.7, 63.9, 71.4, 71.9, 72.1,
72.5, 73.4, 73.7, 78.6, 79.5, 79.8, 82.0, 83.6, 85.4, 85.7, 87.8, 108.0,
108.7, 109.1. MALDI-TOF-MS Calcd. for C76H142O33Na [M +
Na]: 1605.9, found 1605.9, 1341.0 [M − 2 (C5H9O3) + Na + 2 H+],
1208 [M − 3 (C5H9O3) + Na + 2 H+].


[11-O-Hexadecyl-8-(7′-hydroxy-2′,5′-dioxaheptyl)-3,6,9,13-
tetraoxanonacosyl]-[a-D-(1→4)-glucopyranosyl]-b-D-
glucopyranoside (12)


Hepta-O-acetyl maltosyl bromide 1113 (0.1 g, 0.143 mmol) and 5
(0.12 g, 0.143 mmol) were dissolved in CH2Cl2 (20 mL), Ag2CO3


(0.04 g, 0.143 mmol) and AgClO4 (4 mg, 0.0143 mmol) were
added, stirred for 18 h at room temperature, filtered and the filtrate
concentrated in vacuo and purified (pet. ether–EtOAc, 1 : 3). The
resulting product (0.16 g) in THF–MeOH (1 : 1) (8 mL), NaOMe
in MeOH (0.01 mL) was added and stirred at room temperature for
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18 h, neutralized with Amberlite ion-exchange (H+) resin, filtered
and concentrated in vacuo to afford 12, as a foamy solid. Yield:
(0.13 g, 74%); [a]D = +9 (c 1, MeOH); 1H NMR (400 MHz,
CD3OD) d 0.90 (t, J = 6.9 Hz, 6 H), 1.29 (br s, 52 H), 1.53–1.58
(m, 4 H), 3.21–3.38 (m, 4 H), 3.39–3.64 (m, 35 H), 3.82–3.88 (m,
3 H), 4.19 (d, J = 7.6 Hz, 1 H), 5.15 (d, J = 4 Hz, 1 H). 13C NMR
(CD3OD, 100 MHz) d 14.4, 21.3, 23.7, 27.3, 30.5, 30.7, 33.0, 62.1,
62.7, 71.1, 71.5, 71.9, 72.5, 73.7, 74.1, 74.7, 75.0, 76.6, 77.8, 79.5,
79.8, 81.3, 102.9, 105.3. ES-MS Calcd. for C58H114O19Na [M +
Na]: 1137.8, found 1137.8.


Mycobacterial growth assay


Microbial growth is a global indicator for the metabolic regu-
lation occurring inside the cell. The growth of the bacteria was
quantified as a function of the increase in the cell density by
a spectrophotometric measurement. The wild type strain of M.
smegmatis used in this study was mc2155. M. smegmatis was
grown in Middlebrook 7H9 broth (Difco) supplemented with
0.05% Tween 80 and 2% glucose. After having a sufficient growth
in the primary culture tubes, the secondary culture tubes were
incubated and the synthetic alkyl glycosides 1, 2 and 12 and
the arabinofuranose trisaccharide 10 were incorporated into the
medium after a period of 8 h, as a solution in aq. methanol
(50%), in varying concentrations. M. smegmatis culture without
the inhibitors was used as a negative control. The growth rates
were determined in triplicate by measuring at OD600.
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Calix[4]arenes substituted at their wide rim by four aryl urea residues (1) form hydrogen-bonded dimers
in apolar solvents. Replacement of one urea residue by an acetamido moiety leads to calix[4]arene
derivatives (5) which form hydrogen-bonded tetramers under the same conditions. Both self-assembly
processes occur independently. Therefore, molecules have been prepared in which a tetra-urea
calix[4]arene and a tri-urea mono acetamide derivative are covalently connected between their narrow
rims by a long, mainly aliphatic chain [-O-(CH2)n-C(O)-NH-(CH2)m-O-] (7). In the presence of an
equimolar amount of tetra-tosyl urea calix[4]arene (2) they form dendritic assemblies since the well
known heterodimerization of tetra-tosyl and tetra-aryl urea calix[4]arenes prevents the formation of a
cross-linked structure. Covalent connection of adjacent urea residues leads to tetra-loop derivatives (3)
that cannot form homodimers, but instead form heterodimers with tetra-aryl or tetra-tosylureas.
Therefore, similar dendrimers should be available using the selective dimerization observed for 3. The
formation of a single, structurally uniform dendrimer from eight building blocks is confirmed by 1H
NMR spectra, showing only peaks that are also found for respective model assemblies. Translational
diffusion coefficients of the assemblies have been determined using 1H DOSY NMR.


Introduction


Self-organisation on the molecular level is the driving force
responsible for selective formation of essential assemblies in living
systems. This principle is not only frequently used to construct
rather intricate artificial arrangements but also to synthesize novel
compounds or materials. Indeed, dimeric capsules,1–3 tetramers,4


hexamers,5 rosettes,6 supramolecular polymers7 and dendrimers8


have been obtained via self-assembly.
Among others, calix[4]arenes substituted by urea functions at


their wide rim are often used as building blocks for such structures.
In apolar, aprotic solvents they form dimeric capsules that are
stabilized by a seam of hydrogen bonds between NH and C=O
groups of the urea functions9 (Fig. 1). A suitable guest (often
a solvent molecule) is commonly included, filling the internal
volume of the capsule.


The nature of residues connected to urea fragments strongly
influences the dimerization. When two different aryl or alkyl ureas
are mixed together, two possible homodimers and a heterodimer
are usually obtained in a more or less statistical ratio.10 However, a
stoichiometric mixture of tetra-aryl and tetra-sulfonyl ureas 1 and
2 (Fig. 2) exclusively yields the heterodimeric assembly 1·2.11,12
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Fig. 1 Dimeric capsule formed by tetra-arylurea derivatives 1; (a) side
view, (b) top view; alkyl substituents are omitted for clarity.


This heterodimerization of 1 and 2 has been employed to
construct various linear polymers from building blocks consisting
of tetra-urea derivatives covalently connected via their narrow
rims13 and to characterise multiple tetra-urea calix[4]arenes13,14


that could be used as cores for dendritic structures. In addition, it
constitutes the basis for the controlled synthesis of calix[4]arene-
based bis-, tris- and tetra-loop (3a) compounds via defined
metathesis using 2a as a template.15


Likewise, an exclusive heterodimerisation may be afforded by
steric factors. The tetra-loop tetra-ureas 3 cannot homodimerise
since this would require a sterically unfavourable overlapping of
the loops.15b,16 However, in the presence of stoichiometric amounts
of “open-chain” tetra-ureas 1 or 2 it readily forms heterodimers 1·3
or 2·3, thus facilitating the synthesis of topologically interesting
catenanes17 and rotaxanes.18,19 We will show subsequently how
these observations can be used to design and to realize well defined
hydrogen-bonded dendrimers, uniform in size and in structure.


In most cases self-assembled dendrimers consist of (several)
dendrons that are kept together by hydrogen bonding only
in the core.8d To the best of our knowledge until now only
two dendrimers were completely built up via self-organisation.
The first reported example20 was based on a system of two
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Fig. 2 General formulae and schematic representations of compounds 1–8.


complementary hydrogen-bonding motifs. However, the molecu-
lar assemblies still may be different in size and structure, since
the ratio of the building blocks determines only the average
size.21


In contrast, the first structurally uniform hydrogen-bonded
dendrimer was realized using three (self)-complementary units of
types 1, 2 and 4.8f The formation of such an assembly was based on
the homodimerisation of tri-urea triphenylmethanes 4 (as the core)
and the exclusive heterodimerization of tetra-tolyl and tetra-tosyl
ureas 1 and 2, which obey the self-sorting principle.16,22 Hence,
a well defined dendrimer8f was formed upon mixing of building
block 4–13 and capping unit 2 in a 1 : 3 ratio.


In this paper we describe a second example of such a dendrimer
which is also uniform in size and structure.


Results and discussion


General idea


Self-organisation leading to structurally uniform dendrimers (as
described above) is based on the following rules:


– the core must be formed by self-assembly of a single, self-
complementary unit;
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– the exclusive heterodimerization of pairs of different units is
needed to build up each subsequent shell;


– all units must obey the self-sorting principle.
The tri-urea triphenylmethane 4, which was used as a core


in the earlier example, forms homodimers independently from
the dimerization of tetra-urea calix[4]arenes and thus fulfils the
requirements for the central unit. This is due to the different
number of urea functions and the different shape of compounds 4
and 1–3.


Furthermore, mismatch of the corresponding hydrogen-
bonding patterns of two assemblies allows for such selectivities. In
apolar solvents, tri-urea monoacetamide 5a yields tetramers whose
stabilizing hydrogen-bonding network is entirely different from
that observed for tetra-urea dimers (Fig. 3).4 The four acetamide
groups are placed in the middle of the assembly, while each amide
oxygen is hydrogen-bonded to both an amide-NH and an urea-
NH of two neighbouring calixarenes (Fig. 3a). Two of three urea
carbonyl oxygens are connected with the urea protons of the
neighbouring calixarenes by three-centred hydrogen bonds, while
the remaining C=O and one NH are not involved in hydrogen
bonding.


Fig. 3 Schematic drawing of (a) the hydrogen-bonding pattern of tetramer
5a4, (b) a space-filling representation of tetramer 5a4 based on its single
crystal X-ray structure,4 (c) a schematic representation of the tetrameric
assembly 5a4.


When tri-urea acetamide 5 and the tetra-urea 1 are mixed in an
apolar solvent, both tetramerisation of 5 and homodimerization of
1 occur independently and simultaneously. This self-sorting prin-
ciple holds also when a second (different) tetra-urea calix[4]arene
is present in the mixture.23 Therefore, when 5 is added to a 1 : 1
mixture of 1 and 2 (or 3) only the tetramer 54 and the heterodimer
1·2 (or 1·3) exist, as clearly proved by the 1H NMR spectra shown
in Fig. 4.


Using the approach outlined above, we have designed dendritic
assemblies (Fig. 5) that are both uniform in size and structure
and adopt a more spherical shape in comparison to the earlier
example. Covalent connection of tri-urea monoacetamide 5b with
tetra-loop derivative 3c or tetra-tolyl urea 1b, respectively, forms
the central building blocks 6 and 7, while the tetra-ureas 2 are
used as capping units. When these building blocks are mixed in
a 1 : 1 ratio, dendritic assemblies as shown in Fig. 5 should be
formed. The four functional groups (protected amino functions)
at the narrow rim of 2b could be either used to attach specific
moieties (e.g. dyes to model light-harvesting systems) at the surface
of the assembly or for further growth of the dendrimer to the next
generation.


Fig. 4 Sections of the 1H NMR spectra (CDCl3, 400 MHz) of (a) the
heterodimer 1a·3a, (b) the tetrameric tritolyl urea monoacetamide 5a4,
(c) a 1 : 1 : 3 mixture of 1a, 3a and 5a (an arbitrary amount), which shows
only signals present in (a) and (b).


Fig. 5 Envisaged formation of dendritic structures via selective di- and
tetramerization of urea derivatives of calix[4]arenes.


Synthesis and self-assembly studies


Coupling of tritolyl urea monoacetamides 5b and 5d24 (bearing
one acid function) and respective tetra-urea derivatives 1b14 or
3c25 (possessing one amino group) using PyBOP in DMF leads to
the bis-calixarene building blocks 6 and 7 in 70–85% yield.


A representative 1H NMR spectrum (DMSO-d6) of building
block 6 confirming its structure is partly presented in Fig. 6.
One singlet of acetamide NH and the set of resonances for all
remaining NH protons are found in the expected region. At 75 ◦C
the characteristic NH signal of the amide bond connecting two
calixarenes via their aliphatic arms (-CH2NHC(O)CH2-) can be
observed separately at 7.78 ppm. In the aromatic part two doublets
for the ArH protons of the tolyl residues in 5b appear in a 1 : 2
ratio, while the other two are overlapping with one of the four
singlets of the calixarene skeleton of 5b. The remaining signals
correspond to aromatic protons of the tetra-loop derivative 3c.


Upon mixing of building block 6 with either tetra-tolyl urea
1a or tetra-tosyl urea 2a in a 1 : 1 ratio, formation of a dendritic
assembly with 16 Y residues on the surface is anticipated (Fig. 5).
However, no evidence for the correct assembly could be observed
in the 1H NMR spectrum of the mixture of 6 + 1a in CDCl3


or C2D2Cl4 (Fig. 7a). All signals corresponding to a tetrameric
structure were absent, while among the rest of the resonances,
those corresponding to the homodimer 1a·1a were detected. When
tetra-tosyl urea 2a was used instead of 1a as a capping unit
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Fig. 6 Part of the 1H NMR spectrum of 6 in DMSO-d6.


Fig. 7 Parts of the 1H NMR spectra (CDCl3, 400 MHz) of the
stoichiometric mixtures of (a) 6 + 1a, (b) 6 + 2a, (c) 6, (d) 3b + 5c.


the corresponding 1H spectrum became even more complicated
(Fig. 7b), but again no evidence for the tetramer was found.


Searching for an explanation we recorded the spectrum of
building block 6 without addition of the capping units 1a (or 2a).
Instead of the expected peaks of a tetramer we observed a different
set of slightly broadened signals that were also present in the
mixtures of 6 + 1a and 6 + 2a (Fig. 7a–c). This observation strongly
suggests that the tri-urea monoacetamides 5, which usually do
not heterodimerize with “open-chain” tetra-ureas 1, are able to
form dimers with tetra-loop derivatives 3. Indeed, when 3b and 5c
were mixed together formation of the respective heterodimer was
observed (Fig. 7d). This means that linear polymers are formed if
only building block 6 is present in solution; however, it does not
yet explain the absence of the desired assembly in the presence of
1a or 2a. Similar experiments with the building block 7a lead to
the same results.


Since in the model three-component mixtures of open-chain
ureas 1a or 2a, tetra-loop urea 3a and monoacetamide 5a only the
expected tetramer 5a4 and the heterodimers 1a·3a or 2a·3a were
observed (Fig. 4), the results obtained can be explained by two


reasons. Either the spacer between the two calixarenes is too short
and the dendrimer cannot be formed due to steric congestion, or
the amide bonds connecting the two calixarenes in 6 and 7a are
placed too close to the hydrogen-bonding system of the envisaged
tetramer and thus intervene with this assembly and prevent its
formation.


The 1H NMR spectrum of the model compound 5f26 in CDCl3,
showing only broad signals instead of the expected peaks of
the tetramer, confirmed the latter assumption. To overcome this
problem the building block 7b was prepared, in which the amide
bond is separated from the calixarene skeleton of tri-urea mono-
acetamide derivative by 10 carbon atoms.


The building block 7b was mixed in a 1 : 1 ratio either with tetra-
loop compound 3a or tetra-tosyl urea 2b to afford the respective
assemblies. In the first case, formation of the desired dendrimer
occurred, however, small additional signals were also present in the
spectrum.27 In contrast, in the mixture of 7b with tetra-tosyl urea
2b only the signals of the target assemblies (7b·2b)4 were observed
(Fig. 8). No identification for other assembly can be found by
NMR. Taking into account that one CHCl3 molecule may be
included in each dimeric capsule, the calculated molecular mass
of the structurally uniform dendritic assembly of 12 molecules
(7b·2b)4 is 20 206 g mol−1.


Fig. 8 Parts of the 1H NMR spectra (CDCl3, 400 MHz) of (a) the
heterodimer 1a·2a, (b) the tetramer formed by 5e, (c) the stoichiometric
mixture of 7b and 2b – the dendritic structure (7b·2b)4.
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1H DOSY experiments28 were performed for the tetramer
formed by 5c, for a bis-calixarene 8 (a model of the building block
7b) and for the dendrimer (7b·2b)4. The diffusion coefficients of
2.8 × 10−10, 2.0 × 10−10, 1.5 × 10−10 m2 s−1 corresponding to
hydrodynamic radii of 1.4, 2.0 and 2.6 nm respectively were found
(Fig. 9). Thus the Rh of the new assembly is 0.5 nm larger than
that of the previously published example8f (2.1 nm). Obviously
the tetrahedral core in dendrimer (7b·2b)4 leads to a less dense
packing.


Fig. 9 Schematic representations and hydrodynamic radii of (a) the
tetramer formed by 5c, (b) the model tetramer 84, (c) the dendrimer
(7b·2b)4, (d) the dendrimer8f having the dimeric triurea triphenylmethane
42 as a core.


Conclusions


The well established preparative chemistry of calix[4]arenes allows
the synthesis of specific derivatives which are not only able to self-
assemble, but also to take part in self-sorting processes. Using
these properties we constructed a dendrimer, which is uniform in
size and structure and has molecular weight of more than 20 000 g
mol−1. The formation of the desired assembly was proved by 1H
and 1H DOSY NMR spectroscopy. Moreover, it was shown that
the formation of the correct aggregate may be supported and the
undesired assemblies can be suppressed by only slight changes in
the chemical structure of the dendrons.


In addition it was found that the triurea monoacetamides of
type 5 (which usually tetramerize even in the presence of tetra-
ureas of type 1) form heterodimers with the tetra-loop tetra-ureas
3 if the latter has no other better partner.


Experimental


Melting points are uncorrected. 1H NMR spectra were recorded
on a Bruker Avance DRX 400 spectrometer at 400 MHz.
Chemical shifts are reported in d units (ppm) with reference
to the residual solvent peaks. Mass spectra were recorded on a


Waters/Micromass QTof Ultima 3 mass spectrometer. All solvents
were HPLC grade and used without further purification.


As previously verified,29 data for elemental analyses of organic
calixarenes are often misleading, due to inclusion of solvent
molecules, and cannot be considered appropriate criteria of purity.
Nevertheless, the identities of the reported compounds were
unambiguously established by their spectroscopic data.


General procedure for the synthesis of building blocks 6–8


Et3N (0.3 mL) was added to a solution of the respective
acid24 (0.15 mmol), amine14,25 (0.13 mmol) and (benzotriazole-
1-yloxy)trispyrrolidinophosphonium hexafluorophosphate (Py-
BOP) (0.15 mmol) in DMF (peptide synthesis grade, 4 mL).
The reaction mixture was stirred for 24 h at room temperature
and then diluted with water (15 mL). The formed precipitate was
filtered off, washed with MeOH (4 × 5 mL) and dried in air. In
the case of the compound 7b it was extracted with CHCl3–THF
(2 : 1, 3 × 30 mL). The organic layer was washed with brine, dried
(MgSO4), concentrated to a volume of 5–10 mL and the product
was precipitated with MeOH.


Bis-calix[4]arene 6. Compound 6 was obtained as a white
powder in 85% yield; m.p.: slow decomposition above 280 ◦C; 1H
NMR (400 MHz, DMSO-d6), d: 0.88–1.02 (18H, m, CH3), 1.20–
1.42 (64H, m, CH2), 1.63 (16H, m, CH2), 1.78–2.02 (15H, m, CH2


and C(O)CH3), 2.21 (9H, s, TolCH3), 3.13 (8H, m, ArCH2Ar),
3.27 (2H, br s, NHCH2), 3.70–3.93 (30H, m, OCH2), 4.36 (10H,
m, OCH2 and ArCH2Ar), 6.04 (4H, s, ArH), 6.51 (4H, s, ArH),
6.52 (4H, s, ArH), 6.71 (2H, s, ArH), 6.75 (2H, s, ArH), 6.86
(8H, s, ArH), 6.92 (2H, s, ArH), 7.01–7.04 (8H, m, ArHTol and
ArH), 7.21 (4H, d, 3J = 7.8 Hz, ArHTol), 7.26 (2H, d, 3J = 7.8 Hz,
ArHTol), 8.06–8.44 (15H, m, NHurea and CH2C(O)NH), 9.54 (1H, s,
NHC(O)CH3); m/z (ESI) 3038.6 (5) [M+ + Na], 1530.8 (63) [M2+ +
Na].


Bis-calix[4]arene 7a. Compound 7a was obtained as a white
powder in 80% yield; m.p.: slow decomposition above 280 ◦C; 1H
NMR (400 MHz, DMSO-d6), d: 0.86–1.04 (18H, m, CH3), 1.34
(12H, m, CH2), 1.56 (2H, m, CH2), 1.75–1.98 (17H, m, CH2 and
C(O)CH3), 2.21 (21H, s, TolCH3), 3.11 (8H, m, ArCH2Ar), 3.26
(2H, br s, NHCH2), 3.69–3.88 (14H, m, OCH2), 4.27–4.45 (10H,
m, OCH2 and ArCH2Ar), 6.68–6.89 (16H, m, ArH), 7.02 (16H,
br s, ArHTol), 7.22 (12H, br s, ArHTol), 8.04–8.33 (15H, m, NHurea


and CH2C(O)NH), 9.55 (1H, s, NHC(O)CH3); m/z (ESI) 2414.1
(3) [M+ + Na], 1218.1 (79) [M2+ + Na].


Bis-calix[4]arene 7b. Compound 7b was obtained as a white
powder in 75% yield; m.p.: slow decomposition above 225 ◦C; 1H
NMR (400 MHz, DMSO-d6), d: 0.91–1.02 (18H, m, CH3), 1.18–
1.43 (26H, m, CH2), 1.48 (2H, m, CH2), 1.89 (19H, m, CH2 and
C(O)CH3), 2.02 (2H, t, 3J = 7.1 Hz, C(O)CH2), 2.21 (21H, s,
TolCH3), 2.97–3.14 (10H, m, ArCH2Ar and NHCH2), 3.69–3.85
(16H, m, OCH2), 4.33 (8H, d, 2J = 12.2 Hz, ArCH2Ar), 6.69–
6.86 (14H, m, ArH), 6.95–7.07 (16H, m, ArH), 7.16–7.29 (14H,
m, ArH), 7.69 (1H, t, 3J = 5.4 Hz, C(O)NH), 8.07–8.31 (14H,
m, NH), 9.47 (1H, s, NHC(O)CH3); m/z (ESI) 2539.3 (26) [M+ +
Na], 1281.2 (100) [M2+ + Na].


Bis-calix[4]arene 8. Compound 8 was obtained as a white
powder in 86% yield; m.p.: slow decomposition above 185 ◦C;
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(400 MHz, DMSO-d6), d: 0.90–1.03 (18H, m, CH3), 1.18–1.42
(26H, m, CH2), 1.47 (2H, m, CH2), 1.73 (2H, m, CH2), 1.77–1.95
(17H, m, CH2 and C(O)CH3), 2.02 (2H, t, 3J = 7.1 Hz, C(O)CH2),
2.21 (9H, s, TolCH3), 2.61 (2H, m, NHCH2), 2.97–3.12 (8H, m,
ArCH2Ar), 3.60–3.68 (4H, m, OCH2), 3.70–3.82 (6H, m, OCH2),
3.88–3.99 (6H, m, OCH2), 4.28–4.39 (8H, m, ArCH2Ar), 6.73
(2H, s, ArH), 6.76 (2H, s, ArH), 6.81 (2H, s, ArH), 6.96–7.06
(8H, m, ArH), 7.21 (4H, d, 3J = 8.3 Hz, ArH), 7.26 (2H, d, 3J =
8.3 Hz, ArH), 7.59 (4H, s, ArH), 7.65 (2H, s, ArH), 7.66 (2H, s,
ArH), 7.68 (1H, t, 3J = 5.6 Hz, C(O)NH), 8.13 (2H, s, NH), 8.15
(1H, s, NH), 8.23 (2H, s, NH), 8.30 (1H, s, NH), 9.47 (1H, s,
NHC(O)CH3); m/z (ESI) 2206.4 (100) [M+ + Et3N].
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and V. Böhmer, Chem.–Eur. J., 2008, 14, 3346–3354.


16 D. Braekers, C. Peters, A. Bogdan, Y. Rudzevich, V. Böhmer and J. F.
Desreux, J. Org. Chem., 2008, 73, 701–706.


17 (a) M. O. Vysotsky, A. Bogdan, T. Ikai, Y. Okamoto and V. Böhmer,
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Böhmer, Chem. Commun., 2006, 2941–2952.


20 A. Franz, W. Bauer and A. Hirsch, Angew. Chem., Int. Ed., 2005, 44,
1564–1567.


21 For a similar example using metal complexation see ref. 8b.
22 (a) A. Wu and L. Isaacs, J. Am. Chem. Soc., 2003, 125, 4831–4835;


(b) P. Mukhopadhyay, A. Wu and L. Isaacs, J. Org. Chem., 2004, 69,
6157–6164.


23 Each mixture of 1, 2, and 5 (except 5f) contains only the tetramer 54,
the heterodimer 1·2 and either the homodimer 1·1 (c(1) > c(2)) or the
homodimer 2·2 (c(1) < c(2)).


24 Y. Rudzevich, V. Rudzevich, M. Bolte and V. Böhmer, Synthesis, 2008,
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Construction of functionalized nucleic acids (DNA or RNA) via polymerase incorporation of modified
nucleoside triphosphates is reviewed and selected applications of the modified nucleic acids are
highlighted. The classical multistep approach for the synthesis of modified NTPs by triphosphorylation
of modified nucleosides is compared to the novel approach consisting of direct aqueous cross-coupling
reactions of unprotected halogenated nucleoside triphosphates. The combination of cross-coupling of
NTPs with polymerase incorporation gives an efficient and straightforward two-step synthesis of
modified nucleic acids. Primer extension using biotinylated templates followed by separation using
streptavidine-coated magnetic beads and DNA duplex denaturation is used for preparation of modified
single stranded oligonucleotides. Examples of using this approach for electrochemical DNA labelling
and bioanalytical applications are given.


Introduction


Functional nucleic acids (such as DNA aptamers,1,2 and
DNAzymes1,3) have attracted growing interest due to potential
applications in chemical biology, bioanalysis or nanotechnology
and material science.4 To expand the scope of these applications,
the introduction of a variety of functional groups to DNA and
RNA, especially to the nucleobase, is highly desirable.


A classical approach to modified nucleic acids is the solid-
phase oligonucleotide (ON) synthesis using functionalized nu-
cleoside phosphoramidites5 or by post-synthetic oligonucleotide
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modification.6,7 The oligonucleotide synthesis is often problematic
due to incompatibility of the additional functional groups with
the phosphoramidite methodology (acidic detritylation, coupling,
capping, oxidation and final acyl protecting groups cleavage by
ammonia), necessity of using additional protecting groups, and,
sometimes, low yields of the coupling step. On the other hand,
post-synthetic modification of ONs requires selective and mild
reactions and in most cases has been used only for further
functional group transformations of already modified ONs.


Apart from chemical synthesis, modified nucleic acids can be
prepared enzymatically by incorporation of modified nucleoside
triphosphates (NTPs) by DNA or RNA polymerases (Scheme 1).8


This account reviews enzymatic incorporation of modified NTPs
to nucleic acids as an alternative strategy for the construction of
functionalized nucleic acids and compares classical multistep ap-
proaches to the synthesis of modified NTPs with novel direct cross-
coupling reactions. The most important example of polymerase
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Scheme 1 General scheme of polymerase construction of functionalized
DNA and RNA.


incorporation of modified NTPs is DNA sequencing using chain
termination by fluorescently labeled dideoxynucleoside triphos-
phates (ddNTPs).9 As it is beyond the scope of this account, it will
not be discussed here and we will only focus on non-terminating
incorporations of base-modified 2′-deoxyribonucleoside triphos-
phates (dNTPs) to DNA and ribonucleoside triphosphates (NTPs)
to RNA.


Polymerase construction of modified nucleic acids and
syntheses of dNTPs and NTPs


Polymerase incorporations of base-modified dNTPs to DNA


The very first polymerase incorporation of base-functionalized
dNTPs was published in 1981 by Langer et al.10 who prepared
dUTP biotinylated in position 5 and found that it is a substrate for
several DNA polymerases. Other biotinylated DNA syntheses by
polymerases followed11,12 soon thereafter. Latham et al.13 prepared
5-(pent-1-yn-1-yl)-dUTP and performed polymerase incorpora-
tion to generate a library of DNA sequences in order to develop
a thrombin aptamer. Later on, Sakthivel and Barbas14 prepared
a series of amides of 5-(3-aminoprop-1-en-1-yl)-dUTPs bearing
diverse functional groups (imidazole, pyridine, carboxylate etc.)
and performed PCR incorporation using Taq polymerase. Most
of the modified dUTPs were good substrates and formed full-
length modified DNA strands. A library of modified DNA was
generated in order to select catalytically active DNAs.


Following these pioneering works, from 2001 other groups have
entered the field and used polymerase incorporations of modified
dNTPs to construct functional DNA molecules. Williams et al.15


have further contributed to the enhancement of the catalytic reper-
toire of DNA by synthesis of dUTPs functionalized with imidazole
connected via an amide bond to 3-aminopropargyl, -propenyl or
-propyl linkers attached at position 5. 7-Deazaadenine was used16


as an adenine surrogate in the construction of the corresponding
dATP analogues bearing the same functionality. Brackmann and
Lobermann17 have used FluoroRed (TMR) labeled dUTP and


rhodamine110-labeled dCTP for high-density fluorescent labeling
of DNA by primer extension using Klenow exo− polymerase.
Sawai et al.18 prepared a series of 5-functionalized dUTPs bearing
diverse amino, imidazole, carboxylate and biotin functions and
studied PCR incorporations by KOD Dash, Taq, Tth and Vent
polymerases to find that KOD Dash was the most efficient.
Held and Benner19 have prepared several protected (in the
form of t-BuSS-function) thiol-containing dUTPs and performed
PCR using 8 different polymerases to find that Pwo and Pfu
polymerases were the most efficient to amplify DNA sequences
with this modification. The Tor group has reported20 incorpo-
ration of dUTP containing Ru or Os complexes of bipyridine
ligands.


Famulok et al.21,22 were the first to prepare a complete set
of four modified dNTPs (5-substituted dUTPs and dCTPs and
7-substituted 7-deaza-dATPs and 7-deaza-dGTPs, as well as 8-
substituted dATPs and dGTPs) and study their PCR incorpora-
tion using a series of polymerases. He found22 that 8-substituted
dATPs and dGTPs are not good substrates for polymerases,
while the 7-substituted 7-deazapurine nucleoside triphosphates
are efficiently incorporated. He has also found22 that B-family
polymerases, in particular Pwo and Vent (exo−), are more efficient
in PCR incorporation of the modified dNTPs than A-family
polymerases (i.e. Taq).


Burgess et al.23 prepared TAMRA-labeled dUTPs where the
fluorescent label was attached via a conjugated acetylene linker
to position 5 of uracil. The nucleotides were then incorporated
by TaqFS polymerase by primer extension to yield fluorescent
DNA conjugates. More recently, Sawai et al. have constructed
modified DNA bearing amino and cyano groups, guanidine,24


amino acids,25 and acridone,26 and have used some of them
for further post-synthetic modifications.27 Ferrocene-modified
DNAs are attractive for electrochemical detection and, therefore,
several types of ferrocene-modified dNTPs were prepared,28


incorporated and used for bioanalytical applications. Ebara
et al.29 have recently reported saccharide-modified DNA by PCR
incorporation of maltose- and lactose-containing dUTPs. Finally,
the Carell group has reported on synthesis and PCR incorporation
of alkyne-modified dNTPs and the post-synthetic modifications
of the alkynylated DNA via Huisgen–Sharpless click reaction
with azides. This approach has been used for attachment of
sugars,30 for DNA metallization,31 and for assembly of gold
nanoparticles.32


From the reported studies, no definitive conclusions about
a universally applicable DNA polymerase can be made. Sawai
et al. have recently reviewed33 the efficiency of diverse DNA
polymerases for incorporation of 5-substituted pyrimidine dNTPs
to confirm that B-family polymerases (KOD Dash, Pwo and
Vent) are generally more efficient than A-family polymerases.
However, for each novel dNTP, screening of several polymerases
is necessary in order to find an efficient one for that particular
nucleotide.


Polymerase incorporations of base-modified NTPs to RNA


Due to higher structural diversity and the multiple biological
roles of RNA, it is even more interesting to construct modified
RNA. Base-functionalized NTPs have also been used for poly-
merase incorporation to RNA but have received considerably less
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attention due to difficult handling of modified RNA as compared
to modified DNA. Biotinylated UTP was the first example
of a modified NTP incorporated10 by T7 RNA polymerase.
Eaton et al. have developed the synthesis of several 5-substituted
UTPs and T7 polymerase-catalyzed incorporation to RNA34


and used this approach for in vitro selection of RNA amide
synthases.35 Later on, the Eaton group published the construction
of modified RNA bearing amino and heteroaryl groups linked
via 5-carboxamide to U using T7-catalyzed incorporation of
modified UTPs.36 McLaughlin et al. made 5-aminoalkyl- and
5-sulfanylalkyl-modified UTPs, studied their incorporation by
T7 polymerase and used this approach for selection of RNA
aptamers.37 Very recently, Srivatsan and Tor reported the synthesis
of fluorescent 5-furylpyrimidine NTPs and their incorporation
into RNA by T7 polymerase.38 5′-End fluorescein or biotin
labelling was achieved by in vitro transcription with N6-modified
AMP.39


Hirao has developed two new base pairs as an extension of the
genetic alphabet and has used the specific transcription of these
novel base pairs for single point modification of RNA.40 Thus
iodopyridone was introduced as a photocross-linking component
into RNA by T7 transcription41 via a base-pair with 6-thienyl-2-
aminopurine. Fluorescent labelling (FAM, TAMRA, Dansyl) of
RNA was achieved by incorporation42 of modified pyridone NTP
via base-pairing with 6-thienyl- or 6-thiazolyl-2-aminopurine. This
study also led to the development of a fluorescent aptamer for
theophilin.42 Biotinylated RNA was constructed by incorporation
of biotin-modified pyridone NTP via a base-pair with 6-thienyl-
or 6-thiazolyl-2-aminopurine43 or by incorporation of biotin-
modified pyrrole-1-carbaldehyde NTP via a base-pair with 6-
thienyl-1-deazapurine.44 This unique approach is apparently the
best solution for incorporation of single modification into a
specific position in RNA (but should be also applicable to DNA).


As a rule, all the incorporations of functionalized NTPs into
RNA were catalyzed by T7 RNA polymerase and the DNA
templates contained a promotor sequence.


Classical multistep syntheses of base-modified NTPs and dNTPs


The dNTP and NTP building blocks are usually prepared10–22,24–44


by troublesome and laborious triphosphorylation of the cor-
responding modified nucleosides, where the functional groups
usually have to be protected and deprotected. The most
common approach14–17,21,22 consists in multistep synthesis of
aminopropargyl-, aminopropenyl- or aminopropyl-substituted
dNTPs or NTPs via Sonogashira cross-coupling of halogenated
nucleosides with CF3CO-protected propargylamine, followed by
triphosphorylation and deprotection (for a typical example, see
Scheme 2). The desired functional molecule is then attached to the
amino group via amide bond formation. The example22 shown in
Scheme 2 needs 5 steps and 5 separations (of which 4 separations
are of rather labile triphosphates) to get the desired amidine-
modified dUTP in 8% overall yield. In other cases, the total yields
are higher but still the reaction sequence is rather laborious.


Another approach to 5-modification of pyrimidine dNTPs
consisted in generation10,29 of a 5-chloromercury derivative of
nucleoside or dNTP followed by coupling with functionalized
alkene. This approach is however hardly acceptable due to the
toxicity of organomercury compounds where the residual Hg


Scheme 2 Typical multistep synthesis of modified dUTP. Reagents and
conditions: (i) CF3CONHCH2C≡CH, CuI, Pd(PPh3)4, Et3N, DMF (84%);
(ii) 1. POCl3, proton sponge, PO(OMe)3; 2. (Bu3NH)2H2P2O7, Bu3N,
DMF; 3. 1 M TEAB; (iii) aq. NH3 (48% over two steps); (iv) N,N ′-
di-Boc-N ′′-Ms-guanidine, Et3N, dioxane, H2O (72%); (v) CF3COOH
(27%). In total 5 steps, 5 purifications, overall yield 8%. Example taken
from ref. 22b.


may influence the biological activity of the prepared nucleotides
and nucleic acids. Sawai et al. usually used18,24–27 attachment of
functionality via an amide bond to 5-(carboxymethyl)pyrimidine
but, again, the synthesis of the modified dNTPs requires laborious
multistep sequences with rather low total yields. Therefore, there
was a great need for a simple and straightforward methodology
for introduction of functional groups directly into dNTPs.


Aqueous cross-coupling reactions for synthesis of base-modified
dNTPs/NTPs


Cross-coupling reactions are the most efficient methodology for
C–C bond formation and are also commonly used for base-
modification of pyrimidine and purine nucleosides.45 In the past,
the reactions were usually performed on protected nucleosides
in organic solvents and the desired free nucleosides had to be
prepared by deprotection of intermediates. Recently, with the
discovery of water soluble catalytic systems, aqueous-phase cross-
coupling reactions have been developed46 and Shaughnessy et al.47


were the first who applied them for arylation of unprotected halop-
urine nucleosides by Suzuki–Miyaura reaction with arylboronic
acids in the presence of tris(3-sulfonylphenyl)phosphine (TPPTS),
Pd(OAc)2 and inorganic base (i.e. Na2CO3) in a mixture of water–
acetonitrile. Burgess et al. have developed23 the first Sonogashira
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cross-coupling reactions of 5-iodo-dUTP with terminal acetylenes
derived from fluorescent dyes which was the very first cross-
coupling reaction on dNTPs.


We have applied analogous aqueous-phase Suzuki–Miyaura
methodology for the arylation of unprotected halopurine bases48


and for arylation of 8-bromoadenosines with boronopheny-
lalanine49 and for attachment of bipyridine ligands and Ru-
complexes to purine bases50 and nucleosides.51 Later on, we further
optimized the conditions in order to apply the reactions for modi-
fication of nucleotides.52 Nucleotides (and in particular NTPs) are
rather labile compounds that easily undergo hydrolysis in aqueous
solutions. We found that when using stronger base (Cs2CO3) and
short reaction times (<1 h), the nucleotides are reasonably stable
in undergoing the cross-coupling. Thus we have developed a single
step arylation of 8-bromoadenosine monophosphates, NTPs and
dNTPs in acceptable ca. 50% yields after separation by reversed
phase chromatography on C18. It was the first example of the
Suzuki reaction on NTPs. Wagner et al. have also independently
reported on the arylation of cyclic 8-bromoinosine 5′-diphosphate
ribose53 and 8-bromoguanine NTPs54 and GDP-sugars55 under
analogous conditions.


Combination of aqueous cross-coupling reactions of dNTPs with
polymerase incorporations


Having an efficient single-step access to modified nucleoside
triphosphates by the aqueous-phase Suzuki or Sonogashira
couplings, an obvious application would be the use of these
NTPs and dNTPs for polymerase incorporations to nucleic
acids. Such an approach represents a very straightforward two-
step methodology for the construction of modified DNA or
RNA bearing diverse useful functionalities (Scheme 3). The
corresponding halogenated dNTPs are accessible by chemical
triphosphorylation56 of halogenated nucleosides (5-I-dU and 5-I-
dC are commercially available, 7-I-7-deaza-dA57 and 7-I-7-deaza-
dG58 nucleosides must be prepared by multistep procedures).


The first example of the two-step construction of functionalized
DNA was the paper by Burgess et al. in 200323 reporting on
the first Sonogashira coupling of 5-I-dUTP with fluorescein-
linked terminal acetylenes and their incorporation into DNA.
However, no other example was published until we developed
the complementary Suzuki–Miyaura arylation.52 Certainly, we
became very interested in utilizing this approach for modification
of DNA.


Having access to purine dNTPs bearing a phenylalanine moiety
in position 8 we wanted to test their polymerase incorporation.
However, from previous studies22 it was clear that 8-substituted
purine dNTPs are very poor substrates for DNA polymerases
probably due to sterical hindrance causing the syn-conformation
of the nucleobase. As 7-substituted 7-deazapurine dNTPs were
good substrates for some DNA polymerases, we have extended
the series of phenylalanine bearing dNTPs. In order to study the
influence of the linker and of the nucleobase, we have prepared59


another four types of conjugates. The aqueous Sonogashira cross-
coupling reactions of 5-I-dUTP or 7-I-7-deaza-dATP with 4-
ethynylphenylalanine in the presence of TPPTS, Pd(OAc)2, Et3N
and CuI in H2O–acetonitrile at 60 ◦C gave the corresponding
acetylene linked dNTPs (dUCCPheTP or dACCPheTP) in good yields
of 66–67% (Scheme 4). The aqueous Suzuki–Miyaura reaction


Scheme 3 General scheme for a two-step construction of functionalized
DNA.


with 4-boronophenylalanine in the presence of the same catalyst
and Cs2CO3 at 110 ◦C gave the aryl-linked dNTPs (dUPheTP and
dAPheTP).


In order to develop electrochemical labelling of DNA, we have
envisaged ferrocene (Fc) linked via a conjugated acetylene linker
as a suitable marker for detection via reversible electrochemical
oxidation. The conjugated linker should transfer electronic effects
from nucleobase to the label and thus respond to hybridization
by changing the redox potential of the label. The aqueous
Sonogashira reaction of 5-I-dUTP and 7-I-7-deaza-dATP with
ethynylferrocene under the above mentioned conditions gave60 the
corresponding Fc-linked dNTPs (dUCCFcTP and dACCFcTP) in 42–
48% yields (Scheme 5).


Finally, amino- and nitrophenyl groups were designed as new re-
dox labels for DNA. Especially the nitro group appears promising
for sensitive detection due to a high number of electrons (4 or 6)
collected per NO2 group reduction. The corresponding modified
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Scheme 4 Synthesis of phenylalanine-linked dNTPs. (i) 4-Ethynylpheny-
lalanine, Pd(OAc)2, TPPTS, CuI, Et3N, acetonitrile–H2O 1 : 2, 60–70 ◦C,
45–60 min; (ii) 4-boronophenylalanine, Cs2CO3, Pd(OAc)2, TPPTS,
H2O–CH3CN 2 : 1, 110–120 ◦C, 30 min; yields in parentheses for each
compound.


dNTPs were prepared61 by the aqueous Suzuki–Miyaura cross-
coupling of 7-I-7-deaza-dATP, 5-I-dUTP and here also 5-I-dCTP
with 3-nitrophenyl- or 3-aminophenylboronic acid (Scheme 6).
The more reactive electron rich aminophenylboronic acid gave
the desired products (dAPhNH2TP, dUPhNH2TP and dCPhNH2TP) in
better yields (40–43%) than less reactive nitrophenylboronic acid
(dAPhNO2TP, dUPhNO2TP and dCPhNO2TP, 26–28%).


In all cases, the functionalized dNTP products were isolated
by RP HPLC or RP flash chromatography (depending on the
scale of the reaction). As the procedure requires just a single
chemical step and single separation, it is the most efficient method
for the preparation of aryl- or alkynyl-modified dNTPs suitable
for the preparation of sufficient amounts of dNTPs necessary for
full characterization and for many polymerase incorporation


Scheme 5 Synthesis of ferrocene-linked dNTPs. (i) Fc-acetylene,
Pd(OAc)2, TPPTS, CuI, Et3N, H2O–CH3CN 2 : 1, 60–70 ◦C, 45–60 min;
yields are in parentheses for each compound.


Scheme 6 Synthesis of nitro and aminophenyl-linked dNTPs. (i)
3-NO2-PhB(OH)2 or 3-NH2-PhB(OH)2, Cs2CO3, Pd(OAc)2, TPPTS,
H2O–CH3CN 2 : 1, 110–120 ◦C, 30 min; yields in parentheses for each
compound.


experiments (vide infra). The modified dNTPs are stored as
lyophilizates at −20 ◦C and are sufficiently stable for several
months. On the other hand, their aqueous solutions should be
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Table 1 Incorporation of modified dNTPs by DNA polymerases


Polymerase


dNTP Klenow DyNAzyme Vent (exo−) Pwo Ref.


dACCPheTP n.t. n.t. + +++ 59
dUCCPheTP n.t. n.t. + +++ 59
dAPheTP n.t. n.t. + ++ 59
dUPheTP n.t. n.t. + ++ 59
dACCFcTP +++ ++ n.t. n.t. 60
dUCCFcTP +++ ++ n.t. n.t. 60
dAPhNH2TP +++ +++ n.t. n.t. 61
dUPhNH2TP +++ +++ n.t. n.t. 61
dCPhNH2TP +++ +++ n.t. n.t. 61
dAPhNO2TP +++ +++ n.t. n.t. 61
dUPhNO2TP +++ +++ n.t. n.t. 61
dCPhNO2TP +++ +++ n.t. n.t. 61


+ single incorporation to a small extent, ++ good incorporation in some
sequences, +++ excellent incorporation even for difficult sequences, n.t.
not tested


used as soon as possible and we observed partial decomposition
even when stored in the freezer after several months.


All three types of functionalized dNTPs were tested as sub-
strates for DNA polymerases and incorporated into DNA either
by primer extenstion (PEX) or by PCR (see Table 1). Amino
acid modified 8-substituted dATPs were not incorporated by any
polymerase. However, the corresponding amino acid derivatives
of 5-substituted dUTP (dUCCPheTP and dUPheTP), as well as 7-
substituted 7-deaza-dATP (dACCPheTP and dAPheTP)59 were all
excellent substrates for thermostable Pwo polymerase and were
efficiently incorporated both by PEX and by PCR. Also combi-
nations of modified dATP and modified dUTP were efficiently
incorporated by Pwo using both methods. From other tested
polymerases, Vent (exo−) gave some incorporation to a small extent
and could not have been used for PCR, while Taq polymerase did
not catalyze any incorporation of those dNTPs.


The Fc-labeled dNTPs were incorporated60 by PEX using
Klenow (exo−) polymerase at 37 ◦C or using thermostable
DyNAzyme at 60 ◦C (Fig. 1). The use of Klenow polymerase gave
efficient incorporation even of two labels next to each other but, on
the other hand, also gave higher frequency of erroneous nucleotide


Fig. 1 Analysis of products of the PEX incorporation of nitrophenyl
(NO2), aminophenyl (NH2) or ferrocene (Fc) conjugates of A, U or C
nucleotides. Composition of the dNTP mixes and nucleotide labeling are
indicated at the bottom, the DNA polymerases used at the top; u =
unmodified.


incorporation. DyNAzyme gave more precise incorporation but
a tendency for early termination at sites of clustered conjugate
incorporation was observed (Fig. 1). Therefore the Klenow
enzyme appears to be more convenient for incorporation of large
number of the Fc-tags into the synthesized DNA strand (e.g., tail-
labelling of signaling hybridization probes), while the DyNAzyme
is suitable for more precise incorporation of one or several Fc-
labels (e.g., DNA minisequencing).


PEX incorporation of amino- and nitrophenyl-dNTPs was also
studied61 using Klenow (exo−) at 37 ◦C or DyNAzyme at 60 ◦C.
Both enzymes worked efficiently to synthesize all types of se-
quences even with multiple incorporation of modified dNTPs.


Electrochemical detection and bioanalytical applications


Ferrocene and amino- or nitrophenyl groups were designed and
incorporated as redox labels for electrochemical detection. Due
to electronic coupling via the conjugate ethynyl or phenylene
bridge, redox potentials of the Fc, NH2 and NO2 labels depend
on the nucleobase type. Moreover, the peak potentials respond
to incorporation into ON by remarkable potential shifts, while
differences between individual nucleobases labeled with the same
marker are retained (see Fig. 2 for examples). Thus, the multipo-
tential electrochemical DNA sensing (vide infra) can be achieved
not only via combination of different DNA tags, but also via
exploiting distinct redox properties of the same label bound to
different nucleobases. On the other hand, the presented cross-
coupling dNTP strategy paves the way towards preparation of
a broad spectrum of electroactive DNA markers. These markers
need not necessarily give reversible redox electrochemistry (that
is essential for some specific applications, such as regenerable
electrochemical molecular beacons62 or some electrocatalytic
systems63). It has been demonstrated61 that a combination of
irreversibly reducible NO2 and irreversibly oxidizable NH2 tags
offers their easy detection and perfect discrimination within one
ON chain.


Fig. 2 Examples of voltammetric signals of ferrocene (Fc) or
3-aminophenyl tags coupled to nucleobases within dNTPs or incorporated
in oligonucleotides (ON).


Review of broad applications of fluorescent dye-labeled dNTPs
(or 2′,3′-dideoxy-NTPs) in DNA sequencing, arrayed primer
extension (APEX)64 genotyping or gene expression monitoring,
is out of the scope of this article. Electrochemical techniques in
connection with the PEX incorporation approaches have been
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applied mainly with the ferrocene markers or biotin tags to which
another label (such as an enzyme), was subsequently attached.
Different ferrocene derivatives were developed and used28 for
electrochemical multipotential DNA coding (in some applications
three ferrocenes were complemented with anthraquinone coding
for the fourth base). Willner’s laboratory introduced multiple
ferrocene redox tags by PEX into a replica of a single-stranded
circular viral DNA using a primer tethered to a gold electrode.63


The same group proposed, using biotin-labeled dNTPs, sensors
for the detection of telomerase activity65 or a quartz crystal
microbalance-based technique for single nucleotide polymor-
phism (SNP) detection.66 Biotin tags introduced into DNA by
PEX, followed by enzyme-amplified electrochemical detection,
have recently been utilized by Horakova-Brazdilova et al.67 to
monitor gene expression.


Electrochemical techniques combined with magnetic separation
(“double-surface” electrochemical techniques) have recently been
applied in the sensing of DNA hybridization, DNA–protein
interactions, immunoassays etc.68 We used an analogous protocol
(Scheme 7) in connection with PEX incorporation of nucleotides
labeled with ferrocene,60 nitrophenyl or aminophenyl61 electroac-
tive markers. This technique proved to be suitable for monitoring
incorporation of different nucleotide conjugates (bearing electro-
chemically distinguishable labels), for testing the efficiency of the
PEX reaction (as an alternative to the PAGE assay), as well as
for estimating the number of labeled nucleotides introduced per
ON molecule. The magnetic separation procedure can be used
for preparation of signaling probes for sandwich hybridization
assays,7 labeled on demand with multiple electrochemical tags (to
achieve signal amplification) chosen with respect to properties of


Scheme 7 PEX construction of labeled ONs on 5′-biotinylated ON
templates, followed by separation of the synthesized strand using strep-
tavidin-coated magnetic beads and electrochemical detection of the
incorporated labels.


the target DNA and the optimum detection technique. In addition,
we have demonstrated that the same approach is applicable in the
analysis of nucleotide sequences (e.g., the SNP detection).60,61


When the position of the SNP (point mutation) of interest
within the target nucleotide sequence is known, it is relatively
easy to probe the site using PEX. A model experiment is shown in
Fig. 3a. A mix of dAPhNH2TP, dCPhNO2TP and dGTP was used here
to discriminate between nucleotides complementary to the labeled
ones (T or G, respectively) in the first position of the template.
The resulting electrochemical signals excellently matched the given
SNP variants.61


Fig. 3 Examples of using electrochemically labeled nucleotides in analysis
of nucleotide sequences. a) Probing of a single nucleotide polymorphism
using a mix of nitro- and amino-labeled nucleotides. The resulting
electrochemical signal (reduction of nitro group or oxidation of amino
group) reveals which nucleotide was incorporated i.e., which nucleotide was
present in the probed position of the template. b) Mismatch detection by
early terminated PEX. Incorporation of multiple Fc tags in the synthesized
ON stretch results in considerable signal amplification (green curve). When
a nucleotide, the complementary dNTP counterpart to which is missing in
the PEX mixture, is present at the 3′-end of the template, the PEX cannot
proceed, resulting in absence of the intense signal (black curve).


Another possibility of SNP detection, well-suited primarily
for sensing mutations within or 3′- (in the template strand) to
repetitive DNA stretches, is an approach relying on stopping the
DNA strand elongation at a mismatch site.60 As shown in Fig.
3b, synthesis of the (UA)n stretch in the presence of dUCCFcTP +
dATP resulted in an intense UFc signal due to incorporation of
multiple Fc tags. When, however, the first T in the template stretch
was replaced by G, the resulting signal was negligible because
the primer elongation could not proceed in the absence of dCTP.
An analogous principle can be used for mapping homonucleotide
blocks (based on the low feasibility of clustered incorporation of
some nucleotide conjugates,60,61 see Fig. 1).
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Conclusions and future outlook


This review demonstrates that the polymerase incorporation
of modified dNTPs and NTPs is a very simple and powerful
methodology for construction of functionalized nucleic acids. In
particular, the combination of cross-coupling reactions of halo-
genated nucleoside triphoshates with polymerase incorporation
is a very efficient and straightforward two-step access to this
attractive class of biomolecules. Primer extension is suitable for
construction of shorter DNA molecules bearing one or several
modifications in one strand, while PCR can be used for construc-
tion of longer DNA duplexes with high-density modifications in
both strands. A number of DNA polymerases of the B-family
can be used for these incorporations and some thermostable
polymerases (DyNAzyme, Pwo or Vent) could be advantageously
used not only for PCR but also for PEX. While in PEX, most
5-substituted pyrimidine and 7-substituted 7-deazapurine dNTPs
are very efficiently incorporated, many of them are not sufficiently
efficient in PCR.69 Apparently, there is a great potential for
in vitro evolution of novel polymerases70 more efficient in PCR
incorporations of modified dNTPs.


We have shown some preliminary bioanalytical applications
of electrochemically labeled DNA. Our future efforts will focus
on detection of changes in redox potentials due to hybridization
of single strand ONs to DNA duplexes in order to develop
sensors for DNA hybridization and detection of base pair
mismatches. Other bioanalytical applications can involve, besides
the above-mentioned sandwich hybridization assays with PEX-
labeled signaling probes, mapping the abundance of particular nu-
cleotides in specific DNA regions or detecting repetitive sequence
expansions.71 Our preliminary data suggest that using nitrophenyl-
labeled ON substrates, DNA–protein interactions can easily be
monitored using the “double-surface” electrochemical assay.72


Functionalized DNAs are useful in material and nanotechnol-
ogy applications. Some of these applications have been reviewed
here30–32,63–66 and many more will definitely follow in the near future.
Use of DNA as a chiral auxiliary for catalysis of organic reac-
tions has been studied73,74 using intercalating ligands. Polymerase
incorporation of ligand-containing dNTPs should lead to DNA
molecules capable of complexation of transition metals and thus
catalyze some reactions. Synthesis of functionalized RNA using
this approach has received much less attention and apparently
a huge potential of development of new functionalized RNA
aptamers, ribozymes, riboswitches or siRNAs is just awaiting its
exploration.
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49 P. Čapek and M. Hocek, Synlett, 2005, 3005–3007.
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The gas phase degradation reactions of the chemical warfare agent (CWA) simulant, dimethyl
methylphosphonate (DMMP), with the hydroperoxide anion (HOO−) were investigated using a
modified quadrupole ion trap mass spectrometer. The HOO− anion reacts readily with neutral DMMP
forming two significant product ions at m/z 109 and m/z 123. The major reaction pathways correspond
to (i) the nucleophilic substitution at carbon to form [CH3P(O)(OCH3)O]− (m/z 109) in a highly
exothermic process and (ii) exothermic proton transfer. The branching ratios of the two reaction
pathways, 89% and 11% respectively, indicate that the former reaction is significantly faster than the
latter. This is in contrast to the trend for the methoxide anion with DMMP, where proton transfer
dominates. The difference in the observed reactivities of the HOO− and CH3O− anions can be
considered as evidence for an a-effect in the gas phase and is supported by electronic structure
calculations at the B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d) level of theory that indicate the
SN2(carbon) process has an activation energy 7.8 kJ mol−1 lower for HOO− as compared to CH3O−. A
similar a-effect was calculated for nucleophilic addition–elimination at phosphorus, but this process –
an important step in the perhydrolysis degradation of CWAs in solution – was not observed to occur
with DMMP in the gas phase. A theoretical investigation revealed that all processes are energetically
accessible with negative activation energies. However, comparison of the relative Arrhenius
pre-exponential factors indicate that substitution at phosphorus is not kinetically competitive with
respect to the SN2(carbon) and deprotonation processes.


Introduction


Over recent years, the threat of chemical warfare agents (CWAs)
has driven the development of enhanced methods for their detec-
tion and decontamination.1 It has long been known that peroxide-
based decontaminants effectively degrade CWAs,2–4 and recent
efforts in the development of environmentally benign decontami-
nation technologies have led to an effective decontaminant which
consists of hydrogen peroxide and a peroxide activator in solution.5


The application of hydrogen peroxide in the vapour phase has
also been shown to be effective against CWAs, allowing for
the rapid remediation of contaminated buildings.6 Interestingly,
hydrogen peroxide alone in solution degrades isopropyl methyl
phosphonofluoridate (GB) very slowly with a half-life measured
by 31P NMR in the order of days, while the degradation of GB
with an activated hydrogen peroxide solution occurs too rapidly to
measure by NMR.5 In some instances the perhydrolysis reactions
are between 40 and 300 times faster than the analogous alkaline


aHuman Protection and Performance Division, Defence Science and Tech-
nology Organisation, 506 Lorimer St, Fishermans Bend, Victoria, 3207,
Australia. E-mail: andrew.mcanoy@dsto.defence.gov.au; Fax: +61 3 9626
8342; Tel: +61 3 9626 8414
bSchool of Chemistry, University of Wollongong, Wollongong, New South
Wales, 2522, Australia. E-mail: blanksby@uow.edu.au; Fax: +61 2 4221
4287; Tel: +61 2 4221 5484
† Electronic supplementary information (ESI) available: Vibrational par-
tition functions; standard orientations for stationary points. See DOI:
10.1039/b803734e


hydrolysis or neutral oxidation processes.4,7 Such observations
are generally attributed to the increased nucleophilicity of the
hydroperoxide anion due to the presence of a lone pair of
electrons on the atom adjacent to the nucleophilic centre: a
phenomenon often referred to as the ‘a-effect’.8 The peroxide
anion has also been shown to selectively degrade O-ethyl S-[2-
(diisopropylamino)ethyl] methylphosphonothioate (VX) to the
non-toxic product ethyl methylphosphonic acid (EMPA).3,4 The
exclusive P–S cleavage reaction observed during the alkaline
perhydrolysis of VX (Scheme 1) is a significant advantage over VX
hydrolysis that can undergo P–S or P–O cleavage, with the latter
process resulting in the formation of the toxic by-product S-[2-
(diisopropylamino)ethyl] methylphosphonthioic acid (EA-2192).


The perhydrolysis reaction is generally regarded to proceed via a
pentavalent intermediate, and a number of theoretical studies into
the mechanism of the process have been reported.9,10 For example,
a recent theoretical study compared the alkaline perhydrolysis
of a model VX compound to the analogous hydrolysis process
and found that both reactions proceed via a phosphorus-centred
pentavalent intermediate.10 However, while reactions resulting in
the cleavage of both P–O and P–S bonds of VX are kinetically
competitive during hydrolysis, P–S bond cleavage was calcu-
lated to be kinetically favoured during alkaline perhydrolysis
and explains the absence of the toxic product (cf. Scheme 1).
Theoretical studies also indicate that a stable pentavalent inter-
mediate is formed in the hydrolysis of the G-series of chemical
agents.10,11 While no pentavalent intermediates of CWAs have
been observed directly, peroxy intermediates [HOOP(O)(CH3)OR,
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Scheme 1


R = (CH3)2CH, (CH3)3CCH(CH3)] have been observed by 31P
NMR during the alkaline perhydrolysis of GB and pinacolyl
methyl phosphonofluoridate (GD), and are consistent with nu-
cleophilic attack at the phosphorus centre.5


The gas phase ion–molecule reactions of various anions with a
number of organophosphorus compounds have been investigated
using mass spectrometry.12,13 In particular, Lum and Grabowski
reported the gas phase reactions between selected anions and
a CWA simulant, dimethyl methylphosphonate (DMMP). The
reaction of the HO− anion with DMMP resulted in almost ex-
clusive deprotonation, while the F− anion reacted by nucleophilic
attack at both carbon and phosphorus centres.13 This difference
was suggested to be partly due to the enhanced nucleophilicity of
the F− ion toward the phosphorus centre. Interestingly, no study
has been reported on the gas phase reactions between the HOO−


anion and organophosphorus compounds. Previous experimental
work by DePuy et al. suggested that the nucleophilicity of
peroxide anions in the gas phase is similar to that of hydroxide
ions, indicating that the a-effect is not significant in the absence
of solvent.14 However, recent computational studies comparing
anions of similar proton affinities indicate that a-nucleophiles have
lower activation energies for nucleophilic substitution reactions
at saturated carbon centres.15 Further, a-nucleophiles with hard
a-atoms, such as HOO−, have a greater reduction in activation
energy than those with soft a-atoms, such as BrO−.15 Therefore,
in the absence of solvent effects, the study of gas phase reactions
may provide insight into the intrinsic increase in nucleophilicity
due to the a-effect. For example, does HOO− undergo analogous
reactions with DMMP as those observed for HO−, or, does the
increased nucleophilicity of HOO− influence the reactivity toward
substitution reactions as observed with F−?


Here we describe experiments using a quadrupole ion trap mass
spectrometer, modified to allow for the introduction of gaseous
neutral reagents directly into the ion trap, to probe the reactions
of F−, CD3O− and HOO− with neutral DMMP. The experimental
results are complemented by hybrid density functional theory
(DFT) calculations to elucidate mechanisms and determine rel-


ative energies of, and barriers to, pertinent reaction products and
intermediates.


Results and discussion


Mass spectrometry


A general scheme for the reactions of various anions with
neutral DMMP reported by Lum and Grabowski is shown in
Scheme 2.13 The major reaction pathways observed for each anion
studied were deprotonation and nucleophilic substitution at ester
carbons as determined by the observation of [CH2P(O)(OCH3)2]−


(m/z 123) and [CH3P(O)(OCH3)O]− (m/z 109), respectively. The
addition of the reactant anion with loss of methanol is proposed
as evidence for an active addition–elimination mechanism at
phosphorus; for example, F− was found to react with DMMP to
form [F(CH3)P(O)OCH3]− (m/z 111). The final reaction process,
observed to a minor extent for the NH2


− anion only, was reductive
elimination across a C–O bond. Interestingly, while the branching
ratios were observed to be dependent on the incipient anion,
the [CH2P(O)(OCH3)2]− (m/z 123) product ion was observed
to dominate whenever the deprotonation reaction channel was
active.13


Scheme 2


The major product ion for the gas phase reaction of HO−


with DMMP was a result of the deprotonation process, with a
branching ratio determined to be 96%. The SN2(carbon) process
was observed with a branching ratio of only 4%. This was similar
to the gas phase reactions of the CD3O− ion with DMMP which
were also dominated by deprotonation (93%), with addition–
elimination at phosphorus (4%) and nucleophilic substitution at
ester carbons (3%) occurring to only a minor extent. The proton
affinities of HOO− (1575 kJ mol−1)16 and CH3O− (1597 kJ mol−1)17


are similar, and both are greater than the proton affinity of
DMMP (1560 kJ mol−1).13 Therefore, in the absence of a significant
difference in gas phase nucleophilicities, the deprotonation process
may be expected to similarly dominate for the reaction between
HOO− and DMMP. In contrast, the deprotonation pathway is
switched off for the potent nucleophile F− (PA = 1554 kJ mol−1),18


which reportedly undergoes nucleophilic substitution at the ester
carbon (84%) and addition–elimination at the phosphorus centre
(16%).13
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Our interest in the intrinsic chemistry of the alkaline perhydrol-
ysis of organophosphonates incited us to investigate the gas phase
reactions of F−, CD3O− and HOO− with DMMP to (i) compare
results with previous afterglow reactions, (ii) investigate the intrin-
sic differences between the alkaline hydrolysis and perhydrolysis
of organophosphorus compounds using CH3O− as a surrogate for
HO−, and (iii) probe the existence of the a-effect in the gas phase.
Product ion mass spectra for the reaction of DMMP with each
of the anions are shown in Fig. 1. In addition, the product ion
branching ratios for each of the reactions were determined using
the Grabowski method, as described previously.19


Reactions of the F− anion and evidence for a pentavalent
intermediate. The F− anion (m/z 19) was generated in the ion-
source via electrospray ionisation of an aqueous solution of
caesium fluoride. DMMP was injected into a heated inlet where it
was volatilised and mixed with the helium buffer gas before being
introduced into the ion trap and allowed to react with the isolated
F− anion. After a set reaction time, the product ions and remaining
F− ions were scanned out of the trap and detected. The major
product ions in the resulting mass spectrum (Fig. 1a) correspond to
the SN2(carbon) and addition–elimination(phosphorus) products.
The product ion which corresponded to deprotonated DMMP
(m/z 123) was not significant and only observed in trace amounts.
The branching ratio plot of product ion intensities against the
consumption of the reactant ion is shown in Fig. 2. The branching
ratios for the reactions are determined from the slopes to be 91%


Fig. 2 Branching ratio plot observed for the reaction between F− (m/z
19) and DMMP (124 Da) with a reaction time of 0.03 ms. MS experiments
were conducted using a modified quadrupole ion trap mass spectrometer
operating at a temperature of 307 K and pressure of 2.5 mTorr. The slopes
afford branching ratios for the product ions m/z 109 (91%) and m/z 111
(9%).


for the SN2(carbon) process and 9% for the addition–elimination
process, and are close agreement with reported branching ratios
of 84% and 16% respectively.13


The pentavalent intermediate for the F− anion would be
expected at m/z 143, and the absence of this ion in Fig. 1a
indicates that the pentavalent intermediate is not stable under
the reaction conditions and readily undergoes loss of methanol


Fig. 1 Product ion spectra resulting from the gas phase reaction of (a) F− (m/z 19) (b) CD3O− (m/z 34) and (c) HOO− (m/z 33) with neutral
DMMP. Product ions observed result from deprotonation (m/z 123), nucleophilic substitution at carbon (m/z 109) and addition–elimination at phosphorus
(m/z 111).
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to form the observed product ion at m/z 111. Interestingly, an
ion at m/z 143 was observed in the full ESI MS spectrum under
the reaction conditions and was not observed in the absence of
DMMP. In this experiment, all ions generated in the ion source
are available to react with neutral DMMP in the ion trap. As the
m/z 143 ion is not observed during reaction of isolated F− with
DMMP (Fig. 1a), the only other evident source of F− available
to react with DMMP is the hydrated F− ion, [H2O · · · F]− (m/z
37). The reaction of isolated [H2O · · · F]− with DMMP resulted
in a major product ion at m/z 143 and a minor product ion at
m/z 109 (Fig. 3a). Collision-induced dissociation (CID) of the
m/z 143 product ion yielded fragment ions at m/z 109 and m/z
111 (Fig. 3b) with no evidence for the direct dissociation to F−


(m/z 19). The observed ions correspond to the SN2(carbon) and
addition–elimination(phosphorus) product ions respectively and
thus the m/z 143 ion is consistent with the elusive pentavalent
intermediate, [F(CH3)P(O)(OCH3)2]−. In this case, the reactive
pentavalent intermediate formed by reaction of the hydrated F−


ion with DMMP is stabilised by the release of excess energy as
translational energy of the departing H2O neutral.


Reactions of the CD3O− anion. The CD3O− anion (m/z 34)
was isolated and allowed to react with neutral DMMP in the ion
trap. The resulting product ion spectrum is shown in Fig. 1b and
the plot of product ion intensities against the consumption of the
reactant ion used to obtain branching ratios is shown in Fig. 4. The
observed processes for the reaction between CD3O− and DMMP
were deprotonation (97%) and the SN2(carbon) pathway (3%)
and are reasonably consistent with previously reported branching
ratios of 93% and 3%.13 In this experiment, the probe for the
addition–elimination pathway is formation of an ion at m/z
126, [CD3O(CH3)P(O)OCH3]−, or an ion corresponding to the
pentavalent intermediate at m/z 158. Thus, the absence of these
ions in Fig. 1b indicates this process, observed to a minor extent
(4%) in flowing afterglow experiments,13 is not significant under
ion trap conditions. This minor discrepancy between experiments,
may arise from the significantly different pressure regimes of the


Fig. 4 Branching ratio plot observed for the reaction between CD3O−


(m/z 34) and DMMP (124 Da) with a reaction time of 100 ms. MS
experiments were conducted using a modified quadrupole ion trap mass
spectrometer operating at a temperature of 307 K and pressure of
2.5 mTorr. The slopes afford branching ratios for the product ions m/z
123 (97%) and m/z 109 (3%).


two instruments used to observe this chemistry (flowing afterglow
0.3 Torr versus ion trap pressures of 2.5 × 10−3 Torr).


Reactions of the HOO− anion. The HOO− anion (m/z 33) was
isolated and allowed to react with neutral DMMP in the ion trap.
The major product ions observed in the resulting product ion mass
spectrum (Fig. 1c) are consistent with expected reaction products
of the SN2(carbon) pathway to form the [CH3P(O)(OCH3)O]−


ion at m/z 109 and the deprotonation pathway to form the
[CH2P(O)(OCH3)2]− ion at m/z 123. The plot of product ion
intensities against the consumption of the hydroperoxide anion
(Fig. 5) was used to determine the respective branching ratios of
89% and 11% for these processes. The characteristic addition–
elimination product ion for the HOO− anion would be expected at
m/z 125 and an ion corresponding to the pentavalent intermediate
at m/z 157, and thus the absence of these ions in Fig. 1c


Fig. 3 (a) Product ion spectra observed for the reaction between [H2O · · · F]− (m/z 37) and DMMP (124 Da) and (b) CID spectrum of the resulting m/z
143 product ion, consistent with a pentavalent intermediate.
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Fig. 5 Branching ratio plot observed for the reaction between HOO−


(m/z 33) and DMMP (124 Da) with a reaction time of 200 ms. MS
experiments were conducted using a modified quadrupole ion trap mass
spectrometer operating at a temperature of 307 K and pressure of
2.5 mTorr. The slopes afford branching ratios for the product ions m/z
109 (89%) and m/z 123 (11%).


indicates that HOO− does not undergo any significant nucleophilic
addition–elimination at phosphorus.


MSn characterisation of observed product ions m/z 109 and
m/z 123. The observed product ions at m/z 109 and m/z 123
are formed as a result of demethylation and deprotonation of
DMMP. In each case the resulting product ion is resonance
stabilised with the charge distributed to the phosphonyl oxygen
as shown in Scheme 3 for the reaction of HOO− (m/z 33) with
neutral DMMP (124 Da).


Scheme 3


The m/z 109 and m/z 123 product ions were characterised using
MSn experiments. CID of the m/z 33 → 109 ion yielded two
significant fragment ions at m/z 77 and m/z 94, which correspond
to a loss of CH3OH and •CH3 respectively (Fig. 6a). This is
consistent with the proposed [CH3P(O)(OCH3)O]− structure of
the m/z 109 product ion (Scheme 3). The neutral loss of CH3OH
involves simple heterolytic cleavage of a P–OCH3 bond to generate
a CH3O− ion-neutral complex, followed by deprotonation at the
acidic CH3P moiety to form the m/z 77 fragment ion, while the
radical loss of •CH3 forms a resonance-stabilised radical anion
(Scheme 4).


The CID spectrum of the m/z 33 → 123 product ion (Fig. 6b)
shows a major fragment ion at m/z 93 consistent with an ion
formed by loss of formaldehyde. This MS3 fragment ion (m/z
93) was further isolated and collisionally activated in an MS4


experiment (Fig. 6c). An ion at m/z 78 was observed as the major
fragment ion in the resulting MS4 spectrum of the m/z 33 →
123 → 93 ion. This neutral loss of 15 Da corresponds to a radical


Scheme 4


loss of •CH3, presumably to form the resonance-stabilised radical
anion [CH3P(O)O]−•. A minor neutral loss of 16 Da (CH4) was also
observed in the MS4 spectrum to form the [CH2P(O)O]− ion (m/z
77). Further, the radical anion at m/z 78, [CH3P(O)O]−• readily
undergoes loss of 15 Da (•CH3), in an MS5 experiment (Fig. 6d),
resulting in an ion at m/z 63 which corresponds to a resonance-
stabilised closed shell anion, [PO2]−. The observed fragmentation
pathways of the m/z 123 product ion are shown in Scheme 4.
The combined MSn data (Fig. 6) for the m/z 109 and m/z 123
product ions formed by reaction of HOO− with neutral DMMP
are consistent with the proposed structures (Scheme 3).


Summarising the experimental results, the nucleophilic
addition–elimination reaction at phosphorus was observed for
the F− anion as evidenced by reactant anion addition with
concomitant loss of CH3OH. In addition, reaction of [H2O · · · F−]
with DMMP yielded a product ion at m/z 143 consistent with
a reactive pentavalent intermediate stabilised via neutral loss
of H2O. The major gas phase reactions of the HOO− anion
with DMMP are the SN2(carbon) process and deprotonation.
The HOO− experiments provide no evidence for the addition–
elimination reaction occurring via a pentavalent intermediate. The
SN2(carbon) pathway is more significant than deprotonation and
contrasts reported reactions of anions with DMMP in the gas
phase, whereby deprotonation dominated whenever the reaction
channel was active.13 The HOO− and CD3O− anions have similar
proton affinities, and therefore the marked differences in observed
reaction products indicates an inherently greater nucleophilicity
of the HOO− anion compared to CD3O− anion.


Electronic structure calculations


The deprotonation, SN2(carbon), addition–elimination and re-
ductive elimination pathways (Scheme 2) for the reaction be-
tween HOO− and DMMP were investigated using hybrid density
functional theory. Optimised structures of pertinent stationary
points on the B3LYP/6-31+G(d) potential energy surface for
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Fig. 6 MSn spectra from [DMMP − H]− (m/z 123) formed by reaction with isolated HOO− ion, namely (a) CID spectrum of m/z 109 (MS3 of m/z
33 → 109), (b) CID spectrum of m/z 123 (MS3 of m/z 33 → 123), (c) CID spectrum of the resulting fragment ion m/z 93 (MS4 of m/z 33 → 123 → 93)
and (d) CID spectrum of the resulting fragment ion m/z 78 (MS5 of m/z 33 → 123 → 93 → 78).


each process are shown in Fig. 7, and the calculated energies,
structural connectivity and transition state imaginary frequencies
are detailed in Table 1. The conformation of DMMP (Fig. 7a)
corresponds to the lowest energy conformation previously deter-
mined by Fourier transform microwave spectroscopy data.20 The
initial approach of the HOO− anion for each reaction pathway
considered was limited to one side of DMMP as indicated by the
calculated structures for the reactant ion-neutral complex, RC1
(Fig. 7b) and the transition state for the SN2(carbon) process, TS1
(Fig. 7c).


HOO− reaction pathways observed: SN2(carbon) and deproto-
nation. The dominant product ion (m/z 109) observed in the
gas phase reaction between HOO− and DMMP resulted from
demethylation of DMMP by direct nucleophilic substitution at an
ester carbon. This process was investigated at the B3LYP/aug-
cc-pVTZ//B3LYP/6-31+G(d) level of theory (Fig. 8) and was
calculated to be extremely exothermic for the formation of both
the resulting product ion complex, PC1 (−258 kJ mol−1), and


separated products, CH3O2H and P1 (−186 kJ mol−1). In addition,
the process has a negative activation barrier, with the transition
state TS1 calculated to be some 42 kJ mol−1 more stable than the
isolated reactants (Table 1).


The reactant ion-neutral complex, RC1 (Fig. 7b), was calculated
to be stabilised by 82 kJ mol−1 with respect to the separated
reactants HOO− and DMMP. The complex involves hydrogen
bonding with the methyl and a methoxy group of DMMP with the
charged oxygen centre of the incipient anion orientated for both
deprotonation at the methyl group as well as nucleophilic addition
at the phosphorus centre. Deprotonated DMMP was observed as a
significant ion in the product ion mass spectrum of HOO− reacting
with neutral DMMP, and indicates a preference for the HOO−


anion to undergo deprotonation at the methyl group rather than
nucleophilic addition at phosphorus. This proton transfer reaction
was calculated to be a simple process with only one transition
state leading directly to a product ion complex, PC2 (Fig. 8).
The barrier for deprotonation was calculated to be 0.1 kJ mol−1


with respect to the pre-reactive complex RC1, and is therefore
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Fig. 7 Optimised geometries of pertinent stationary points on the
B3LYP/6-31+G(d) potential energy surface for the gas phase reaction of
HOO− anion with DMMP. Standard orientations of all stationary points
are provided in the supplementary data.


essentially barrierless. The energy required for dissociation of PC2
to form the observed product ion, P2 (90 kJ mol−1, Fig. 7f), is less
than the minimum excess internal energy of the system, but only
4 kJ mol−1 below the entrance channel.


HOO− reaction pathways not observed: reductive elimination
and addition–elimination. The addition–elimination process for
the reaction between HOO− and DMMP was also investigated
using hybrid DFT calculations (Fig. 9). The initial attack was
calculated to involve a specific orientation of the HOO− anion with
the charged oxygen atom directed toward the phosphorus atom
and is stabilised by hydrogen bonding of the peroxyl hydrogen
to the phosphonyl oxygen (TS3, Fig. 7g). A phosphorus-centred
pentavalent intermediate (INT1, Fig. 7h) was calculated to be
a stable stationary point on the potential energy surface. This
intermediate was stabilised with respect to the initially formed
reactant complex RC1 by 29 kJ mol−1 with a barrier to formation
of 12 kJ mol−1. Proceeding along the reaction coordinate, INT1
undergoes displacement of the opposing CH3O group via a
transition state, TS4 (Fig. 7i), similar to that of TS3. However,
TS4 does not have a similar stabilising effect of hydrogen bonding
at the reaction site and as a result has a significantly higher relative
energy of 32 kJ mol−1 with respect to RC1. A CH3O− ion–neutral
complex is not energetically stable on the potential energy surface
and the departing CH3O− ion deprotonates the acidic phosphonyl
methyl group to form a stable product ion–neutral complex,
PC3 (−9 kJ mol−1). This product ion complex is formed with
a minimum of 91 kJ mol−1 of excess energy and can dissociate
to yield the separated products, [HOOP(O)(OCH3)CH2]− (P3,
Fig. 7j) and CH3OH, with a relative energy 41 kJ mol−1 below
the entrance channel. It should be noted that the product
ion, P3, may undergo rearrangement to a more stable isomer,
[OOP(O)(OCH3)CH3]− (P4, Fig. 7k), and stabilise the products
by an additional 43 kJ mol−1 (Table 1).


Reductive elimination of DMMP has previously been observed
only for the NH2


− anion, and no experimental evidence for the
process was observed during this study (Fig. 1). Calculations
at the B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d) level of theory
indicate that the reaction is significantly endothermic, with the
relative energy of the products, [CH3P(O)OCH3]− (P5, Fig. 7l),
CH2O and H2O2, 144 kJ mol−1 above the pre-reactive complex,
RC1 (Table 1). This energy requirement is 66 kJ mol−1 greater than
the deprotonation process and therefore reductive elimination is
not energetically competitive.


Entropy considerations. The theoretical data so far indicates
that the addition–elimination reaction may proceed via a sta-
ble pentavalent intermediate ion. Further, the calculated excess
energy of the system suggests that this process would result in
the neutral loss of CH3OH and formation of the product ion
[HOOP(O)(OCH3)CH2]− at m/z 125. Despite these results, no
direct experimental evidence was found for the formation of this
ion in the gas phase. However, energetics alone are not sufficient
to predict whether a particular reaction will be competitive or not.
The rate of a reaction is also dependent on the Arrhenius pre-
exponential factor. It has been demonstrated that for reactions
occurring on the same potential energy surface comparison of
the vibrational partition functions of pertinent transition states
may provide insight into the relative values of the pre-exponential
factors for each of the competing processes.21,22 The vibrational
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Table 1 Calculated data for selected stationary points on the B3LYP/6-31+G(d) potential energy surface for reaction between HOO− and
DMMP. Structures, zero point energies and imaginary frequencies were calculated at B3LYP/6-31+G(d). Relative energies were determined using
the aug-cc-pVTZ basis set and include zero-point correction


Name Chemical structure Calculated energy/Hartrees Zero point energy/Hartrees Relative energy/kJ mol−1


DMMP CH3P(O)(OCH3)2 −686.8877832 0.1288947 —
HOO− HOO− −150.9973058 0.0129208 —
HOO− + DMMP HOO− + CH3P(O)(OCH3)2 −837.885089 — 82.1
RC1 [HOO CH3P(O)(OCH3)2]− −837.9163554 0.1429425 0.0
TS1 (−420 cm−1) [CH3P(O)(OCH3)O··CH3··OOH]− −837.9011263 0.1418708 40.0
PC1 [CH3P(O)(OCH3)O CH3OOH]− −837.9835294 0.1450294 −176.4
P1 CH3P(O)(OCH3)O− −647.0718822 0.0878164 —
CH3O2H CH3OOH −190.8840636 0.0546871 —
P1 + CH3O2H CH3P(O)(OCH3)O− + CH3OOH −837.9559458 — −103.9
TS2 (−970 cm−1) [HOO··H··CH2P(O)(OCH3)2]− −837.9162986 0.1393700 0.1
PC2 [HOOH CH2P(O)(OCH3)2]− −837.9208791 0.1434266 −11.9
P2 −CH2P(O)(OCH3)2 −686.2951257 0.1135345 —
H2O2 HOOH −151.5915359 0.0262686 —
P2 + H2O2


−CH2P(O)(OCH3)2 + HOOH −837.8866616 — 78.0
TS3 (−92 cm−1) [HOO··(CH3)P(O)(OCH3)2]− −837.9118082 0.1441214 11.9
INT1 [HOO(CH3)P(O)(OCH3)2]− −837.9272842 0.1455452 −28.7
TS4 (−96 cm−1) [HOO(CH3)P(O)(OCH3)··(OCH3)]− −837.9043289 0.1416032 31.6
PC3 [HOO(CH3O)P(O)CH2 HOCH3]− −837.9198117 0.1422469 −9.1
P3 HOO(CH3O)P(O)CH2


− −722.1754949 0.0890622 —
CH3OH CH3OH −115.7253543 0.0512913 —
P3 + CH3OH HOO(CH3O)P(O)CH2


− + CH3OH −837.9008492 — 40.7
P4 −OO(CH3O)P(O)CH3 −722.1918917 0.0905185 —
P4 + CH3OH −OO(CH3O)P(O)CH3 + CH3OH −837.9172460 — −2.3
P5 CH3P(OCH3)O− −571.7448142 0.0817168 —
CH2O CH2O −114.525242 0.0267637 —
P5 + CH2O CH3P(OCH3)O− + CH2O + HOOH −837.8615921 — 143.8


Fig. 8 Reaction coordinate diagram for the (a) SN2(carbon) and (b) deprotonation processes observed during the gas phase reaction of
HOO− anion with DMMP in an ion trap. All structures were optimised at the B3LYP/6-31+G(d) level and energies calculated at the
B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d) level.
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Fig. 9 Reaction coordinate diagram for the addition–elimination process which was not observed during the gas phase reaction of HOO− anion with
DMMP. All structures were optimised at B3LYP/6-31+G(d) level and energies calculated at the B3LYP/aug-cc-pVTZ//B3LYP/6-31+G(d) level.


partition function values were determined for the transition
states TS1–TS3 (see ESI†). As previously reported,21 there is
a difficulty in knowing precisely which of the low frequency
vibrations to use, but if all of the calculated frequencies are
considered, the Arrhenius factor for the SN2(carbon) process is
twenty-seven times larger than that for the deprotonation pathway,
which in turn is three times larger than the addition–elimination
process (Table 2). This estimation of relative entropic contributions
to the reaction rates is consistent with the SN2(carbon) process
being significantly more accessible as compared to the competing
pathways. Further, the lower Arrhenius factor of the addition–
elimination process relative to that of the deprotonation process
explains the preference for deprotonation and absence of the
addition–elimination process.


Thermodynamic considerations. The large dissociation energy
of the product ion complex, PC2 (90 kJ mol−1), relative to the
reverse activation barrier (12 kJ mol−1) indicates that the deproto-
nation process is readily reversible. Similarly, the reverse activation
energy for the pentavalent intermediate, INT1 (41 kJ mol−1), is less
than the barrier of the forward process (61 kJ mol−1), indicating
that the addition–elimination process, if accessed, is also reversible.
Conversely, the reverse activation barrier for PC1 (216 kJ mol−1) is
some three times greater than the energy required for dissociation
(72 kJ mol−1), indicating the SN2(carbon) process is not readily
reversible and proceeds directly to the separated products, P1


(m/z 109) and CH3O2H. Further, the SN2(carbon) pathway is
significantly exothermic (186 kJ mol−1), as compared to the
deprotonation (4 kJ mol−1) and addition–elimination (41 kJ mol−1)
pathways, and explains the dominance of the SN2(carbon) process
in the reaction of HOO− with DMMP.


The calculated a-effect of nucleophilic reactions. A number of
pertinent stationary points for the reaction between CH3O− and
DMMP were calculated at the B3LYP/aug-cc-pVTZ//B3LYP/6-
31+G(d) level of theory to gain insight into the observed dif-
ferences in the reactivity of CH3O− and HOO− anions toward
DMMP. Specifically, the reactant complex and first transition
states for each of the analogous processes to that of the HOO−


anion were investigated and the results are listed in Table 3. There
are no significant energetic or entropic differences between the
deprotonation pathways of each anion. However, the activation
energies of the SN2(carbon) and addition–elimination processes
were calculated to be significantly lower for HOO− as compared to
CH3O− (Table 2). Comparisons of nucleophiles of similar proton
affinities have been suggested to provide a measure of the a-
effect,15 which in this case is calculated to be 7.8 kJ mol−1 for
the SN2(carbon) process and 18.2 kJ mol−1 for the nucleophilic
addition–elimination process. In addition, the pre-exponential
Arrhenius factors for the SN2(carbon) and nucleophilic addition–
elimination pathways, relative to the deprotonation pathway,
are calculated to be appreciably larger for the reactions of


Table 2 Calculated activation energies and relative pre-exponential Arrhenius factors for reactions of HOO− and CH3O− with DMMP


HOO− CH3O−


Reaction pathway Activation energy/kJ mol−1 Relative A factor Activation energy/kJ mol−1 Relative A factor


Deprotonation 0.1 1 1.2 1
SN2(carbon) 40.0 27.4 47.8 9.7
Addition–elimination 11.9 0.3 30.1 0.2
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Table 3 Calculated data for selected stationary points on the B3LYP/6-31+G(d) potential energy surface for reaction between CH3O− and
DMMP. Structures, zero point energies and imaginary frequencies were calculated at B3LYP/6-31+G(d). Relative energies were determined using
the aug-cc-pVTZ basis set and include zero point correction


Name Chemical structure Calculated energy/Hartrees Zero point energy/Hartrees Relative energy/kJ mol−1


CH3O− CH3O− −115.1231623 0.0351421 —
CH3O− + DMMP CH3O− + CH3P(O)(OCH3)2 −802.0109455 — 80.2
RC2 [CH3O CH3P(O)(OCH3)2]− −802.041476 0.1660624 0.0
TS5 (−434 cm−1) [CH3P(O)(OCH3)O··CH3··OCH3]− −802.0232846 0.1647602 47.8
CH3OCH3 CH3OCH3 −155.0129886 0.0800221 —
P1 + CH3OCH3 CH3P(O)(OCH3)O− + CH3OCH3 −802.0848708 — −113.9
TS6 (−1019 cm−1) [CH3O··H··CH2P(O)(OCH3)2]− −802.0410056 0.1624264 1.2
TS7 (−119 cm−1) [CH3O··(CH3)P(O)(OCH3)2]− −802.0300104 0.1666323 30.1
P2 + CH3OH −CH2P(O)(OCH3)2 + CH3OH −802.0204800 — 55.1


HOO− compared to the analogous reactions of CH3O− (Table 2).
Further, the pre-exponential Arrhenius factor is greatest for the
SN2(carbon) process involving HOO− and is larger, relative to
the deprotonation process, by a factor of twenty-seven. Based on
these results, the addition–elimination process is significantly less
competitive with respect to the SN2(carbon) process for the HOO−


reaction with DMMP than that of CH3O−.


Experimental


Mass spectrometry


Experiments were performed on a modified ThermoFinnigan LTQ
(San Jose, CA) linear quadrupole ion trap mass spectrometer23


fitted with a conventional IonMax electrospray ionisation source
and operating Xcalibur 2.0 SUR1 software. Ions were generated
by infusion at 3–5 lL min−1 of an aqueous sample mixture (20 lM
CsF or 10% H2O2), or neat methanol-d4, into the electrospray ion
source. Typical instrumental settings were: spray voltage −3.5 kV,
capillary temperature 200–250 ◦C, sheath gas flow between 10–
30 (arbitrary units), sweep and auxiliary gas flow set at between
0–10 (arbitrary units). For collision-induced dissociation (CID)
experiments, ions were mass-selected with a window of 1–4 Da,
using a Q-parameter of 0.250, and the fragmentation energy
applied was typically 10–45 (arbitrary units) with an excitation
time of 30 ms. Modifications to the mass spectrometer to allow
the introduction of neutral gases into the ion trap region of
the instrument have been previously described.24 Briefly, neutral
liquids and gases are introduced into a flow of ultra high purity
(UHP) helium (3–5 psi) via a heated septum inlet (25–250 ◦C). The
neutral flow is controlled using a syringe pump, while helium is
supplied via a variable leak valve to provide a total ion gauge
reading of ∼0.9 × 10−5 Torr representing an estimated trap
pressure of 2.5 mTorr. The temperature of the vacuum manifold
surrounding the ion trap was measured at 307 ± 1 K, which is
taken as being the effective temperature for ion–molecule reactions
observed herein.25 Reaction times of 0.03–200 ms were set using
the excitation time parameter within the control software using a
fragmentation energy of 0 (arbitrary units). All spectra presented
represent are an average of at least 50 scans.


Dimethyl methylphosphonate (DMMP) and caesium fluoride
were obtained from Sigma-Aldrich (Castle Hill, NSW, Australia).
Aqueous hydrogen peroxide (50%) was obtained from APS Chem-
icals (Sydney, NSW, Australia). Methanol-d4 (CD3OD, 99.8%


atom) was obtained from Cambridge Isotopes (Andover, MA,
USA).


Electronic structure calculations


Geometry optimisations were carried out with the Becke 3LYP
(B3LYP) method26 using the 6-31+G(d) basis set within Gaussian
03 W suite of programs.27 All stationary points were characterised
as either minima (no imaginary frequencies) or transition states
(one imaginary frequency) by calculation of the frequencies
using analytical gradient procedures. Frequency calculations also
provided zero-point energies, which were used to correct elec-
tronic energies calculated using the larger correlation consistent
Dunnings basis set aug-cc-pVTZ.28 The minima connected by
a given transition state were confirmed by inspection of the
animated imaginary frequency using the GaussView package29


and by intrinsic reaction coordinate (IRC) calculation.30


Conclusions


The gas phase reactions of the HOO− anion with neutral DMMP
were investigated using a modified ion trap mass spectrometer.
The major reaction product ions observed at m/z 109 and m/z
123 were the result of SN2(carbon) and deprotonation processes,
respectively. MSn experiments carried out on the observed product
ions support the structural assignment of [CH3P(O)(OCH3)O]−


(m/z 109) and [CH2P(O)(OCH3)2]− (m/z 123). The addition–
elimination reaction occurring via a pentavalent intermediate was
not observed for HOO−. However, this pathway was observed
to a minor extent for the reaction of F− with DMMP. Further,
reactions of [H2O · · · F−] with DMMP provides evidence for
the elusive pentavalent intermediate [F(CH3)P(O)(OCH3)2]− (m/z
143). In contrast, the gas phase reactions of CD3O− with DMMP
were dominated by deprotonation, with the SN2(carbon) process
only occurring to a minor extent. Since HOO− and CD3O−


have similar proton affinities the marked difference in observed
branching ratios is a result of an inherently greater nucleophilicity
of the HOO− anion. Thus, the work herein describes the first
experimental evidence of an a-effect in the gas phase.


Hybrid DFT calculations, at the B3LYP/aug-cc-
pVTZ//B3LYP//6-31+G(d) level, were used to investigate
the mechanisms of the observed processes. The SN2(carbon)
process was calculated to be exothermic by 186 kJ mol−1 and
compared to the deprotonation process which was calculated
to be exothermic only by 4 kJ mol−1. The observed branching
ratios for the SN2(carbon) (89%) and deprotonation (11%) are
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a result of the significant difference in reaction exothermicities.
The reaction pathway for the addition–elimination process was
also calculated using the hybrid DFT method and the process
determined to be exothermic by 41 kJ mol−1. However, an
estimation of the relative Arrhenius pre-exponential factors of the
initial transition states of the three pathways investigated indicate
that the addition–elimination is not kinetically competitive.
In addition, the SN2(carbon) process is readily accessible and
extremely exothermic and explains the pathways dominance in
the reaction of HOO− and DMMP.


The observation of a gas phase a-effect for the hydroperoxide
anion indicate that mass spectrometry can be used to investigate
the intrinsic chemistry of CWA perhydrolysis. In the case of
DMMP, the phosphorus-centred pathway was not observed
and therefore this system may not be a suitable to probe the
perhydrolysis degradation of CWAs which differ by the presence of
P–F or P–S bonds and larger alkyl groups. These results highlight
the importance of the electrophilicity at phosphorus, bonding at
phosphorus, steric and solvent effects in the study of CWAs and
their simulants.
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The synthesis of a new series of EGTA (ethyleneglycol-bis(2-aminoethylether)-N,N,N ′,N ′-tetraacetic
acid) derivatives incorporating aromatic and functionalized aromatic moieties into the oxoethylenic
bridge is described. A solution thermodynamic study was carried out to determine the influence of
structural modifications on the coordinating ability towards lanthanide and alkaline earth metal ions.
The presence of remote functional groups on the aromatic moiety would allow the conjugation of the
complexes to macromolecules or other biological targets.


Introduction


The chelation of metal ions by highly polydentate ligands has
been widely investigated in the last thirty years. The interest in
such ligands is mainly driven by their ability (depending on the
nature of the donor atoms) to form metal complexes with tunable
physicochemical and functional properties engaged in a wide
range of applications as inorganic medicinal compounds,1 anion
or molecular receptors,2 catalysts for organic transformations,3


molecular sensors,4 and mimics for enzymes catalysing redox
and hydrolytic processes.5 Among them, polyaminocarboxylate
ligands have been extensively employed as chelators for lan-
thanide(III) ions. The ligands may be tailored to fine-tune the
kinetic and thermodynamic stabilities of the resulting complexes
according to the application in which they are to be used, e.g.
as sequestering agents or as diagnostic or therapeutic tools in
medicine.


Among the latter applications, the use as contrast-enhancing
agents (CAs) for magnetic resonance imaging (MRI) has attracted
much attention in recent years.6 In fact, CAs have been shown to
cause a dramatic variation of the water proton relaxation rates,
thus providing physiological information well beyond the im-
pressive anatomical resolution commonly obtained in the uncon-
trasted images. In the class of paramagnetic CAs, the attention has
been focused on Gd(III) complexes, which must have extremely
high kinetic and thermodynamic stabilities to preserve their
integrity for the time they stay in the patient body. A large database
has already been acquired concerning the stability constants of
Ln(III) polyaminocarboxylate complexes,7 and interest has been
recently renewed by the discovery of a new disease (named
as Nephrogenic Systemic Fibrosis/Nephrogenic Fibrosing
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† Electronic supplementary information (ESI) available: Experimental
details and procedures related to the synthetic protocol reported in
Scheme 2. See DOI: 10.1039/b804195d


Dermopathy, NSF/NFD) referred to the release of free
Gd3+ after administration of the Gd-based contrast agent
Omniscan.8


The specific application as CA for MRI, but also other
possible uses in biomedicine, prompted the search for the
relationships between the details of the solution structure
and the physico-chemical properties of the metal chelates.
More importantly, a rational modification of the ligand back-
bone with different donor groups or different structural moi-
eties can affect not only its coordinating ability but also
the size, the charge, and the lipophilicity of the correspond-
ing complexes, thus affecting their affinity for different bio-
logical targets.6 The poly(aminocarboxylate) ligands such as
the linear DTPA (diethylenetriamine-N,N,N ′,N ′′,N ′′-pentaacetic
acid) or the macrocyclic DOTA (1,4,7,10-tetraazacyclododecane-
N,N ′,N ′′,N ′′ ′-tetraacetic acid) and their derivatives represent the
most common and studied class of chelators for biomedical
applications, as they are octadentate and form highly stable Ln(III)
complexes with one additional water molecule coordinated by the
metal ion.6 In the search for new and efficient contrast agents
for MRI, a systematic investigation of the solution structure and
dynamics and relaxation properties of the Ln(III) complexes of the
simple acyclic ligand EGTA has been previously reported by our
group.9 Its Gd(III) complex is potentially a very efficient CA, as
it presents an optimal value of one of the key factors influencing
the efficacy, viz. the residence lifetime of the coordinated water
molecule. EGTA has also been reported to exhibit interesting
patterns of metal-binding selectivity, especially related with the
alkaline earth metal ions Ca2+ and Mg2+.10 In fact, it is highly
selective towards Ca2+ compared to the other alkaline earth metal
ions, with a stability constant six orders of magnitude higher for the
binding of Ca2+ over Mg2+, larger than that typically exhibited by
calcium-binding proteins. Despite the really interesting properties
of EGTA both as an MRI CA and as Ca2+ sequestering agent,
only a few papers have been published on EGTA derivatives in
the last twenty years.11 The reasons may be found in the fact that
EGTA lacks functional groups suitable for covalent linking to
macromolecules or biological targets, and that the corresponding
Gd(III) complex suffers from low thermodynamic stability and
selectivity, precluding practical and safe in vivo MRI applica-
tions.
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Herein, we report synthesis and characterization of five deriva-
tives of EGTA where structural variations were introduced in order
to: i) investigate the effects on the stability of the corresponding
Ln(III) complexes by rigidification of key sites of the flexible
EGTA molecule or by functional group modification; and ii) allow
conjugation of the corresponding complexes to macromolecules
or biological targets, introducing additional remote functional
groups. In the new L1–L5 ligands (Scheme 1) the basic structure
of EGTA was modified in the central ethylenic moiety, rigidified
by fusion with an aromatic ring.


Scheme 1 Structure of L1–L5.


The modified ligands were prepared from 1,2-arenediols. L1
was obtained from 2,3-naphthalenediol, L2 from 1,2-benzenediol,
whereas L3, L4 and L5 were synthesised starting from 4-
nitrocatechol, in which the nitro group, once reduced, represents
a useful site for further functionalization. Two synthetic protocols
to access these molecules are described and compared. Moreover,
solution studies on the protonation of L2 and L3 and their stability
constants with lanthanide ions across the series and with Ca2+


and Mg2+ are reported in order to check the ability of these
ligands to form stable complexes with Ln3+ ions and/or to complex
selectively other metal ions.


Results and discussion


Synthesis of L1–L5


Two synthetic approaches were employed to synthesize the
EGTA-derivatives L1–L5. Commercially available 1,2-arenediols
(catechols) are the preferred starting materials for these syntheses.
The first strategy, outlined in Scheme 2, relies on a multistep
introduction of the aminoethyl group onto the phenolic oxygen
atoms.


2,3-Naphthalenediol 1 was used as a model compound to
explore this synthetic protocol. Alkylation of both phenolic oxygen
atoms was performed with a slight excess of methyl bromoacetate
in refluxing acetone and in the presence of potassium carbonate.
Reduction of ester 2 with sodium borohydride in refluxing ethanol
afforded diol 3. The latter was converted to the dimesyl derivative
trying to follow the strategy employed by Brunet, Rodrı́guez-
Ubis et al.12 to synthesize a fluorescent derivative of EGTA;
unfortunately, attempted alkylation of tert-butyl iminodiacetate
with this compound led to sluggish reactions and isolation
of only minute amounts of the monoalkylation product. The
dimesyl derivative was then redirected toward a more classical
Gabriel protocol, obtaining the overall conversion of diol 3 to
the diamine 4. Straightforward exhaustive alkylation with tert-
butyl bromoacetate/potassium carbonate and tert-butyl group


Scheme 2 Reagents and conditions: i) BrCH2COOMe, K2CO3, Me2CO,
reflux, 2 h; ii) NaBH4, EtOH, reflux, 3 h; iii) CH3SO2Cl, iPr2NEt, AcOEt,
0 ◦C, 3 h; iv) PhtN−K+, K2CO3, DMF, 100 ◦C, 6 h; v) N2H4·H2O,
EtOH, reflux, 2 h; vi) BrCH2COOtBu, K2CO3, CH3CN, r.t., 48 h;
vii) TFA/PhOCH3 (4 : 1), r.t., 24 h.


removal with TFA/anisole gave ligand 1 in overall 10–11% yield.
As multigram amounts of these ligands are needed to carry out a
full characterization of their complexes, a shorter synthesis with a
higher throughput was then sought. In order to reduce the number
of synthetic steps, we envisaged a convergent synthesis, outlined
in detail in Scheme 3.


Scheme 3 Reagents and conditions: i) Ref. 13; ii) CH3SO2Cl, iPr2NEt,
AcOEt, 0 ◦C, 3 h; iii) K2CO3, 18-crown-6, PhCH3, r.t., 72 h; iv) TFA/
PhOCH3 (4 : 1), r.t., 24 h; v) H2, 10% Pd/C, MeOH, r.t., 2 h.
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In this alternative strategy, the lateral
bis(carboxymethyl)aminoethyl arms were preformed in two
steps and implanted onto the phenolic oxygen atoms through a
solid–liquid phase transfer catalyzed (PTC) alkylation. Removal
of tert-butyl esters completed the four-step synthesis. The
protocol was applied to 2,3-naphthalenediol, 1,2-benzenediol and
4-nitrocatechol, obtaining L1, L2 and the interesting tert-butyl
ester 9c, respectively; the latter was catalytically hydrogenated
to compound 10. This second synthetic pathway is shorter and
allows direct access from catechols to ligand esters in one single
step, using the alkylating agent 7. Overall yield is significantly
higher, being about 25% for L1 (from catechol 1), and hence
more than doubled with respect to the linear seven-step protocol.
Further optimization, especially of the PTC alkylation step,
may lead to an additional improvement of the overall yield of
the convergent strategy. Aminoester 10 is a key intermediate
as it allows the possibility to conjugate this class of EGTA
derivatives to specific targets through the free primary amine.
This nucleophilic reactive group is placed strategically on the
aromatic ring because: i) this position is remote with respect to the
coordinating group and should not disturb the coordination of
metal ions or the dynamic processes associated to the complex; ii)
it is directly and firmly bound to the ligand backbone, warranting
a rigid linkage with the target.


To demonstrate the conjugability and the potential improve-
ments in CA performance, compound 10 was converted into
ligands L3–L5. To this purpose, we selected three different
electrophiles to be reacted with compound 10 to impart specific
properties to the resulting ligand. We synthesized two isothio-
cyanates, 13 and 15, based on phenylalanine and dodecylamine,
respectively, according to Scheme 4.


Scheme 4 Reagents and conditions: i) tBuOAc, 70% aq HClO4, r.t., 24 h;
ii) CSCl2, CH2Cl2–sat. aq. NaHCO3, r.t., 1 h.


We selected these compounds in order to provide the EGTA-
like ligand with substructures with a known affinity for the
binding sites of Human Serum Albumin (HSA). Binding a
paramagnetic contrast agent to a slowly tumbling macromolecule
increases its relaxivity, extends its lifetime in the plasma and
its residence in blood vessels. HSA is known to bind reversibly
aromatic carboxylic acids and hydrophobic aliphatic chains and
this explains the choice of phenylalanine, dodecylamine and stearic
acid as recognition moieties conjugated to 10 in order to obtain
L3–L5. We have recently exploited the strong interaction with
HSA and the restricted local rotation upon HSA binding of the
Gd complex of L1 thanks to its naphthyl moiety. For this complex,
an unprecedented high relaxivity close to that predicted by theory
was observed.14


Scheme 5 shows the synthesis of L3–L5 starting from 10.
Reaction of 10 with isothiocyanates 13 and 15 was carried out
in dichloromethane, while acylation with stearoyl chloride was
performed under Schotten–Baumann conditions in a biphasic
mixture of dichloromethane and aqueous sodium carbonate.
Purification of the esters and deblocking of tert-butyl esters led
to the desired ligands L3–L5, subsequently used for metal ion
complexation.


Scheme 5 Reagents and conditions: i) CH2Cl2, r.t., 24–48 h; ii) TFA/
PhOCH3 (4 : 1), r.t., 24 h; iii) C17H35COCl, CH2Cl2–10% aq. Na2CO3, r.t.,
2 h.


Solution thermodynamic study


In the chemistry of lanthanides, it is generally accepted that non-
ionic donor atoms are more weakly bound than ionic donor atoms.
In EGTA derivatives, nitrogen atoms alone cannot coordinate to
the lanthanide ion to form an energetically stable five-membered
chelate ring, as typically found in other polyaminocarboxylate
complexes (e.g. [Ln(EDTA)]−). According to the literature, the
stability constants of the lanthanide(III) complexes formed with
diamino-tetracarboxylate ligands decrease with the increase of
the distance between the two nitrogen atoms. The value of the
stability constants of the [Ln(EGTA)]− complexes (logKLnL = 15–
18) are comparable with those of the corresponding [Ln(EDTA)]−


complexes (logKLnL = 15–20), but significantly higher than those
reported for the [Ln(HMDTA)]− chelates (logKLnL = 8–11)
(HMDTA= hexamethylenediamine-N,N,N ′,N ′′-tetraacetic acid;
the length of the ligand backbone between the two terminal
nitrogen atoms is similar to that of EGTA). These data suggest
that the coordination of the ethereal oxygen atoms contributes
to the thermodynamic stability of [Ln(EGTA)]− complexes.7a In
addition, the stability of the lanthanide complexes is influenced
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Table 1 Protonation constants of the ligands L2, L3, EGTA and EDTA
as determined by potentiometric titration at 25 ◦Ca


L2 L3 EGTAb EDTAb


logKH
1 8.96 (0.02) 8.75 (0.01) 9.47 10.19


logKH
2 8.41 (0.01) 8.26 (0.01) 8.85 6.13


logKH
3 2.99 (0.02) 3.34 (0.02) 2.26 2.69


logKH
4 2.05 (0.01) 2.23 (0.02) 2.00 2.0


logKH
5 1.72 (0.02) 2.05 (0.02) — —


a Ionic strength 0.1 M KCl in all cases. b Ref. 7a.


by their coordination geometry, which is dictated by the ligand
structure and flexibility. The presence of the aromatic ring
increases the stereochemical rigidity of the ligands and this could
affect their coordinating ability towards the Ln(III) cations.


Protonation constants. The protonation constants (logKH
i ) of


L2 and L3 were determined by pH-potentiometry and are reported
in Table 1 with those of EGTA and EDTA for comparison
(standard deviations are shown in parentheses). The protonation
constants are defined as follows:


K ii
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H H L


H L H
= =


−
+


[ ]


[ ][ ]
, ,


1


1 2 3… (1)


A comparison of the protonation constants of L2, L3 and
EGTA, obtained in similar media, reveals that the logKH


3 and
logKH


4 values are quite similar, whereas the values of logKH
1 and


logKH
2 slightly differ. To explain these findings, we may assume


that, in analogy with the protonation scheme of EGTA,15,16 the
first and second equivalents of acid protonate the two nitrogen
atoms, while the third and fourth protonation processes involve
the carboxylate oxygens. The third protonation process in L3 is
likely to correspond to the protonation of the carboxylate oxygen
of the pendant phenylalanine moiety. The small differences found
between the corresponding protonation constants of L2 and L3
indicate a slightly different basicity of the nitrogen atoms imposed
by the substituent on the aromatic ring. On the other hand, the
protonation constants of the nitrogen atoms in L2 and L3 are
somewhat lower than those of EGTA, likely as a result of their
lower basicity arising from the electron- withdrawing character
of the aromatic group. Moreover, the similar values of logKH


1


and logKH
2 are simply accounted for in terms of two distinct


protonation processes originating from the large distance between
the two nitrogen atoms.


Stability and protonation constants of complexes. The stability
and protonation constants of the metal complexes formed with L2
and L3 are defined by eqns (2) and (3):


KML =
[ML]


[M][L]
(2)


K ii
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MH,L


1
+


=
[MH L]


[MH L][H ]−


= 1 2 3, , (3)


The protonation and stability constants obtained by direct pH-
potentiometric titration are reported in Table 2. The protonation
and stability constants of [Ln(L2)]− and [Ln(L3)]− were calculated
from the titration curves, obtained with a 1 : 1 metal-to-ligand
concentration ratio. The best fitting was performed by using the
model that includes the formation of the ML, MHL and MH2L
species in the equilibrium.


The L2 and L3 ligands possess two amino nitrogens, four
carboxylate oxygens (or five in the case of L3) and two ethereal
oxygen donor atoms. The presence of the aromatic ring in the
ligands not only results in a decrease of the basicity of the oxygen
and nitrogen donor atoms, but it also increases the stereochemical
rigidity of the backbone, which in turn could affect the geometry
of the coordination polyhedron.


The values of the stability and protonation constants of the
complexes of Mg(II) with L2 and EGTA are rather similar
(Table 2), whereas the values of logKML and logKMHL for [CaL2]2−,
[LnL2]− and [LnL3]− are about one or two orders of magnitude
lower than those reported for [Ca(EGTA)]2− and [Ln(EGTA)]−.
The lower stability of [Mg(EGTA)]2− and [MgL2]2− compared
to [Mg(EDTA)]2− is explained in terms of the larger size of
EGTA and L2, which prevents the coordination of all the donor
atoms to the small Mg2+ ion due to the electrostatic repulsion
between the carboxylate groups. In the case of [LnL2]− and
[LnL3]−, coordination of all donor atoms of the ligands (except
the carboxylate group of the phenylalanine moiety in L3) is clearly
suggested by the results of solution NMR or X-ray diffraction
studies on the corresponding [Ln(EGTA)]− complexes.9,10 The
lower basicity of the amine N and ethereal O donor atoms
results in a lower stability of [CaL2]2−, [LnL2]− and [LnL3]−


compared to the complexes with EGTA (Table 2). The stability
constants of [LnL2]− complexes increase from La3+ to Er3+, where
a plateau is reached. This behaviour differs from that found
for the [Ln(EGTA)]− complexes whose logKML values increase


Table 2 The thermodynamic stability constants of complexes formed between L2, L3, EGTA, EDTA and selected lanthanide and alkaline earth metal
ions at 25 ◦Ca


L2 L3 EGTAb EDTAc


logKML logKMHL logKML logKMHL logKMH2 L logKML logKMHL logKML


Mg2+ 5.12 (0.01) 7.35 (0.02) — — — 5.28 7.62 8.69
Ca2+ 9.99 (0.01) 4.64 (0.03) — — — 10.86 3.79 10.61
La3+ — — 14.07 (0.03) 3.20 (0.04) 3.04 (0.05) 15.55 — 15.46
Ce3+ 14.62 (0.01) 3.09 (0.02) — — — 15.70 — 15.95
Nd3+ 15.26 (0.01) 3.05 (0.02) — — — 16.28 — 16.56
Gd3+ 15.76 (0.02) 2.33 (0.05) 15.25 (0.04) 3.03 (0.04) 2.09 (0.07) 16.97 — 17.35
Er3+ 16.21 (0.01) 2.34 (0.02) — — — 17.40 — 18.83
Lu3+ 16.23 (0.01) 2.31 (0.04) 15.43 (0.04) 3.12 (0.05) — 17.81 — 19.80


a Ionic strength 0.1 M KCl for L2, L3 and EDTA; 0.1 M KNO3 for EGTA. b Ref. 17. c Ref. 7a.
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monotonically from La3+ to Lu3+. These data clearly indicate an
influence of the ligand “rigidity” on the trend of the logKML values
across the lanthanide series and the presence of an optimal size
match for the Er3+–Lu3+ cations. On the other hand, only a small
change in the stability constants for the complexes with L3 is
observed on passing from Gd to Lu. It could be hypothesized
that the lower stability of the [LnL3]− complexes is caused by the
presence of an intramolecular “stacking” interaction between the
aromatic moieties of L3. This interaction could further decrease
the flexibility of the chelator, with negative effects particularly in
the case of the coordination to the smaller Ln3+ ions.


Conclusions


In this paper we have reported the synthesis of a new series of
EGTA derivatives incorporating an aromatic group into the ligand
backbone. Ligands L3–L5 feature a further functionalization on
the aromatic group, leading to bifunctional chelating agents of
potential utility for biomedical applications. Metal complexes
of L4 and L5 are expected to aggregate and form micelles as
well as to interact non-covalently with HSA: both these types of
macromolecular conjugates are of potential interest for contrast-
enhanced MRI applications.6 In fact, preliminary 1H and 17O
relaxometric data on the corresponding Gd(III) complexes of L1–
L5 are consistent with the presence of one coordinated water
molecule in fast exchange with the bulk.14 The relaxivity increases
as a function of the molecular weight (GdL1–L4) and it is strongly
enhanced in the presence of human serum albumin (GdL2–L5).
A full account of these results will be presented in a subsequent
paper. The structural modifications of the parent ligand do not
compromise the coordinating ability towards lanthanide and alka-
line earth metal ions, as demonstrated by solution thermodynamic
studies. Minor variations are explained in terms of increased
stereochemical rigidity imposed by the aromatic moiety. Future
work will be directed to further increasing the stability of the
complexes, which are still inadequate for medical applications.


Experimental


All chemicals were purchased from Sigma-Aldrich Co. and were
used without purification unless otherwise stated. NMR spectra
were recorded on a JEOL ECP 300 spectrometer (operating at
7.05 Tesla). ESI mass spectra were recorded on ThermoFinnigan
LCQ-Deca XP-Plus and melting points (uncorrected) with Stuart
Scientific SMP3 apparatus.


The synthesis and characterisation of compounds 1–4
(Scheme 2) are reported in the ESI†.


Compound 7


Compound 613 (5.0 g, 17.3 mmol) was dissolved in dry ethyl
acetate (30 mL); ethyldiisopropylamine (3.23 mL, 19.0 mmol)
was added to the solution and the mixture was cooled to
0 ◦C. Methanesulfonyl chloride (1.18 mL, 17.3 mmol) was slowly
added dropwise and the mixture stirred at 0 ◦C for 3 h. The solvent
was removed in vacuo and the oily product was purified by flash
chromatography (eluant petroleum ether–ethyl acetate 7 : 3) giving
compound 7 (4.88 g, 77% yield). Due to its instability, compound


7 was not characterized and was used as such for the following
steps.


Compound 5


2,3-Naphthalenediol (500 mg, 3.1 mmol), powdered potassium
carbonate (700 mg, 12.5 mmol) and 18-crown-6 (165 mg,
0.6 mmol) were mixed in toluene (40 mL), under a nitrogen
atmosphere. Compound 7 (2.82 g, 7.8 mmol) was slowly added
to the stirring suspension, previously cooled to 0–5 ◦C. After the
addition the stirring mixture was left to reach room temperature
and followed by HPLC. After 72 h the mixture was filtered and
evaporated in vacuo. The residue was dissolved in dichloromethane
(20 mL) and washed with 5% aq. K2CO3 (3 × 25 mL), aq. NaHSO3


(3 × 25 mL) and water (3 × 25 mL). The organic phase was then
dried over Na2SO4, filtered and evaporated. The oily crude product
was purified by flash chromatography (silica gel, eluant petroleum
ether–ethyl acetate–2-propanol 85 : 10 : 5), providing pure 5 as a
light yellow oil (899 mg, 41% yield). MS (ESI) 703.1 (MH+). Calc.
for C38H52N2O10: 702.1. 1H-NMR (CDCl3): 7.60 (m, 2H), 7.28 (m,
2H), 7.13 (s, 2H), 4.24 (t, 4H, J = 6.3 Hz), 3.58 (s, 8H), 3.24 (t, 4H,
J = 6.3 Hz), 1.44 (s, 36H). 13C-NMR (CDCl3): 170.8 (C), 148.9
(C), 129.2 (C), 126.2 (CH), 123.9 (CH), 107.7 (CH), 80.9 (C), 67.9
(CH2), 57.0 (CH2), 53.2 (CH2), 28.1 (CH3).


Ligand L1


Compound 5 (350 mg, 0.49 mmol) was dissolved in a mixture
of anisole and trifluoroacetic acid (1 : 4, 5 mL) and stirred at
room temperature for 24 h. Volatiles were evaporated in vacuo
and the crude product was redissolved in methanol (1 mL); slow
addition of excess diethyl ether led to precipitation of L1 as a
white amorphous solid, isolated by centrifugation. Dissolution in
methanol and precipitation with diethyl ether was repeated thrice,
obtaining analytically pure L1. Yield 0.147 g. M.p. 151–152 ◦C
(dec.). MS (ESI) 479.0 (MH+). Calc. for C22H26N2O10: 478.1. 1H-
NMR (D2O): 7.65 (m, 2H), 7.25 (m, 2H), 7.23 (s, 2H), 4.25 (t, 4H,
J ∼5 Hz), 3.78 (s, 8H), 3.35 (t, 4H, J ∼5 Hz). 13C-NMR (D2O):
169.9 (C), 147.0 (C), 129.1 (C), 126.6 (CH), 125.0 (CH), 108.4
(CH), 63.1 (CH2), 57.5 (CH2), 54.6 (CH2).


Compound 9b


Prepared in 44% yield following the procedure reported for
compound 5, starting from catechol 8b. Light yellow oil. MS (ESI)
653.2 (MH+). Calc. for C34H56N2O10: 652.1. 1H-NMR (CDCl3):
6.84–6.75 (m, 4H), 4.05 (t, 4H, J ∼6.0 Hz), 3.48 (s, 8H), 3.09 (t,
4H, J ∼6.1 Hz), 1.45 (s, 36H). 13C-NMR (CDCl3): 170.7 (C), 148.7
(C), 121.7 (CH), 113.8 (CH), 80.9 (C), 68.2 (CH2), 56.8 (CH2), 53.4
(CH2), 28.1 (CH3).


Compound 9c


Prepared in 27% yield following the procedure reported for
compound 5, starting from 4-nitrocatechol 8c. Light yellow oil.
MS (ESI) 698.4 (MH+). Calc. for C34H55N3O12: 697.1. 1H-NMR
(CDCl3): 7.86 (dd, 1H, J1 = 8.8 Hz, J2 = 2.6 Hz), 7.76 (d, 1H,
J = 2.6 Hz), 6.93 (d, 1H, J = 8.9 Hz), 4.24 (t, 2H, J = 6.1 Hz),
4.21 (t, 2H, J = 5.8 Hz), 3.57 (s, 4H), 3.56 (s, 4H), 3.22 (t, 2H,
J = 5.9 Hz), 3.21 (t, 2H, J = 6.1 Hz), 1.46 (s, 18H), 1.44 (s, 18H).
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13C-NMR (CDCl3): 170.6 (2 × C), 154.2 (C), 148.3 (C), 141.3 (C),
117.8 (CH), 111.1 (CH), 107.9 (CH), 81.1 (C), 81.0 (C), 68.7 (2 ×
CH2), 57.0 (CH2), 56.9 (CH2), 53.1 (2 × CH2), 28.1 (2 × CH3).


Ligand L2


Compound 9b (950 mg, 1.46 mmol) was dissolved in a mixture
of anisole and trifluoroacetic acid (1:4, 10 mL) and stirred at
room temperature for 24h. Volatiles were evaporated in vacuo
and the crude product was redissolved in methanol (2 mL); slow
addition of excess diethyl ether led to precipitation of L2 as a
white amorphous solid, isolated by centrifugation. Dissolution in
methanol and precipitation with diethyl ether was repeated thrice,
obtaining analytically pure L2. Yield 0.485 g. M.p. 132 ◦C (sint.),
180 ◦C (dec.). MS (ESI) 451.1 (MNa+), 429.2 (MH+). Calc. for
C18H24N2O10: 428.1. 1H-NMR (D2O): 7.04 (m, 4H), 4.43 (bt, 4H),
4.18 (s, 8H), 3.85 (bt, 4H). 13C-NMR (D2O): 169.2 (C), 146.8 (C),
122.6 (CH), 113.7 (CH), 63.1 (CH2), 57.5 (CH2), 56.7 (CH2), 55.3
(CH2).


Compound 10


Compound 9c (697 mg, 1.00 mmol) was dissolved in methanol
(20 mL) and Pd/C (10%, 100 mg) was added. The mixture was
introduced into a hydrogenation bottle, purged with nitrogen and
then stirred under hydrogen (1 atm) until HPLC analysis showed
complete reduction of the substrate (∼2 h). The catalyst was
removed by filtration on Celite R© and the solvent by evaporation
in vacuo leaving the aminoester 5 as a light orange oil. Yield 510 mg
(76% yield). MS (ESI) 668.4 (MH+). Calc. for C34H57N3O10: 667.1.
1H-NMR (CD3OD): 6.74 (d, 1H, J = 8.5 Hz), 6.44 (d, 1H, J =
2.4 Hz), 6.27 (dd, 1H, J1 = 8.9 Hz, J2 = 2.4 Hz), 4.07 (t, 2H, J =
5.4 Hz), 4.01 (t, 2H, J = 5.4 Hz), 3.55 (s, 4H), 3.54 (s, 4H), 3.12
(t, 2H, J = 5.4 Hz), 3.07 (t, 2H, J = 5.4 Hz), 1.46 (s, 36H). 13C-
NMR (CD3OD): 171.0 2x(C), 149.7 (C), 142.7 (C), 141.1 (C), 116.4
(CH), 107.5 (CH), 102.5 (CH), 80.94 (C), 80.90 (C), 69.1 (CH2),
67.5 (CH2), 56.4 (CH2), 56.3 (CH2), 53.7 (CH2), 53.6 (CH2), 27.1
(2 × CH3).


L-Phenylalanine tert-butyl ester (12)


L-Phenylalanine (3.00 g, 18.2 mmol) was suspended in tert-
butyl acetate (100 mL) and 70% aq. HClO4 (2.0 g, 20 mmol)
and the mixture stirred at room temperature. After 24 h the
reaction mixture was washed with 5% aq. Na2CO3 (50 mL), brine
(50 mL) and water (50 mL), then dried over Na2SO4, filtered and
evaporated in vacuo to provide 12 as a colorless oil (2.18 g, 54%),
used without further purification in the following step.


Compound 13


A solution of thiophosgene (1.37 g, 11.8 mmol) in
dichloromethane (5.0 mL) was slowly added dropwise to a cooled
(0–5 ◦C) flask containing a stirring mixture of phenylalanine tert-
butyl ester (12, 2.37 g, 10.7 mmol), dichloromethane (5 mL) and
sat. aq. NaHCO3 (10 mL). Stirring was maintained for 1 h and then
the organic layer was separated, washed thrice with water (10 mL),
dried over Na2SO4, filtered and evaporated in vacuo. Compound
13 was obtained as an amorphous off-white solid. Yield 1.93 g


(68%). MS (ESI) 264.2 (MH+). Calc. for C14H17NO2S: 263.1. 1H-
NMR (CDCl3): 7.37–7.23 (m, 5H), 4.33 (dd, 1H, J1 = 7.9 Hz, J2 =
5.2 Hz), 3.20 (dd, 1H, J1 = 13.8 Hz, J2 = 5.2 Hz), 3.11 (dd, 1H,
J1 = 13.8 Hz, J2 = 7.9 Hz), 1.47 (s, 9H). 13C-NMR (CDCl3): 166.7
(C), 137.8 (C), 135.3 (C), 129.5 (CH), 128.6 (CH), 127.5 (CH),
83.7 (C), 61.3 (CH), 39.5 (CH2), 27.9 (CH3).


Compound 15


Obtained as off-white amorphous solid following the same pro-
cedure adopted for compound 13, starting from dodecylamine 14
(1.98 g, 10.8 mmol). Yield 1.86 g (76%). MS (ESI) 228.0 (MH+).
Calc. for C13H25NS: 227.1. 1H-NMR (CDCl3): 3.50 (t, 2H, J = 6.6
Hz), 1.70 (quint, 2H, J = 6.8 Hz), 1.41 (m, 2H), 1.27 (m, 16H), 0.88
(bt, 3H, J = 6.7 Hz). 13C-NMR (CDCl3): 129.7 (C), 45.1 (CH2),
31.8 (CH2), 30.0 (CH2), 29.6 (2 × CH2), 29.5 (CH2), 29.4 (CH2),
29.3 (CH2), 28.8 (CH2), 26.5 (CH2), 22.7 (CH2), 14.1 (CH3).


Compound 16


Compound 10 (435 mg, 0.65 mmol) was dissolved in
dichloromethane (5.0 mL) and stirred at 0–5 ◦C under nitrogen. A
solution of 13 (175 mg, 0.66 mmol) in dichloromethane (5.0 mL)
was added dropwise and the resulting solution was stirred for
48 h. The solvent was removed in vacuo and the oily residue
was purified by flash chromatography (petroleum ether–ethyl
acetate–2-propanol 85 : 10 : 5) to provide the conjugate 16 as
a yellow oil. Yield 314 mg (52%). MS (ESI) 931.5 (MH+). Calc. for
C48H74N4O12S: 930.5. 1H-NMR (CDCl3): 7.63 (bs, 1H), 7.30–6.40
(m, 9H), 5.19 (m, 1H), 4.10 (t, 2H, J = 5.6 Hz), 4.00 (bt, 2H), 3.55
(s, 4H), 3.54 (s, 4H), 3.29 (dd, 1H, J1 = 13.9 Hz, J2 = 6.6 Hz),
3.20–3.14 (m, 5H), 1.44 (s, 36H), 1.37 (s, 9H). 13C-NMR (CDCl3):
170.6 (2 × C), 170.2 (C), 149.7 (C), 148.0 (C), 136.0 (C), 129.5
(CH), 128.6 (C), 128.3 (CH), 126.9 (CH), 117.9 (CH), 113.9 (CH),
111.0 (CH), 82.3 (C), 81.0 (2 × C), 68.5 (2 × CH2), 58.9 (CH),
56.9 (CH2), 56.7 (CH2), 53.4 (CH2), 53.2 (CH2), 37.5 (CH2), 28.1
(2 × CH3), 27.9 (CH3).


Compound 17


Obtained as a yellow oil following the same procedure adopted for
compound 16, starting from aminoester 10 (450 mg, 0.67 mmol)
and isothiocyanate 15 (161 mg, 0.71 mmol). Yield 341 mg (57%).
MS (ESI) 895.5 (MH+). Calc. for C47H82N4O10S: 894.5. 1H-NMR
(CDCl3): 6.97–6.68 (m, 3H), 7.73 (bs, 1H), 6.38 (bs, 1H), 4.09 (bt,
4H), 3.58 (s, 4H), 3.56 (s, 4H), 3.48 (bt, 2H), 3.18 (bt, 4H), 1.58
(m, 2H), 1.41 (s, 36H), 1.33–1.21 (m, 18H), 0.88 (bt, 3H, J = 6.3
Hz). 13C-NMR (CDCl3): 170.5 (C), 170.3 (C), 148.6 (C), 146.6 (C),
134.7 (C), 117.8 (CH), 113.8 (CH), 111.8 (CH), 81.9 (C), 81.1 (C),
67.8 (2 × CH2), 56.6 (2 × CH), 53.7 (CH2), 53.6 (CH2), 44.9 (CH2),
31.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.3 (CH2), 29.0 (CH2), 28.0
(4 × CH2), 27.9 (2 × CH3), 22.6 (CH2), 14.0 (CH3).


Compound 18


Aminoester 10 (520 mg, 0.78 mmol) was dissolved in a stirring
mixture of dichloromethane (10.0 mL) and 10% aq. Na2CO3,
cooled in an ice bath under an N2 atmosphere. A solution
of stearoyl chloride (245 mg, 0.80 mmol) in dichloromethane
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(5.0 mL) was slowly added dropwise and the resulting suspension
was stirred for 2 h. The organic layer was separated and washed
with 10% aq. Na2CO3 (3 × 20 mL), dried over Na2SO4, filtered
and evaporated in vacuo. The conjugate 18 was obtained as a light
yellow oil. Yield 662 mg (91%). MS (ESI) 934.5 (MH+). Calc. for
C52H91N3O11: 933.8. 1H-NMR (CDCl3): 7.52 (bs, 1H), 7.28 (s, 1H),
7.10 (d, 1H, J = 8.3 Hz), 6.81 (d, 1H, J = 8.7 Hz), 4.12 (t, 2H, J =
6.0 Hz), 4.09 (t, 2H, J = 6.0 Hz), 3.54 (s, 4H), 3.53 (s, 4H), 3.14 (t,
4H, J = 5.9 Hz), 2.30 (bt, 2H, J = 7.2 Hz), 1.69 (quint, 2H, J =
6.9 Hz), 1.44 (s, 18H), 1.42 (s, 18H), 1.40–1.25 (m, 28H), 0.86 (bt,
3H, J = 6.4 Hz). 13C-NMR (CDCl3): 171.3 (C), 170.7 (C), 170.6
(C), 148.8 (C), 145.1 (C), 132.3 (C), 114.3 (CH), 112.2 (CH), 107.0
(CH), 81.0 (C), 80.9 (C), 68.5 (CH2), 68.4 (CH2), 56.7 (CH2), 56.6
(CH2), 56.5 (CH2), 53.4 (CH2), 37.7 (CH2), 31.9 (CH2), 29.6–29.3
(12 × CH2), 28.11 (CH3), 28.07 (CH3), 25.3 (CH2), 22.6 (CH2),
14.1 (CH3).


Ligand L3


Obtained as an amorphous light yellow powder following the same
procedure adopted for the tert-butyl group removal giving L1,
starting from ester 16 (126 mg, 0.13 mmol). Yield 94 mg. M.p.
158–159 ◦C (dec.). MS (ESI, negative ion mode) 649.2 (M − H+).
Calc. for C28H34N4O12S: 650.2. 1H-NMR (DMSO-d6): 10.52 (bs,
4H), 9.69 (bs, 1H), 7.31–6.88 (m, 8H), 6.33 (bd, 1H), 6.13 (bs,
1H), 5.22 (m, 1H), 4.03–3.84 (m, 4H), 3.55 (s, 8H), 3.46 (m, 1H),
3.17–2.93 (m, 5H). 13C-NMR (D2O): 173.9 (C), 173.2 (C), 148.6
(C), 148.2 (CH), 134.8 (C), 130.3 (CH), 129.5 (CH), 128.6 (CH),
121.4 (CH), 113.8 (CH), 113.0 (CH), 68.4 (CH2), 68.1 (CH2), 60.4
(CH), 55.9 (CH2), 53.2 (CH2), 36.7 (CH2).


Ligand L4


Obtained as an amorphous yellow powder following the same
procedure adopted for the tert-butyl group removal giving L1,
starting from ester 17 (243 mg, 0.27 mmol). Yield 147 mg. MS
(ESI) 671.5 (MH+). Calc. for C31H50N4O10S: 670.5. 1H-NMR
(D2O): 6.89 (m, 2H), 6.78 (d, 1H, J = 8.8 Hz), 4.03 (bt, 4H),
3.47 (bt, 2H), 3.17 (s, 8H), 2.92 (bt, 4H), 1.54 (m, 2H), 1.24 (m,
18H), 0.85 (bt, 3H), J = 6.1 Hz).


Ligand L5


Obtained as an amorphous white powder following the same
procedure adopted for tert-butyl group removal giving L1, starting
from ester 18 (402 mg, 0.43 mmol). Yield 249 mg. M.p. 160 ◦C
(dec.). MS (ESI) 711.0 (MH+). Calc. for C36H59N3O11: 709.8. 1H-
NMR (DMSO-d6): 11.30 (bs, 4H), 9.67 (bs, 1H), 7.28 (d, 1H, J =
1.7 Hz), 7.07 (dd, 1H, J1 = 8.6 Hz, J2 = 1.9 Hz), 6.86 (d, 1H,
J = 8.7 Hz), 3.98 (t, 2H, J = 5.7 Hz), 3.97 (t, 2H, J = 6.0 Hz),
3.53 (bs, 8H), 3.05 (t, 2H, J = 5.7 Hz), 3.02 (t, 2H, J = 5.7 Hz),
2.24 (t, 2H, J = 7.4 Hz), 1.56 (m, 2H), 1.31–1.15 (m, 28H), 0.86
(bt, 3H, J = 6.4 Hz). 13C-NMR (DMSO-d6): 173.2 (2 × C), 171.2
(C), 148.5 (C), 144.3 (C), 133.8 (C), 114.5 (CH), 111.6 (CH), 106.0
(CH), 68.4 (CH2), 68.0 (CH2), 56.0 (2 × CH2), 53.3 (2 × CH2),
36.8 (CH2), 31.7 (CH2), 29.5–29.1 (12 × CH2), 25.2 (CH2), 22.5
(CH2), 14.4 (CH3).


Potentiometric studies


The chemicals used for the experiments were of the highest analyt-
ical grade. The LnCl3 solutions were prepared from LnCl3·xH2O
(x = 5–7). The concentration of the MgCl2, CaCl2, and LnCl3


solutions were determined by complexometric titration with
standardized Na2H2EDTA and xylenol orange (LnCl3), Patton &
Reeder (CaCl2) and eriochrome black T (MgCl2) as indicator. The
concentration of L2 ligand was determined by pH-potentiometric
titration in the presence and absence of a large excess (40-fold) of
CaCl2. The protonation and the stability constants of the metal
complexes formed with L2 were determined by pH-potentiometric
titration. The metal-to-ligand concentration ratios were 1 : 1 with
a concentration of ligand generally of 0.002 M.


pH measurements and titrations were performed on a CRISON
micro pH 2002 pH-meter, a CRISON micro BU2030 autoburette
and a Metrohm-6.0233.100 combined electrode. Equilibrium
measurements were carried out at a constant ionic strength (0.1 M
KCl) in 10 mL sample at 25 ◦C. The solutions were stirred with
N2 bubbling. The titrations were carried out in the pH range 1.7–
11.7. For the calibration of the pH meter, buffer standard solution,
color-coded “pink” (pH = 4.010) and buffer standard solution,
color coded “yellow” (pH = 7.000) buffers were used. For the
calculation of [H+] from the measured pH values, the method
proposed by Irving et al. was used.18 A 0.01 M HCl solution
was titrated with the standardized KOH solution. The differences
between the measured and calculated pH values were used to
obtain the H+ concentration from the pH values, measured in
the titration experiments. The protonation and stability constants
were calculated with the program PSEQUAD.19
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The aristolochene synthase catalysed cyclisation of farnesyl diphosphate (1) has been postulated to
proceed through (S)-germacrene A (3). However, the active site acid that reprotonates this neutral
intermediate has so far proved difficult to identify and, based on high level ab initio molecular orbital
and density functional theory calculations, a proton transfer mechanism has recently been proposed, in
which proton transfer from C12 of germacryl cation to the C6,C7-double bond of germacryl cation (2)
proceeds either directly or via a tightly bound water molecule. In this work, the stereochemistry of the
elimination and protonation reactions was investigated by the analysis of the reaction products from
incubation of 1 and of [12,12,12,13,13,13-2H6]-farnesyl diphosphate (15) with aristolochene synthase
from Penicillium roqueforti (PR-AS) in H2O and D2O. The results reveal proton loss from C12 during
the reaction and incorporation of another proton from the solvent. Incubation of 1 with PR-AS in D2O
led to the production of (6R)-[6-2H] aristolochene, indicating that protonation occurs from the face of
the 10-membered germacrene ring opposite the isopropylidene group. Hence these results firmly
exclude proton transfer from C12 to C6 of germacryl cation. We propose here Lys 206 as the general
acid/base during PR-AS catalysis. This residue is part of a conserved network of hydrogen bonds,
along which protons could be delivered from the solvent to the active site.


Introduction


Tens of thousands of terpene natural products have been described
to date, all of which derive from only a small number of linear
precursors. The 15-carbon isoprenoid, farnesyl diphosphate (FPP,
1) is the biogenetic precursor of more than 300 different sesquiter-
pene hydrocarbon scaffolds in plants, bacteria and fungi.1–6


Cyclisation of 1 (and other isoprenyl diphosphates) is catalysed by
terpene synthases that rely on a common mainly a-helical structure
known as the class I terpene synthase fold to promote one of
the arguably most complex biochemical reactions.4,5 Unlike most
other biochemical reactions, the chemistry of terpene cyclases
is mainly dependent on the generation and stabilisation of
carbocationic intermediates. A common mechanistic feature of
all class I terpene synthases is the initial, metal ion-dependent
cleavage of the alkyl diphosphate bond generating a putative
carbocation intermediate prior to cyclisation. In the absence of
the diphosphate group, a strong acid would be required to activate
the olefinic substrate.


Aristolochene synthase from Penicillium roqueforti (PR-AS)
chaperones its linear achiral substrate FPP along a complex
reaction pathway to produce (+)-aristolochene in a cyclisation
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cascade that leads to the generation of two 6-membered rings,
three chiral centres, and two double bonds with high regio- and
stereospecificity (Scheme 1). Concurrent to diphosphate expulsion
PR-AS facilitates attack of C1 in FPP (1) by the C10, C11 double
bond to produce germacryl cation (2). Proton loss from C12 leads


Scheme 1
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to the production of (S)-germacrene A (3),7,8 which was then
postulated to undergo reprotonation of the C6, C7 double bond
and a further cyclisation to form the bicyclic eudesmane cation
(4). Successive 1,2 hydride shift and methyl migration followed by
loss of HSi on C8 completes the generation of (+)-aristolochene
(7).7


A difficulty with the above mechanism through germacrene
A appears to be the reprotonation of the neutral intermediate
germacrene A, a step that requires strong acid to generate
eudesmane cation (4), which has been shown to be stabilised
through interactions with the p-system of the indole ring of Trp
334.9 Several candidates have been proposed for the acid that
reprotonates germacrene A (3), including a proton shuttle from
the solvent to Tyr 92 in the active site by way of Arg 200, Asp
203, and Lys 206,8 an unprecedented active site oxonium ion,10


or the diphosphate itself,11 but it has so far proved difficult to
find conclusive experimental support for any of these proposals.
We have recently published results from density functional theory
(DFT), semi-empirical and high level molecular orbital theory
calculations in the gas phase to study the cyclisation of FPP along
with molecular docking and modeling studies in the active site of
PR-AS, employing combined quantum mechanical and molecular
mechanical (QM/MM) methods. This has led to the proposal
of an alternative reaction pathway, in which protonation of the
C6,C7-double bond is accomplished by intramolecular proton
transfer from C12 of 2 (Scheme 2, pathway a) rather than through
the involvement of a general acid thereby bypassing the neutral
intermediate germacrene A (Scheme 1).12 In this mechanism the
direct intramolecular proton transfer had a computed barrier of
about 22 kcal mol−1, which was further lowered to 16–20 kcal
mol−1 by PR-AS. We now report results from experimental and
computational studies to test this intramolecular proton transfer
mechanism as well as an alternative pathway through a proton
shuttle from the isopropyl group of germacryl cation (2) to
the C6,C7-double bond via an enzyme bound water molecule
(Scheme 2, pathway b).


Scheme 2


Results and discussion


Direct proton transfer mechanism


Our computational analysis revealed that intramolecular proton
transfer from C12 in germacryl cation was a thermodynamically
feasible reaction for the generation of eudesmane cation during
PR-AS catalysis.12 To test whether the enzymatic reaction fol-
lowed this pathway, [12,12,12,13,13,13-2H6]-farnesyl diphosphate
(15) required preparation. This was achieved as outlined in
Scheme 3.


The procedure was a modification of that used to prepare
[12,12,12-2H3]-FPP.7 8-Hydroxygeranyl acetate 8 was brominated


Scheme 3 Reagents and conditions: (i) PBr3, CH2Cl2, 5 ◦C; (ii) PhSO2Na, DMF, 70% 2 steps; (iii) NaOH, MeOH–H2O, 91%; (iv) 3,4-DHP, p-TsOH,
CH2Cl2, 90%; (v) (EtO)2P(O)CH2CO2Et, NaH, 57%; (vi) LiAlH4, Et2O, 47%; (vii) MsCl, NEt3, LiBr, THF, −45 ◦C; (viii) n-BuLi, THF, HMPA, −78 ◦C,
36%; (xi) LiBHEt3, PdCl2dppf, THF, 58%; (x) PPTS, EtOH, 50 ◦C, 65%; (xi) MsCl, NEt3, LiBr, CH2Cl2, −45 ◦C then (Bu4N)3HP2O7, CH3CN followed
by NH4


+ cation exchange, 53%.
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with PBr3 in CH2Cl2 and then transformed into phenylsulfone 9a
by treatment with sodium benzenesulfinate in DMF. It was then
necessary to remove the acetate functionality by saponification
with methanolic sodium hydroxide and then to reprotect the
alcohol with a THP group to give 9b in 82% yield over these two
steps. In parallel to this d6-acetone 10 was transformed into hex-
adeuterated ester 11 by treatment with triethyl phosphonoacetate
and sodium hydride in anhydrous THF. Reduction of the ester
with DIBAL-H13 was followed by transformation into bromide 12
by treatment with MsCl and NEt3 at −45 ◦C in THF followed by
addition of LiBr. All these steps proceeded in moderate to good
yields. Coupling of bromide 12 and sulfone 9b was achieved by
treatment of a mixture of the two in anhydrous THF containing
10% HMPA with n-BuLi at −78 ◦C. Sulfone 13 was isolated
in 36% yield after chromatography. Final synthesis of 15 was
achieved by reductive desulfonylation of 13 in 58% yield using
LiBHEt3 solution as reductant and PdCl2dppf as catalyst followed
by acid catalysed removal of the THP group in ethanol and then
diphosphorylation of the resulting hexadeuterofarnesol 14 using
conditions previously reported.14,15


Incubation of 15 with PR-AS in the presence of 5 mM Mg2+


was followed by GC-analysis of the hexane-extractable reaction
products. This indicated the same distribution that has been
observed in incubations with unlabelled FPP. In addition to the
main product aristolochene, approximately 8% of germacrene
A was observed (Fig. 1). Direct proton transfer from C12 to
the C6,C7-double bond of 2 would generate 2H6-aristolochene
and a molecular ion peak m/z of 210 in the mass spectrum of
the product. However, the mass spectrum of the main reaction
product (and also the germacrene A by-product) was characterised
by a molecular ion peak m/z of 209 (Fig. 1) indicating that
conversion of germacryl cation to aristolochene occurred with
the replacement of one deuteron with a proton. This finding
is in agreement with an earlier report7 in which the reaction
products from an incubation of [12,12,12-2H3]-FPP with AS from
Aspergillus terreus were analysed by 2H-NMR spectroscopy and a
single olefinic peak at dD 4.71 ppm was identified.


Proton shuttle mechanism—gas phase calculations


The above observations ruled out the direct intramolecular proton
transfer from C12 to the C6,C7-double bond (Scheme 2a) previ-
ously suggested based on computation.12 However, the potential
absence of deuterium incorporation at C6 does not exclude a
transfer of the label from C12 to the C6,C7-double bond, but
may simply suggest an indirect mechanism in which the transfer
occurs by way of an active site general acid such as a bound water
molecule12 or the pyrophosphate group.11 A water molecule that
could serve as a proton relay had been identified in the model of
the transition state in the active site of PR-AS (Scheme 2, pathway
b) between the isopropyl group and the double bond. Such a
water molecule seemed ideally placed to deliver a proton to C6 of
germacryl cation from the Si-face.


To investigate this shuttle mechanism a set of semi-empirical
molecular orbital theory and DFT calculations were performed.
The starting point for the calculations was based on the previously
identified minimum energy structure for germacryl cation (2).12


Using Molden,16 a hydroxonium ion was placed in close proximity
to the lower face of the ten-membered ring and a proton was


Fig. 1 (a) Total ion chromatogram of the hexane-extractable products
arising from incubation of [12,12,12,13,13,13-2H6]-FPP 15 with PR-AS
and (b) the mass spectrum of the aristolochene product at 24.76 min.


removed from C12 to provide a possible model for the structure
of the transition state TS (Scheme 2). A relaxed potential energy
surface scan was performed using Gaussian03, revision B.0317 and
AM118 with the distance between the hydroxonium proton closest
to the C6,C7 p-bond varied and all other geometric parameters
allowed to adjust freely resulting in an approximate transition state
geometry. As had been observed for the direct proton transfer,12


there was broad agreement between the results obtained using
DFT (mPW1PW19 and MPWB1K20) and semi-empirical methods
(AM118 and PM321). Conversion of 2 to eudesmane cation (4)
via water mediated proton transfer was exergonic for all methods
(Table 1). The free energy of the transition state TS is between
15 and 18 kcal mol−1 higher than that of germacryl cation (2)
at the DFT level of theory, while semiempirical methods yielded
somewhat higher barriers. Compared to the results obtained for
direct proton transfer, the energy barrier was lowered by 7.4 and
11 kcal mol−1 for mPW1PW and MPWB1K (Table 1). The semi-
empirical methods, on the other hand, showed a slight increase in
the activation free energy (0.4 and 2.2 kcal mol−1 for AM1 and
PM3 respectively) but this may be due to the inadequacies in the
semi-empirical method.
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Table 1 Gibbs energy changes DG◦
298 of reaction intermediates and


transition state for the conversion of germacryl cation (2) to eudesmane
cation (4) via the potential proton shuttle mechanisma


DG◦
298/kcal mol−1


2 TS 4


AM1 2.6 31.0 −16.2
PM3 3.5 24.5 −14.7
mPW1PW 3.8 21.6 −25.2
MPWB1K 1.1 16.1 −38.6


a For comparison to previous calculations, all energies are reported relative
to that of the calculated free energy of farnesyl cation (set to zero kcal
mol−1).12 A water molecule was also included in these calculations. The
Pople 6-31+G(d,p) basis set was used for the DFT calculations (mPW1PW
and MPWB1K).


Stereochemistry of eudesmane cation (4) generation


These computational results suggest that proton transfer from C12
to the C6,C7-double bond via a shuttle involving a water molecule
may be energetically more favourable than direct intramolecular
transfer. The incubations of PR-AS with [12,12,12,13,13,13-2H6]-
FPP described above are in agreement with such a water shuttle
mechanism since the expected kinetic isotope effect and potential
exchange with bulk solvent might result in the loss of the label.


To test whether proton incorporation at C6 was observed during
PR-AS catalysis, preparative scale incubation of FPP with PR-AS
in buffer made up in D2O (the pH was adjusted to 7.1 instead of
7.5 because of the 0.4 difference between pD and the measured
pH for solutions containing a high percentage of D2O) resulted
in the isolation of aristolochene characterised by a molecular ion
peak of 205 according to GC-MS analysis (Fig. 2) suggesting
deuteron uptake from the solvent. 1H-NMR spectroscopic analysis
of the product indicated the absence of the multiplet at dH = 2.02–
2.10 ppm (Fig. 3), which is one of the signals observed for the
two protons on C6 of aristolochene (Fig. 3a; Table 2). 2H-NMR
analysis of the same material showed a resonance at 2.1 ppm (ESI†)
indicating that a proton is delivered to C6 ultimately from the
solvent during the cyclisation reaction. Steady-state measurements
of the turnover of FPP by PR-AS in H2O and D2O showed a kinetic
solvent isotope effect of 1 indicating that the rate-limiting step does
not involve proton transfer. It is worthy of note that the 2H-NMR
spectrum of this material also showed a resonance at 5.3 ppm
(ESI†). This may correspond to the C8-proton of aristolochene
possibly suggesting that the elimination of HSi


7 from C8 in the
final step of PR-AS catalysis is a reversible process under the
reaction conditions used here. However, the appearance of this
peak is not matched by the disappearance of the corresponding
proton resonance in the 1H-NMR spectrum although there is a
small reduction in the integration of this peak relative to that of
the C12 resonance. The 2H-NMR spectrum is also noisy due to
the low level of material coupled with the inherent insensitivity of
2H-NMR spectroscopy and so the integration of these two peaks
may be unreliable. Furthermore there is not a significant quantity
of doubly deuterated aristolochene (m/z = 206) observed in the
mass spectrum (Fig. 2) so it seems most likely that deuterium
incorporation into C8 is happening at a low level at best.


Solvent proton uptake to C6 is in agreement with both
proton transfer from C12 via a bound water molecule to the


Fig. 2 (a) Total ion chromatogram of hexane extractable products
generated from incubation of PR-AS, FPP and Mg2+ in buffered 2H2O
and (b) EI+ mass spectrum of aristolochene eluting at 25.69 min.


Fig. 3 (a) 1H NMR spectrum (500 MHz) of and assignments for
aristolochene (7) isolated from incubation of FPP with PR-AS and Mg2+;
the vinylic region of the spectrum (4.5–5.5 ppm) is not shown (see ESI†); (b)
1H NMR spectrum (500 MHz) of aristolochene isolated from incubation
of FPP with PR-AS and Mg2+ in 2H2O; the arrow indicates that a proton
on C6 is absent from the spectrum in this material. The carbon atoms in
aristolochene are numbered as in the parent molecule FPP (Scheme 1).
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Table 2 Assignments for the 500 MHz 1H NMR spectrum of aristoloch-
ene (7)a


dH/ppm Integration Multiplicity Assignment


0.77 3 H d, J 6.5 Hz CH3-15
0.90 3 H s CH3-14
1.10 1 H t, J 13 Hz H-1 (axial)
1.18–1.21 1 H m CH-3
1.24–1.31 1 H m H-4
132–1.38 2 H m CH2-5
1.61–1.65 1 H m H-4
1.67 3 H s CH3-13
1.69–1.72 1 H m H-1 (equatorial)
1.76–1.84 1 H m H-9
1.92–1.96 2 H m H-9 and H-6


(equatorial)
2.02–2.10 1 H m H-6 (axial)
2.11–2.18 1 H m H-10
4.64 2 H m CH2-12
5.25 1 H d, J 5.5 CH-8


a The compound is numbered according to the numbering of the parent
molecule FPP (1). Assignments are based on COSY, HSQC, HMBC as
well as the observed coupling constants. All resonances are dH (500 MHz)
in ppm. Entries are chemical-shift range followed by multiplicity in
parentheses and coupling constants.


C6,C7-double bond or direct protonation of the double bond
from other solvent exchangeable groups such as amino acid side
chains, the diphosphate group or an as of yet unidentified water
molecule bound on the opposite side of the germacryl ring system.
Transfer via a bound water molecule however would necessarily
lead to a specific stereochemical outcome in that the proton must
be delivered from the lower (Si) face of the germacryl ring. In
this scenario, incubation of FPP with PR-AS in D2O should lead
to (6S)-[6-2H] aristolochene (Scheme 2), while protonation of C6
from the Re-face would exclude the water mediated proton transfer
(Scheme 2).


To distinguish the chemical shifts of the two diastereotopic
protons on C6, a sample of (+)-aristolochene generated from
a preparative scale incubation of 1 with PR-AS was analysed
by 1H difference NOE NMR experiments (Fig. 4). Selective
saturation of the resonance for the protons on C14 (dH 0.90)


Fig. 4 (a) 600 MHz 1H NMR spectrum of PR-AS generated aristolochene
and (b) difference NOE spectrum of the same material with saturation of
the CH3-14 resonance. NOEs are evident to protons on C10 and C15 and
one proton each on C6, C1 and C4. The proton showing a NOE to CH3-14
on C6 is that replaced by deuterium when FPP and PR-AS are incubated
in buffered D2O (Fig. 3).


resulted in the enhancement of the resonances for protons on
C1 (dH 1.69–1.72), C4 (dH 1.24–1.32), C10 (dH 2.11–2.18), C15 (dH


0.77) and importantly to the signal at dH 2.02–2.10 ppm. Analysis
of the conformation of aristolochene, which is determined by
the equatorial-like orientation of the isopropylidene substituent
(Fig. 3), identified this resonance to be from HRe on C6, since
the axial proton is closest to C14 and therefore likely to display
a NOE. It is interesting to note that protonation of germacrene
A during catalysis by tobacco epi-aristolochene synthase (TEAS)
also occurs from the Re-face of the double bond at C6.22 Despite
minimal sequence similarity and strikingly different active site
contours,11 TEAS and PR-AS may use similar strategies to achieve
the protonation of (R)- and (S)-germacrene A for the generation
of stereochemically different products.


Conclusions


The results described here indicate that protonation of the C6,C7-
double bond in (S)-germacrene A occurs from the Re-face at C6
and hence rule out proton transfer from C12 to C6 either by
direct proton transfer or by a mechanism involving a mediating
water molecule. This observation is also in agreement with a large
body of experimental work that suggests that germacrene A is an
intermediate during AS catalysis.8,23,24


The identity of the active site acid remains, therefore, elusive.
Tyr 92 had initially been proposed as the active site general acid
responsible for the protonation of germacrene A. However, site
directed mutagenesis experiments, in which Tyr 92 was replaced
with Phe, revealed that the mutant still produced substantial
amounts of aristolochene thereby ruling out Tyr 92 as the
obligatory active site acid.8,10 The elucidation of the X-ray crystal
structure of AS from Aspergillus terreus in which a diphosphate
ion was found bound to one of the subunits of the tetrameric
enzyme, together with comparisons with trichodiene synthase
and the monoterpene cyclase bornyl-diphosphate synthase, led
to the proposal that the diphosphate anion might be positioned to
function as a possible general acid/base during AS catalysis.11 In
the absence of evidence for this proposal, other than the proximity
of the diphosphate group to the C6,C7-double bond, we propose
here Lys 206 as the potential general acid/base during PR-AS
catalysis. Preliminary results from an analysis of the effects of
replacing Lys 206 are in agreement with this proposal. Substitution
with glutamine led to a reduction of the catalytic efficiency of
approximately 3 orders of magnitude, while only a 4-fold reduction
was observed when Lys 206 was replaced by arginine.25


Based on the X-ray structure of PR-AS, a hydrogen-bonding
network from the side chain of Lys 206 to Asp 203 and Arg 200
was identified.26 The hydrogen bonding network might provide
a proton shuttle from Arg 200 at the solvent exposed top of the
active site to the double bond at C6,C7 of germacrene A.8 Since the
e-amino group of Lys 206 is approximately equidistant to carbons
6 and 8 of germacrene A and eudesmane cation, it could not only
serve as the active site general acid but also abstract a proton
from 6 to produce 7. It is worthy of note that despite only 61%
sequence identity between the two fungal aristolochene synthases
from P. roqueforti and A. terreus, this network of hydrogen bonds
is conserved with Lys 181, Asp 178 and Arg 175 of AT-AS taking
the positions of Lys 206, Asp 203 and Arg 200 in PR-AS. A full
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study of the effects of replacing the residues in the network of
amino acids in PR-AS is currently under way.


Experimental


General procedures


All chemicals were purchased from Sigma-Aldrich. Tetrahy-
drofuran (THF) and diethyl ether were distilled from
sodium–benzophenone ketyl under nitrogen. Acetonitrile,
dichloromethane, toluene and triethylamine were distilled from
calcium hydride under nitrogen. Ecoscint scintillation fluid was
purchased from National Diagnostics. All other chemicals were
of analar quality or better and used as received unless otherwise
stated. Reactions were stirred at room temperature in air unless
otherwise stated. All glassware was clean and dry before use.


1H NMR spectra were measured on a Bruker Avance 500 NMR
spectrometer or a Bruker Avance DPX400 NMR spectrometer and
are reported as chemical shifts in parts per million downfield from
tetramethylsilane, multiplicity (s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet), coupling constant (to the nearest
0.5 Hz) and assignment respectively. 31P and 13C NMR spectra
were measured on a Bruker Avance 500 NMR spectrometer
and are reported as chemical shift downfield from 85% H3PO4


and tetramethylsilane respectively, coupling constants in Hertz
where appropriate and assignment. Assignments are made to the
limitations of COSY, DEPT 90/135, gradient HSQC and gradient
HMBC spectra. 2H NMR spectra were recorded on a Jeol Eclipse
+300 NMR spectrometer. NOE difference spectra were recorded
on an Inova 600 MHz spectrometer using a selective excitation
pulsed field gradient 1D-NOESY pulse sequence. IR spectra were
recorded on a Perkin ELMER 1600 series FTIR spectrometer
and samples were prepared as thin films of neat liquid on sodium
chloride discs for oils and as KBr disks for solids. EI mass
spectra were measured on a Micromass LCT premiere XE mass
spectrometer. ES mass spectra were recorded on a Micromass Q-
Tof micro mass spectrometer.


Thin layer chromatography was performed on pre-coated alu-
minium plates of silica G/UV254 (Fluka). Flash chromatography
was performed according to the method of Still.27 Reverse phase
HPLC was performed on a system comprising of a Dionex P680
pump and a Dionex UVD170U detector unit.


Expression and purification of AS and AS-F112A in E. coli


Enzymes were produced in E. coli BL21(DE3) harbouring a
cDNA for AS under the control of the T7 promoter as previously
described.28 Cells were grown at 37 ◦C in LB medium with 0.3 mM
ampicillin until they reached an A600 of 0.5. They were induced
with 0.5 mM isopropyl-b-D-1-thiogalactopyranoside, incubated
for a further 3 h and harvested by centrifugation at 8000g for
10 min. Proteins were then extracted from the inclusion bodies
and purified following our established protocols.8,28 Each enzyme
was pure as judged by SDS-gel electrophoresis.


(E,E) O-Acetyl 3,7-dimethyl-8-phenylsulfonyl-octa-2,6-diene-1-ol
(9a)


To a stirred solution of 829 (5.00 g, 23.3 mmol) in anhydrous
CH2Cl2 at 5 ◦C (ice–water bath) under N2 was added PBr3


(2.41 cm3, 25.6 mmol) in a dropwise fashion and stirring was
continued for 1 h. The solution was concentrated under reduced
pressure and the residue was partitioned between diethyl ether
(100 cm3) and a saturated sodium hydrogencarbonate solution
(100 cm3). The separated ethereal layer was successively washed
with water (100 cm3) and brine (100 cm3) then dried over anhydrous
MgSO4 and filtered under reduced pressure. After concentration
under reduced pressure, the crude intermediate bromide was
dissolved in anhydrous dimethylformamide (50 cm3) and to this
stirred solution under nitrogen was added benzenesulfinic acid
sodium salt (3.82 g, 23.3 mmol). Stirring was continued for
16 h then the solution was diluted with diethyl ether (200 cm3).
The organic solution was successively washed with water (3 ×
200 cm3) and brine (200 cm3) then dried over anhydrous MgSO4.
After filtration and concentration under reduced pressure the oily
product was chromatographed on silica gel (eluting with 1 : 1
hexane–ethyl acetate) to give 9a as a colourless oil (5.46 g, 70%);
mmax/cm−1 (thin film) 3060 (w), 2971 (m), 2920 (m), 1732 (vs), 1669
(w), 1447 (s), 1385 (m), 1367 (m), 1307 (vs), 1234 (vs), 1134 (vs),
1086 (s), 1024 (m), 954 (m), 884 (w); dH (500 MHz, C2HCl3) 1.66
and 1.72 (2 × 3 H, 2 × s, 2 × CH3C=CH), 1.88–1.91 and 2.03–2.15
(4 H, m, CH2CH2), 2.02 (3 H, s, CH3CO), 2.18 (2 H, s, O2SCH2),
4.57 (2 H, d, J 7.5, OCH2), 5.05 (1 H, t, J 6.5, C=CH), 5.26 (1 H, tq,
J 7.5 and 1, C=CH), 7.54–7.57, 7.64–7.68 and 7.85–7.87 (5 H, m,
ArCH); dC (125 MHz, C2HCl3) 16.4 and 16.7 (2 × CH3C=CH),
21.0 (CH3CO), 26.5 and 38.4 (CH2CH2), 61.2 and 66.2 (SCH2


and OCH2), 118.8, 128.5, 128.9, 133.5 and 135.4 (ArCH and 2 ×
C=CH), 123.8, 138.5 and 141.2 (quaternary ArC and 2 × C=CH),
171.1 (C=O); m/z (ES+) 337 (100%, [M + H]+).


(E,E) 8-Benzenesulfonyl-3,7-dimethyl-1-(tetrahydro-2-
pyranyloxy)-octa-2,6-diene (9b)


A solution of 9a (5.27 g, 14.4 mmol) in a 10% solution of NaOH in
9 : 1 methanol–water (50 cm3) was stirred for 16 h. The ethanol was
removed under reduced pressure and the residue was partitioned
between ethyl acetate (50 cm3) and water (50 cm3). The separated
aqueous layer was extracted with ethyl acetate (2 × 50 cm3) and the
pooled organics were washed with brine (150 cm3) then dried over
anhydrous MgSO4. After concentration under reduced pressure
the residual oil was chromatographed on silica gel (eluting with
1 : 1 hexane–ethyl acetate) to give the intermediate alcohol as a
colourless oil (3.87 g, 91%).


To a stirred solution of the crude alcohol (3.69 g, 12.5 mmol) in
dichloromethane (50 cm3) was added 3,4-dihydropyran (2.29 cm3,
25 mmol) followed by p-toluene sulfonic acid (238 mg, 1.25 mmol).
Stirring was continued for 24 h then the solution was concentrated
under reduced pressure and the residue was dissolved in ethyl
acetate (50 cm3). This solution was washed successively with
saturated sodium hydrogencarbonate solution (50 cm3), water
(50 cm3) and brine (50 cm3). After drying over anhydrous MgSO4,
the solution was filtered and concentrated under reduced pressure.
The oily residue was chromatographed on silica gel (eluting with
3 : 1 hexane–ethyl acetate) to give 9b as a colourless oil (4.27 g,
90%); mmax/cm−1 (thin film) 2939 (s), 2866 (s), 1732 (w), 1667 (w),
1586 (w), 1446 (s), 1386 (m), 1355 (m), 1307 (s), 1260 (m), 1200
(m), 1134 (s), 1086 (s), 1023 (s), 904 (m), 869 (m), 814 (m), 742
(m), 726 (m), 690 (s); dH (500 MHz, C2HCl3) 1.54 and 1.69 (2 ×
3 H, 2 × s, 2 × CH3C=CH), 1.44–1.52, 1.63–1.67, 1.73–1.80 and
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1.97–2.01 (10 H, m, OCH2(CH2)3 and C=CHCH2CH2), 3.42–
3.46 and 3.79–3.84 (2 H, m, OCH2(CH2)3), 3.65 (2 H, s, SO2CH2),
3.91 (1 H, dd, J 7 and 12, C=CHCH2O), 4.15 (1 H, dd, J 6 and
12, C=CHCH2O), 4.53 (1 H, t, J 3, OCHO), 4.96 (1 H, t, J 7,
C=CH), 5.20 (1 H, t, J 6.5, C=CH), 7.45–7.78 (5 H, m, ArCH);
dC (125 MHz, C2HCl3) 16.3 and 16.7 (2 × CH3C=CH), 19.7, 25.5,
26.6, 30.7 and 38.5 (CH2CH2 and OCH2(CH2)3), 62.4, 63.6 and
66.2 (SO2CH2 and 2 × OCH2), 98.0 (OCHO), 121.1, 128.5, 128.9,
133.5 and 135.7 (3 × ArCH and 2 × C=CH), 123.6, 138.5 and
139.1 (quaternary ArC and 2 × C=CH); m/z (ES+) 379 (100%,
[M + H+].


Ethyl 3,3,3-[2H,2H,2H]-methyl [4,4,4-2H,2H,2H]-but-2-eneoate
(11)


To a stirred solution of triethyl phosphonoacetate (15.24 g,
68.0 mmol) in anhydrous THF (100 cm3) at 5 ◦C (ice-water bath)
under N2 was added sodium hydride (80% dispersion in mineral
oil, 0.918 g, 30.6 mmol) in portions. After effervescence had ceased,
d6-acetone (100 atom% Sigma-Aldrich, 1.5 cm3, 20.4 mmol) was
added and the solution was stirred for 16 h whilst slowly warming
to room temperature. Water (100 cm3) was carefully added and
the mixture was extracted with diethyl ether (3 × 100 cm3).
The pooled ethereal extracts were washed with saturated sodium
hydrogencarbonate solution (200 cm3), water (200 cm3) and brine
(200 cm3) then dried over anhydrous MgSO4 and filtered under
reduced pressure. The title compound was obtained as a colourless
liquid by fractional distillation at atmospheric pressure collecting
the fraction boiling at 154–156 ◦C (5.17 g, 57%); mmax/cm−1 (thin
film) 2982 (m), 2130 (w), 1714 (s), 1634 (m), 1446 (w), 1366 (w),
1218 (s), 1154 (m), 1097 (m), 1055 (m), 788 (w); dH (500 MHz,
C2HCl3) 1.29 (3 H, t, J 7, CH2CH3), 4.16 (2 H, q, J 7, CH2CH3),
5.69 (1 H, s, C=CH); dC (125 MHz, C2HCl3) 14.30 (CH3), 59.4
(CH2), 116.2 (C=CH), 156.1 (C=CH), 166.7 (C=O); m/z (EI+)
134 (71%, M+), 116 (50), 106 (68), 89 (100), 61 (70).


(E,E) 12,12,12-(2H,2H,2H)-8-Benzenesulfonyl-3,7-dimethyl-11-
(2H,2H,2H)-methyl-1-(tetrahydro-2-pyranyloxy)-dodeca-2,6,10-
triene (13)30


To a stirred solution of 11 (536 mg, 4.00 mmol) in anhydrous
CH2Cl2 at −78 ◦C (dry ice–acetone bath) under N2 was added
DIBAL-H solution (1.0 M in hexanes, 12 cm3, 12 mmol) and the
mixture was stirred for 1 h at −78 ◦C. The reaction was quenched
by the addition of celite R© and Na2SO4·10H2O (4 g each) and then
this mixture was stirred for 16 h. The resulting suspension was
filtered through a thin pad of celite and the pad was washed with
several portions of CH2Cl2. After concentration under reduced
pressure the intermediate alcohol was isolated as a colourless oil
(174 mg, 47% crude yield) and used without further purification
in the next step (m/z (EI+) 92.1 (60%, M+), 74.1 (48, [M − H2O]+),
63.1 (100).


To a stirred solution of the crude hexadeuterated alcohol
(7.46 mmol) in anhydrous THF (10 cm3) under N2 was added
anhydrous triethylamine (1.25 cm3, 8.95 mmol) and the mixture
was cooled to −45 ◦C (dry ice–acetone bath). Methanesulfonyl
chloride (754 mm3, 9.70 mmol) was added and the solution
(turning to a white milky suspension) was stirred at −45 ◦C (dry
ice–acetone bath) for 45 min. Lithium bromide (2.59 g, 29.8 mmol)


was added as a solution in anhydrous THF (10 cm3) via a cannula
and this mixture was stirred at 5 ◦C (ice–water bath) for 1 h. The
reaction was quenched by the addition of cold brine (20 cm3) and
the mixture was extracted with diethyl ether (3 × 20 cm3). The
pooled ethereal extracts were washed with brine (50 cm3) then
dried over anhydrous MgSO4 and filtered under reduced pressure.
The ether was carefully evaporated to give the crude bromide as
a pale yellow oil that was immediately dissolved in anhydrous
THF (10 cm3) and added, via a cannula, to a solution of 9b
(185 mg, 0.490 mmol) in anhydrous THF (10 cm3) and HMPA
(2 cm3) under N2. Freshly activated powdered 4 Å molecular
sieves (∼200 mg) were added and the solution was cooled to
−78 ◦C (dry ice–acetone bath). To this stirred mixture was slowly
added, over 30 min, n-BuLi (2.5 M in hexanes, 196 mm3, 0.490
mmol) and then the mixture was stirred for 16 h whilst slowly
warming to room temperature. The reaction was quenched by the
addition of saturated ammonium chloride solution (20 cm3) and
the mixture was extracted with diethyl ether (3 × 20 cm3). The
pooled ethereal extracts were washed with water (2 × 50 cm3)
and brine (50 cm3) then dried over anhydrous MgSO4, filtered and
concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (eluting with 4 : 1 hexane–ethyl
acetate) to give 13 as a colourless oil (77 mg, 36%); mmax/cm−1 (thin
film) 2936 (m), 2869 (m), 2130 (w), 1448 (m), 1302 (s), 1198 (m),
1142 (s), 1083 (s), 1020 (s), 722 (s); dH (500 MHz, C2HCl3) 1.53 and
1.58 (2 × 3 H, 2 × s, 2 × CH3), 1.43–1.59, 1.62–1.78 and 1.88–2.02
(10 H, m, OCH2(CH2)3 and CH2CH2), 2.50 (1 H, ddd, J 7, 11.5 and
15, CH2CHSO2), 2.74 (1 H, ddd, J 4, 7 and 15, CH2CHSO2), 3.40
(1 H, dd, J 4 and 11.5, CH2CHSO2), 3.42–3.45 and 3.79–3.83 (2 H,
m, OCH2(CH2)3), 3.90 (1 H, dd, J 7 and 12, C=CHCH2), 4.14
(1 H, dd, J 6 and 12, C=CHCH2), 4.53 (1 H, dd, J 3 and 4, OCHO),
4.79 (1 H, t, J 7, C=CH), 4.96 (1 H, t, J 7, C=CH), 5.19 (1 H, t, J
7, C=CH), 7.43–7.46, 7.53–7.56 and 7.73–7.75 (5 H, m, ArCH);
dC (125 MHz, C2HCl3) 13.7, 16.3 (2 × CH3), 19.7, 24.1, 25.5, 26.4,
30.7 and 38.5 (OCH2(CH2)3 and CH2CH2), 62.4 (OCH2(CH2)3),
63.7 (C=CHCH2O), 74.1 (SO2CH), 98.0 (OCHO), 118.8, 121.0
and 135.4 (3 × C=CH), 128.7, 128.9 and 133.3 (ArCH), 126.9,
134.6, 138.1 and 139.3 (ArC quaternary and 3 × C=CH); m/z
(ES+) 451 (100%, [M + H]+).


(E,E) 12,12,12-[2H,2H,2H]-3,7-Dimethyl-11-[2H,2H,2H]-methyl-
dodeca-2,6,10-triene-1-ol (14)31,32


To a stirred solution of 13 (94 mg, 0.216 mmol) in anhydrous
THF (10 cm3) under N2 was added PdCl2dppf (35 mg, 43.2 mmol)
and the solution was stirred under N2 for 30 min. To this stirred
mixture was added, dropwise, lithium triethylborohydride (1.0 M
solution in THF, 432 mm3, 0.432 mmol), the solution immediately
turned a deep red colour. The complete mixture was stirred under
N2 for 2 h then water (10 cm3) was carefully added to quench
the reaction. The mixture was extracted with diethyl ether (3 ×
20 cm3) then the pooled ethereal extracts were washed with water
(2 × 20 cm3) and brine (20 cm3). The organic solution was then
dried over anhydrous MgSO4, filtered and evaporated to give a pale
red oil that was passed through a short column of silica (eluting
with 19 : 1 hexane–ethyl acetate) to yield the intermediate THP
ether as a colourless oil (39 mg, 58% crude yield). This was used
directly in the next step without further purification. HRMS (CI+,
[M + NH4]+) found 330.3270, C20H32


2H6NO2 requires 330.3279.
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The crude THP ether (38 mg, 0.121 mmol) was dissolved in
freshly distilled ethanol and to this stirred solution was added
pyridinium p-toluenesulfonate (2.8 mg, 12 mmol). This stirred
mixture was heated at 50 ◦C for 24 h. After cooling, the ethanol was
removed under reduced pressure and the residue was immediately
purified by flash chromatography on silica gel (eluting with 3 : 1
hexane–ethyl acetate) to yield the title compound as a colourless oil
(18 mg, 65%); HRMS (M+) found 228.2360, C15H20


2H6O requires
228.2360; mmax/cm−1 3319 (br s), 2927 (s), 2856 (s), 2222 (w), 1661
(w), 1444 (m), 1379 (m), 1010 (s); dH (500 MHz, C2HCl3) 1.53
(3 H, s, CH3), 1.62 (3 H, s, CH3), 1.87–2.07 (8 H, m, 2 × CH2CH2),
4.08 (2 H, d, J 7, CH2OH), 5.01–5.06 (2 H, m, 2 × C=CH),
5.35 (1 H, t, J 7, C=CH); dC (125 MHz, C2HCl3) 15.9 and 16.2
(2 × CH3), 26.0, 26.6, 39.2 and 39.7 (2 × CH2CH2), 59.4 (OCH2),
123.3, 123.8 and 124.3 (3 × C=CH), 134.7, 135.4 and 139.8 (3 ×
C=CH); m/z (EI+) 228.2 (3%, M+), 210.2 (18, [M − H2O]+), 135.1
(35), 93.1 (100).


(E,E) 12,12,12-[2H,2H,2H]-3,7-Dimethyl-11-[2H,2H,2H]-methyl-
dodeca-2,6,10-trien-1-yl diphosphate trisammonium salt (15)14,15


The title compound was prepared as previously described for other
farnesyl diphosphate analogues.14,15 To a stirred solution of N-
chlorosuccinimide (11.6 mg, 86.8 mmol) in anhydrous CH2Cl2


(2 cm3) under N2 at −30 ◦C (dry ice–acetone bath) was added
dimethyl sulfide (6 mm3, 86.8 mmol). This solution (that rapidly
turned into a milky-white suspension) was stirred for 15 min at
−30 ◦C then briefly warmed to 0 ◦C in an ice–water bath. After
cooling to −40 ◦C (dry ice–acetone bath), 14 (16.5 mg, 72.4 mmol)
was added as a solution in anhydrous CH2Cl2 (2 cm3) via a
cannula. This solution was stirred for 16 h whilst slowly warming
to room temperature. Brine (5 cm3) was added and the mixture was
extracted with hexane (3 × 10 cm3). The pooled hexane extracts
were dried over anhydrous MgSO4 then filtered and concentrated
under reduced pressure. The resulting intermediate chloride was
used immediately without further purification.


To a stirred solution of this material in anhydrous acetonitrile
(2 cm3) and freshly activated, powdered, 4 Å molecular sieves
(100 mg), under N2, was added tris (tetra-n-butylammonium)
hydrogendiphosphate14,15 (128 mg, 142 mmol). The complete
reaction mixture was stirred for 16 h and then solvent was
removed under reduced pressure and the resulting opaque residue
was dissolved in 2 cm3 of 1 : 49 (v/v) isopropyl alcohol and
25 mM ammonium hydrogencarbonate solution (ion-exchange
buffer). The pale yellow solution was slowly passed through a
column containing 30 equiv. of DOWEX 50W-X8 (100–200 mesh)
cation-exchange resin that had been equilibrated with two column
volumes of ion-exchange buffer. The column was eluted with two
column volumes of the same buffer at a flow rate of one column
volume per 15 min. The clear light yellow eluent was lyophilized to
dryness to give a solid, which was purified by reverse phase HPLC
(150 × 21.2 mm Phenomenex Luna column, eluting with 10% B
for 20 min, then a linear gradient to 60% B over 25 min and finally
a linear gradient to 100% B over 5 min; solvent B: CH3CN, solvent
A: 25 mM NH4HCO3 in water, flow rate 5.0 cm3/min, detecting at
220 nm) to give 7 as a white solid (17 mg, 53%); HPLC tR 46.2 min;
mmax/cm−1 (KBr disc) 2848 (br m), 1497 (s), 1453 (s), 1406 (s), 1201
(s), 1120 (s), 1093 (s), 1026 (m), 905 (s), 797 (m); dH (500 MHz;
2H2O at pH 8.5 buffered with N2H4O2H) 1.50 (3 H, s, CH3C=CH),


1.60 (3 H, s, CH3C=CHCH2O), 1.85–2.03 (8 H, m, 2 × CH2CH2),
4.35 (2 H, t, J 5.5, CH2O), 5.09 (2 H, m, 2 × C=CH), 5.33 (1 H,
t, J 7.0, C=CH); dC (125 MHz; 2H2O at pH 8.5 buffered with
N2H4O2H) 15.3 and 15.7 (2 × CH3), 25.7, 26.40, 26.9, 38.5 and
38.9 (2 × CH2CH2), 62.6 (CH2O), 120.0, 124.0 and 124.3 (3 ×
C=CH), 136.7, 142.8 and 143.0 (3 × C=CH); dP (202 MHz; 2H2O
at pH 8.5 buffered with N2H4O2H) −6.80 (1 P, d, JPP 22.0) and
−10.28 (1 P, d, JPP 22.0); m/z (ES−) 387.0 (100%, [M − H]−).‡


Incubation of FPP and analogues with aristolochene synthase


Incubations of FPP and deutero analogue 15 with aristolochene
synthase were carried out as previously described.33


Briefly, enzyme (25 mM) was incubated with FPP (10 mM,
100 mm3) in a volume of 500 mm3 containing 25 mM Tris (pH 7.5),
5 mM MgCl2, 5 mM 2-mercaptoethanol and 15% glycerol at 25 ◦C,
overlayed with 100 mm3 of hexane. The reactions were stopped by
addition of 100 mM EDTA solution (100 mm3), then extracted
with hexane (3 × 3 cm3). The hexane extracts were vortexed with
silica (50 mg) then the decanted solvent was removed under a
gentle stream of nitrogen. Samples were analysed by GC-MS
performed on a Hewlett Packard 6890 GC fitted with a J & W
scientific DB-5MS column (30 m × 0.25 mm internal diameter)
and a Micromass GCT Premiere detecting in the range m/z 50–
800 in EI+ mode with scanning once a second with a scan time of
0.9 s. Injections were performed in split mode (split ratio 5 : 1) at
50 ◦C. Chromatograms were begun with an oven temperature of
50 ◦C rising at 4 ◦C min−1 for 25 min (up to 150 ◦C) and then at
20 ◦C min−1 for 5 min (250 ◦C final temperature).


For incubations carried out in D2O, the enzyme, substrate and
buffers were made up as normal then lyophilised and redissolved
in the required volume of 100 atom% D2O. This was repeated twice
and then the buffer was adjusted to pH 7.1 by addition of DCl.


Activity assays


Enzyme assays were carried out essentially as previously
described.15,33 Assays (250 mm3 final volume) were initiated by ad-
dition of purified AS solution (1 mM, 25 mm3, final concentration
100 nM). Assays contained 0.1–5 mM [1-3H]-farnesyl diphosphate
(240 000 dpm nmol−1), 20 mM Tris, 5 mM MgCl2, 5 mM 2-
mercaptoethanol and 15% glycerol and were pre-warmed to 37 ◦C
prior to addition of enzyme solution. After incubation for 4 min,
each assay was stopped by addition of 100 mM EDTA (100 mm3)
and overlayed with hexane (500 mm3). After vortexing for 10 s,
the hexane was removed and the sample extracted with hexane in
the same way (2 × 500 mm3). The pooled hexane extracts were
vortexed with silica (50 mg), the sample was centrifuged at 13 000
rpm for 5 min and then the hexane was decanted into a scintillation
vial containing 15 cm3 of Ecoscint and analysed for radioactivity.
KM and kcat values were determined by a non-linear fit of the
data to the equation V = V max[S]/(KM + [S]) using Sigmaplot
for Windows Version 10.0. For assays under normal conditions
and in D2O, KM (0.8 lM) and kcat (0.02 s−1) were identical within
experimental error and so no kinetic solvent isotope effect was
measurable.


‡ Note that this compound has recently been prepared using a different
methodology.22
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Gas phase calculations


The starting point for the calculations was based on the previously
identified minimum energy structure for the germacryl cation.12


Using Molden,16 a hydroxonium ion was placed in close proximity
to the lower face of the ten-membered ring and a proton was
removed from C12 to provide an approximate model for the
structure of the transition state. A relaxed potential energy surface
scan was performed using Gaussian03, revision B.0317 and AM118


with the distance between the hydroxonium proton closest to the
C6, C7 p-bond varied and all other geometric parameters allowed
to adjust freely.


From this simulation, an approximate transition state geometry
was obtained. Transition state searches, using the harmonic os-
cillator approximation, were performed using the AM1,18 PM3,21


mPW1PW19 and MPWB1K20 methods. To account approximately
for anharmonicity, all vibrational modes below 100 cm−1 were
raised to 100 cm−1 in all calculations.


The Gibbs free energy change (DG298) for the formation of the
TS was defined as the difference in free energy between the TS and
the sum of free energies of germacryl cation and an isolated water
molecule.


Starting geometries for these calculations are available from the
authors on request.
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Introduction of different substituents at the 7-position of
a sensitising azaxanthone group in a series of emissive Eu
and Tb complexes can determine the intracellular uptake
and distribution profile and may be linked to modulation
of protein affinity.


Emissive complexes of terbium and europium are emerging as use-
ful stains1,2 or responsive probes of the cellular environment.3,4 Re-
cently, it has been found that certain amphipathic lanthanide(III)
complexes show a clear tendency to be internalised within live cells,
allowing a study of the factors that determine their suitability
as optical probes. The emissive probes are based on ligands in
which a sensitising moiety is integrated into a ligand structure,
permitting an evaluation of the effect of modifying the ligand
structure with a common sensitising moiety.5 Alternatively, a
common ligand may be used and the structure of the sensitising
moiety perturbed in order to appreciate the key elements that may
be involved in determining the rate of cellular uptake and egress
and the intracellular localisation profile. The sensitising moieties
in these complexes are polycyclic heteroaromatic systems, with
small singlet–triplet energy gaps.6 The nature of this chromophore
may determine not only the sensitivity of the overall complex to
excited state quenching,7 but also the affinity of the complex for
proteins, of which serum albumin will be the most abundant in
the cell culture medium. Non-covalent binding of the lanthanide
complex to such a protein is very likely to influence cell uptake
kinetics and subsequent intracellular trafficking.


With this background in mind, we set out to examine the
properties of the Eu and Tb complexes of 6 ligands L1–L5 in
which only the nature of one substituent on the azaxanthone
sensitiser8 is systematically varied. Their affinity for protein is
assessed comparatively and their sensitivity to dynamic quenching
of the lanthanide excited state by common reductants evaluated.
These properties are then compared to a preliminary assessment of
how complex structure affects the cellular uptake and localisation
profile and the measured cytotoxicity.


The ligands L1–L5 were prepared as described in recent
reports2b,7,8 and their europium, gadolinium and terbium(III)
complexes synthesised following established methods. The sen-
sitivity of the terbium(III) complexes to quenching of the long-
lived lanthanide excited state by iodide, ascorbate and urate was
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assessed. Each of these reductants is believed to quench the Tb
5D4 excited state by an electron or charge transfer process.7 Iodide
quenches by a thermally activated collisional process, whereas
urate and ascorbate (common low MW intracellular reductants
typically at 0.2 to 1 mM concentrations) form an exciplex with
the heteroaromatic group.7 Stern–Volmer quenching constants
(KSV


−1/mM: representing the concentration needed to reduce the
observed Tb emission lifetime by 50%) were measured, (Table 1),
under standard conditions (pH 7.4, 0.1 M HEPES, 10 mM NaCl).
The most obvious feature relates to the relative insensitivity to
quenching of [Tb·L2]2+ and [Tb·L3a]3+. With [Tb·L2]2+, the aromatic
carboxylic acid is ionised (pH 7.4; pKa ∼ 4), so the reduced
electrostatic potential will disfavour encounter. However, the effect
observed here for urate and ascorbate quenching is much more
dramatic than that found recently involving a change of complex
charge from +3 to zero or −3, by varying the nature of the
three exocyclic ligand donor groups.5 Perhaps more intriguing
was the behaviour of the monomethylamide complex, [Tb·L3a]3+, a


Table 1 Stern–Volmer quenching constants (KSV
−1/mM) defining the


sensitivity of selected terbium(III) complexesa to dynamic quenching of
the metal excited state (298 K, pH 7.4, 0.1 M HEPES, 10 lM complex,
10 mM NaCl)


KSV
−1/mM


Complex Urate Ascorbate Iodide


[Tb·L1]3+ 0.02 0.19 5.60
[Tb·L2]2+ >2b >20c >100d


[Tb·L4]3+ 0.04 0.37 9.20
[Tb·L5]3+ 0.02 0.30 10.9


a For [Tb·L3a]3+, under the same conditions, the measured lifetime was
1.52 ms in the absence of added quencher and in the presence of 20 mM
iodide, sTb fell to only 1.48 ms, for 20 mM added ascorbate, sTb = 0.73 ms
and for 0.2 mM added urate, sTb = 1.06 mM ([Tb·L3b]3+ behaved similarly).
b Following addition of 0.2 mM sodium urate, the s0/s value was <5%
changed, compared to a s0/s value of 6.5 for [Tb·L1]3+ after addition of
0.1 mM urate. c The s0/s value increased by 20%, following addition of
5 lM sodium ascorbate (cf. s0/s = 4.5 for [Tb·L1]3+ with 1 mM added
ascorbate). d The s0/s value increased by < 10% following addition of
20 mM KI.
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complex with similar hydrophilicity around the aryl carboxamide
moiety, that also resists quenching.


Addition of 0.2 mM human serum albumin (HSA) caused less
than a 10% change in the measured lifetime when added to every
terbium complex and in the presence of HSA quenching by urate
and ascorbate was almost completely suppressed. The addition
of HSA caused a reduction in the overall emission intensity of
between 30 and 60% in each case. Parallel experiments were carried
out with the series of Eu complexes; no change in spectral form
was observed (see ESI) and the overall emission intensity fell by
70% for [Eu·L5]3+, 60% for [Eu·L2]2+ and 35% for [Eu·L1]3+. Such
behaviour is consistent with a modest amount of quenching of
the chromophore excited state presumably via a charge transfer
interaction with the azaxanthone, but with no perturbation of the
lanthanide ion coordination environment. Further information
on the interaction of the lanthanide complex with HSA may
be gleaned by examining the modulation of the relaxivity of the
Gd complexes with increasing protein concentration (see ESI).9


The initial paramagnetic relaxivity, r1p, of the Gd complexes was
3.0(±0.4) mM−1 s−1, typical of a cationic complex in which the
water exchange is so slow that it quenches the inner sphere
contribution, leaving only the outer and second sphere terms.10


The variation of the measured relaxivity with added protein (range
0–0.35 mM) could not be fitted to a 1 : 1 or 2 : 1 binding isotherm,
and the form of the binding curve suggested that 3 or 4 complexes
were bound per protein with differing affinities. A qualitative
assessment was made by comparing the concentrations of added
protein needed to cause 50% of the total observed relaxivity
change (0.25 mM complex) noting the limiting final relaxivities (in
parentheses): [Gd·L4]3+ −0.011 mM HSA (r1p


lim = 9.1 mM−1 s−1);
[Gd·L2]2+ −0.016 mM HSA (11.3 mM−1 s−1); [Gd·L1]3+ −0.019 mM
HSA (8.3 mM−1 s−1); [Gd·L5]3+ −0.029 mM HSA (7.6 mM−1 s−1).
Thus, the protein affinity order follows the sequence given and the
introduction of a substituent on the azaxanthone reduces protein
affinity, with the carboxylate-substituted complex, [Gd·L2]2+, the
next most strongly bound, compared to the parent (R = H),
[Gd·L4]3+.


The cytotoxicity of the complexes was assessed by incubating
NIH-3T3 cells (mouse skin fibroblasts) with varying concentra-
tions of the complex for 24 h, determining toxicity using an MTT
assay.11 The IC50 values derived (Table 2) show the tBu-substituted
complex [Gd·L5]3+ to be the most toxic under these conditions
(58 lM). The cellular uptake and localisation of the terbium
complexes was monitored in NIH-3T3, CHO and carcinoma


Table 2 IC50 values (NIH-3T3 cells, 24 h incubation) for selected
lanthanide complexesa ,b


Complex IC50/lM


[Tb·L1]3+ 77(8)
[Gd·L2]2+ 148(3)
[Tb·L3a]3+ >200c


[Tb·L4]3+ >200
[Gd·L5]3+ 58(0.3)


a Values are the mean of at least three independent values, with standard
deviations in parentheses. b On the chloride salts, using the method
reported in reference 11 (‘MTM’ assay). c For the C12 amide analogue in the
same cell line, the IC50 value is 8 lM, owing to membrane destabilisation
leading to necrotic cell death.2b


Fig. 1 Fluorescence microscopy images showing the localisation profile of
[Tb·L4]3+ (upper), [Tb·L1]2+ (centre) and [Tb·L3b]3+ (lower) in NIH-3T3 cells
after an 18 h incubation, showing the predominant lysosomal distribution
around the nucleus (100 lM complex).


(HeLa) cells by one and two photon microscopy, in the latter case
following excitation at 720 nm using a Ti-sapphire laser. In both
NIH-3T3 and CHO cells, [Tb·L2]2+ and [Tb·L3a]3+ were very slow to
enter the cell, compared to each of the other complexes examined.
Even following a 15 h incubation, microscopy images were of low
intensity, (Fig. 1). The cellular localisation profile observed in each
case after 18 h strongly resembles a late endosomal/lysosomal
distribution that characterises the behaviour of the majority of
such cationic complexes.1,4 Two-photon microscopy was used to
compare the profiles for [Tb·L1]3+, [Tb·L2]2+, [Tb·L4]3+ and Tb·L5]3+


and also the cellular uptake by studying images using varied
incubation times. [Tb·L1]3+ was found to be the most emissive
of the series of complexes studied in both one and two-photon
microscopy, and in contrast to the methylamide and carboxylate
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Fig. 2 Two-photon luminescence microscopy images (kexc 720 nm, 50 lM complex) showing terbium emission in NIH-3T3 cells from [Tb·L1]3+ after
2 minutes (left), and after 5 h (right).


substituted complexes (>1 h incubation time before images could
be obtained), was found to enter the cells in under 2 minutes
(Fig. 2). The images reveal a combination of punctuate cytosolic
and perinuclear endosomal distributions over the different time
periods examined (2 min–5 h); similar final profiles were observed
for the other complexes. The tert-butyl substituted complex,
[Tb·L5]3+ gave a similar final localisation profile, but after 6–10 h
in HeLa cells, the cells began to increase markedly in volume,
suggesting some degree of membrane destabilisation—in accord
with its greater cytotoxicity.


In summary, the nature of the substituent on the heterocyclic
sensitising group has a key role in defining the sensitivity of a
lanthanide complex to excited state quenching and also strongly
influences protein affinity. The sensitising moiety is a key recog-
nition element in determining how readily the complex is taken
up; by varying the 7-substituent, ingress is observed to be either
very fast (R = CO2Me) or very slow (R = CO2


− or CONHMe)
The latter property is likely to play an important role in both
determining cytotoxicity and controlling the kinetics of cellular
uptake and distribution.
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A novel diazirine functionalised aniline derivative, 3-(3-aminophenyl)-3-methyldiazirine 1, was prepared
and employed as an AB2-type monomer in the synthesis of hyperbranched polymers; thus providing the
first instance in which polyamines have been prepared via carbene insertion polymerisation. Photolysis
of the monomer 1 in bulk and in solution resulted in the formation of hyperbranched poly(aryl amine)s
with degrees of polymerisation (DP) varying from 9 to 26 as determined by gel permeation
chromatography (GPC). In solution, an increase in the initial monomer concentration was generally
found to result in a decrease in the molecular weight characteristics of the resulting poly(aryl amine)s.
Subsequent thermal treatment of the poly(aryl amine)s caused a further increase in the DP values up to
a maximum of 31. Nuclear magnetic resonance (NMR) spectroscopic analysis revealed that the
increase in molecular weight upon thermal treatment resulted from hydroamination of styrenic species
formed in the initial photopolymerisation or activation of diazirine moieties.


Introduction


Hyperbranched polyamine macromolecules (including den-
drimers) have received significant attention over the past 20 years
as a result of their wide range of potential biomedical and
materials applications, including adhesives, printing inks, dyes,
fixative agents, cationic dispersants, chelating agents and scavenger
resins.1 The most widely developed dendritic polyamines are the
poly(propylene imine) (PPI) series developed by Meijer and co-
workers.2 However, PPI dendrimers are prepared via a labour
intensive multi-step divergent strategy involving repetitive Michael
additions and reductions. More recently, Haag and co-workers
have produced hyperbranched analogues3 of PPI dendrimers
by utilising poly(ethylene imine)s (PEI) as branching scaffolds.
Modified PEI/PPI hyperbranched polymers and PPI dendrimers
are currently being investigated for a number of biochemical
applications, including non-viral gene transfer vector design,3,4


drug delivery5,6 and as antimicrobial agents.7 Hyperbranched ally-
lamines have been prepared via palladium catalysed decarboxyla-
tive multi-branching ring-opening polymerisation of cyclic carba-
mates, such as 5,5-dimethyl-6-ethenylperhydro-1,3-oxazin-2-one,
using primary or secondary amines as initiators.8 Although the
monomers do not contain branch points, branching units are gen-
erated through propagation reactions leading to the formation of
hyperbranched polyamines with a degree of polymerisation (DP)
between 16 and 47, and a degree of branching (DB) between 44 and
81%. Hyperbranched polyanilines9 and poly(amino arylene)s10,11


have also been investigated thoroughly for their potential ap-
plication to conducting and magnetic polymeric materials—
hyperbranched m-polyanilines prepared via a palladium catalysed
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process possessed enhanced solubility and processability whilst
retaining highly desirable magnetic properties similar to their
linear analogues. Highly conjugated hyperbranched poly(amino
arylene)s prepared from functionalised triphenylamines exhibit
a variety of enhanced functional properties, such as polyradical
cations with high-spin states,12 high light-emitting efficiencies and
photoconductivity,10,11 and, therefore, have potential in an array
of technological applications in organic electronics, photonics and
spintronics.


After successfully developing a carbene insertion polymeri-
sation approach to hyperbranched polyethers,13 we decided to
investigate the preparation of hyperbranched polyamines via a
similar strategy. Herein, we present the foremost preparation of
hyperbranched polyamines using a diazirine functionalised aniline
derivative, 3-(3-aminophenyl)-3-methyldiazirine 1, as an AB2-type
monomer. The polymerisation proceeds by way of photochemical
activation of the diazirine moieties yielding highly reactive car-
benes that are capable of inserting into N–H bonds to afford
secondary (linear units) and tertiary (branched units) amines.
The polymerisation process was examined at various monomer
concentrations and in a variety of inert fluorinated solvents and
the resulting hyperbranched polyamines were analysed via GPC,
and NMR, UV-vis and IR spectroscopies.


Results and discussion


The aminodiazirine 1 was prepared in 4 steps from 3-
aminoacetophenone 2 (Scheme 1) using a similar procedure to that
reported by Liu et al.14 The acetophenone derivative 2 was firstly
converted to its corresponding benzylimine 3 through reaction
with benzylamine in the presence of zinc(II) chloride. The crude
imine 3 was subsequently reacted with hydroxylamine-O-sulfonic
acid (HOSA) in liquid ammonia to afford the diaziridine 4, which
was then oxidised to the aminodiazirine 1 using chromic acid.15


Polymerisation of the aminodiazirine monomer 1 (Scheme 2)
was conducted in bulk, as suspensions in perfluorinated solvents
and in solution. Initially, the monomer 1 and solvent were added
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Scheme 1 Synthesis of 3-(3-aminophenyl)-3-methyldiazirine 1: (a)
BnNH2, ZnCl2, �; (b) NH3, HOSA, −78 ◦C; (c) NaCr2O7, H2SO4.


Scheme 2 Synthesis of hyperbranched polyamines from the aminodi-
azirine 1.


to a glass vial fitted with a stirrer bar, which was argon flushed and
sealed. The vial was placed 2 cm away from a 125 watt high-power
mercury vapour lamp and irradiated for 24 h. Suspension phase
reactions were vortexed at 1200 rpm prior to irradiation to produce
a fine suspension of the monomer in the solvent, which was
maintained during the reaction with rapid stirring. Perfluorinated
solvents were employed to eliminate any unwanted reaction of
the photogenerated carbenes with the reaction medium, as the
inherent strength of C–F bonds (DHbond ≈ 488 kJ mol−1) deters
carbene insertion. The solvent was removed in vacuo and the
residue dried to afford polyamines P1a–e (94–99%) as yellow to
brown solids. To ensure complete decomposition of the diazirine
moieties and any diazoalkanes (formed via isomerisation of the
diazirines16) the polymers were heated at 150 ◦C in vacuo for
12 h to afford polyamines P2a–e, respectively, as glassy brown
solids with a reduction in weight of 0–4%. All of the polymers
with the exception of P2e were soluble in methanol, N,N-
dimethylformamide (DMF) and dimethylsulfoxide (DMSO). The
insolubility of P2e was attributed to extensive intermolecular
cross-linking upon thermal treatment.


The polymers were analysed by GPC coupled with RI detection
(Fig. 1) using linear polystyrene calibrants. Although it has


Fig. 1 GPC RI traces of poly(aryl amines)s prepared: (a) from photolysis
of monomer 1 in bulk (P1c), hexafluorobenzene (P1d) and perfluoropy-
ridine (P1e); (b) from photolysis and thermolysis of monomer 1 in bulk
(P2c) and hexafluorobenzene (P2d); (c) at monomer concentrations of
0.08, 0.17, 0.34, 0.68 and 1.35 M (P3a–e, respectively).


been well established17 that conventional calibration with linear
polymers underestimates the molecular weight characteristics of
hyperbranched macromolecules, it enabled comparison of the
polyamines prepared via different conditions without providing
absolute molecular weights.


The polyamines P1a–c prepared via photolysis in bulk or as
suspensions had comparable molecular weights corresponding to
a DP of 9 (Table 1). Solution phase polymerisations conducted
in hexafluorobenzene (C6F6) and perfluoropyridine (C5F5N) af-
forded polyamines P1d–e, which possessed DPs of 13 and 14,
respectively. The difference in molecular weight of polyamines
prepared in solution and those in bulk is believed to arise from
the close proximity of the monomers in bulk and suspension
photopolymerisations, which results in the formation of azines18


that compete with the desired carbene insertion mechanism.
Upon thermal treatment all the polymers increased in molecular
weight to afford polyamines P2a–d with DPs of 12–31. This
increase was most prominent for polymer P2d, for which the
DP more than doubled. This increase in Mw can clearly be
observed in the GPC RI trace of polymer P2d (Fig. 1, (b)), which
shows the disappearance of a low molecular weight shoulder
present at ca. 0.6 kDa in the trace of polymer P1d (Fig. 1, (a))
and a significant increase in the upper molecular weight range
from ca. 10 to 50 kDa. The observed increase in molecular
weight was postulated to occur as result of: (i) the formation of
reactive carbenes from the activation of diazirine or diazoalkane
moieties present after the initial photopolymerisation, and/or
(ii) hydroamination of styrenic species formed from 1,2-hydrogen
migration of photogenerated carbenes.19,20


In order to investigate the effect of monomer concentration on
the photopolymerisation a series of reactions were conducted. As
the monomer concentration was increased from 0.08 to 0.68 M the
molecular weight and polydispersity of the resulting polyamines
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Table 1 Reaction conditions employed for the synthesis of polyamines P1a-P3e and their molecular weight characteristics


Polyamine Conditions Solventa Conc.a/M Mw
b/kDa Mn


b/kDa PDIb DP


P1a hm FC-72 R©c N/Ae 1.1 0.9 1.2 9
P1b hm C6F15Nd N/A 1.1 0.9 1.2 9
P1c hm Neat N/A 1.1 0.8 1.4 9
P1d hm C6F6 0.67 1.6 1.0 1.6 13
P1e hm C5F5N 0.67 1.7 1.2 1.4 14
P2a hm/D FC-72 R© N/A 1.8 1.2 1.5 15
P2b hm/D C6F15N N/A 1.6 1.2 1.4 13
P2c hm/D Neat N/A 1.4 1.1 1.3 12
P2d hm/D C6F6 0.67 3.7 1.6 2.3 31
P2e hm/D C5F5N 0.67 Insolublef


P3a hm C6F6 0.08 3.1 1.4 2.2 26
P3b hm C6F6 0.17 2.5 1.3 1.9 21
P3c hm C6F6 0.34 2.3 1.3 1.8 19
P3d hm C6F6 0.68 2.1 1.3 1.6 17
P3e hm C6F6 1.35 2.4 1.4 1.7 20


a Solvent and concentration used in photochemical polymerisation stage. b GPC analysis was conducted in DMF containing 0.05 M LiBr at 60 ◦C
and using polystyrene calibrants. c Perfluoro-n-hexane. d Perfluorotriethylamine. e N/A = not applicable. f Polymer is insoluble in solvent used for GPC
analysis.


(P3a–d) decreased, however, when the monomer concentration
was further increased to 1.35 M (P3e) a slight increase in
molecular weight was observed. The decrease in molecular weight
with increasing monomer concentration can be accounted for by
consideration of carbene N–H insertion versus azine formation.
At high monomer concentration interaction between carbenes
and diazirines or diazoalkanes is more probable, thus azine
formation is favoured.20,21 At low monomer concentrations the
relative proportion of carbenes is higher resulting in a higher
yield of insertion products and as result, higher molecular weight
polyamines.


UV-visible spectroscopic analysis of the aminodiazirine 1
(Fig. 2) revealed an absorption centred at k = 378 nm correspond-
ing to a p–p* transition of the diazirine moiety. In comparison,
the absence of this absorption band in the spectra of polyamines
P1d and P2d indicated that the majority of the diazirine moieties
had decomposed under the conditions employed. IR spectro-
scopic analysis of the polyamine P1d (representative of all the
polyamines—see Fig. 3) revealed several strong absorptions at ca.
3355, 1604 and 1320 cm−1 corresponding to N–H, aromatic C–
C and C–N bonds, respectively. The absence of an absorption
band at ca. 1700 cm−1 implied that the polymer end groups were
not terminated by acetophenone type moieties (Scheme 2), which


Fig. 2 UV-visible spectra of aminodiazirine 1 and poly(aryl amine)s P1d
and P2d.


Fig. 3 IR spectrum of poly(aryl amine) P1d.


would have been expected if the intermediate carbenes had reacted
with oxygen.22 Furthermore, the absence of absorption bands at
ca. 2050 cm−1 implied20 that diazoalkane moieties were not present
after the initial photochemical polymerisation.


1H and 13C NMR spectroscopic analysis of the polyamine P1d
was dominated by resonances consistent with the desired amine
linkages formed through the insertion of carbenes into N–H
bonds. For example, the 1H NMR spectrum of P1d (Fig. 4, (a))
consisted of resonances at ca. dH 1.3 and 4.2 ppm, corresponding
to methyl and methine protons, b and a to amine groups,
respectively.23 Minor resonances at ca. dH 2.15 and 5.2/5.6 ppm,
corresponding to methyl protons adjacent to azine linkages
and geminal vinylic protons present in styrenic end groups
(Scheme 2), respectively, could also be observed. Furthermore,
13C NMR spectroscopic analysis revealed resonances between dC


54.9–55.4 ppm, corresponding to methine carbons adjacent to
aromatic and amine functionalities.23 Upon thermal treatment
the 1H NMR spectrum of the resulting polyamine P2d (Fig. 4,
(b)) remained similar to that of P1d, with the exception that
the resonances resulting from the styrenic protons were now
absent. Therefore, it can be deduced that the observed increase
in molecular weight upon thermal treatment originates from
thermally driven hydroamination of styrenic moieties with amine
functionalities or activation of trace amounts of diazirine moieties.
1H NMR spectroscopic analysis of the polyamine P1c prepared
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Fig. 4 1H NMR spectra of poly(aryl amine) P1d (a) and its thermally
cured derivative P2d (b).


from photolysis of neat aminodiazirine 1 revealed a significant
increase in resonances at dH 2.15 ppm (relative to other methyl
proton resonances) corresponding to methyl protons adjacent to
azine linkages. This observation accounts for the difference in
molecular weight between the polyamines prepared in solution
(P1d–e) and those prepared in neat (P1c) or suspension phase
reactions (P1a–b), as the formation of azine leads to retardation
of the growing polymer chain.


From the 1H NMR spectroscopic evidence presented it was
possible to estimate the relative percentages of each functional
group present in the polyamines, presuming that all resonances
between dH 0.7 and 2.2 ppm originated from methyl protons
and the resonances corresponding to styrenic geminal protons
originated from 1,2-hydrogen migration of carbenes adjacent to
methyl groups. Polyamine P1d was found to possess amine, azine
and styrenic groups in relative percentages of 69, 9 and 8%,
with the remainder originating from unidentified functionalities,
hypothesised to be stilbene and cyclopropane derivatives, which
are common in arylalkylcarbene reactions. The thermally cured
derivative P2d was found to possess amine and azine groups in
relative percentages of 76 and 10%, further confirming that the
styrenic species present after photopolymerisation had undergone
reaction to afford secondary or tertiary amines. Similar yields of
N–H insertion products have also been observed in studies with
diphenylcarbene21,24 and fluorenylidene.25


Given the high reactivity of carbenes it is not surprising that
a diverse range of functional groups and polymeric linkages are
formed in the photopolymerisation of the aminodiazirine 1. The
mechanism of formation of these functional groups is complex, but
can be accounted for by interpretation of previous chemical and
kinetic studies. Photolysis of substituted 3-aryl-3-methyldiazirines
leads to nitrogen extrusion and the generation of carbenes in
singlet electronic states (5S) (Scheme 3) as a result of spin


Scheme 3 Proposed reaction pathways operating during photopolymeri-
sation of the aminodiazirine 1.


conversion.26 In general, these singlet-state carbenes undergo rapid
relaxation and inter-system crossing (ISC) to the ground triplet
state (5T)27 or intramolecular 1,2-hydrogen migration to form
styrenic species (6) (Scheme 3).28 Although there is a significant
energy barrier to 1,2-hydrogen migration in the singlet state,
polar solvents such as acetonitrile dramatically accelerate the
intramolecular rearrangement.29 Alternatively, as is observed for
diarylcarbenes, the excited singlet-state carbenes could undergo
ISC to afford excited triplet-state carbenes (5T*), which then relax
to the ground triplet state (5T).30 In addition, the triplet carbenes
can interact with other species present in the reaction mixture
leading to ISC back to the low-lying singlet state.26


As observed in previous studies involving reaction of aryl-
carbenes with pyridine29,31 and alkylamines21,24,32 it is reasonable
to assume that ylide 7 (Scheme 3) or tight ion pair formation,
with rate constants that approach a diffusion-limited rate,33 are
dominant in the initial stage of the photopolymerisation. The
resulting ylide 7 ultimately undergoes N–H insertion to afford
secondary 8 or tertiary amines,21,24 which accounts for the majority
of polymeric linkages in the polyamines. Whereas the singlet-
state carbene 5S is predominately responsible for the formation
of ylide 7, it is not exclusively the only reaction pathway by which
secondary or tertiary amines can be formed in the polymerisation.
Theoretically, an excited triplet-state carbene 5T* (which, like its
singlet-state counterpart, possesses an empty low-lying orbital)
might also be involved in the formation of the secondary amine
8, as it has been proposed that reaction of excited triplet-state
carbenes with amines initially forms a triplet charge transfer
intermediate that can decay by ISC into the singlet manifold
producing either a singlet charged transfer complex or an ion
pair/ylide.32 These species are then capable of dissociation to
afford a singlet-state carbene and amine, or undergoing N–H
insertion to afford the amine 8. In comparison, the formation of
the amine 8 via a ground-state triplet carbene 5T would be expected
to follow a radical abstraction–recombination type mechanistic
pathway,21 although potentially carbene 5T and an amine could
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form a complex which undergoes ISC to give the N–H insertion
product.34 Predominantly, reaction of carbene 5T with a primary
or secondary amine would lead to hydrogen abstraction and the
formation of free radical 9 and an aminyl radical (Scheme 3),
which can potentially combine to afford the amine 8, participate
in further abstraction events or undergo radical combination to
yield derivatives such as 2,3-diarybutane 10.


A distinguishing feature of singlet-state aryl, diaryl and ary-
lalkylcarbenes is the ability of these species to form azines via
reaction with their diazirine or diazoalkane precursors, which
in the absence of other reactants is generally the dominant
reaction.18 Therefore, the formation of azine linkages in the pho-
topolymerisation of aminodiazirine 1 was unsurprising. Whereas
the azine moieties formed in the polymerisation are unlikely to
participate in secondary reactions, the styrenic species formed can
potentially react with carbenes to afford cyclopropane derivatives
11 (Scheme 3).35 Thus, the relative percentage of styrenic end
groups calculated from integration of the 1H NMR spectrum of
the polyamine P1d may underestimate the extent to which 1,2-
hydrogen migration occurs in the polymerisation. Given that there
is a significant energy barrier to 1,2-hydrogen migration and that
ylide formation is a near diffusion-limited rate process one would
expect that photopolymerisations conducted in electron donating
solvents such as perfluoropyridine and perfluorotriethylamine
(C6F15N) would yield polymers with different molecular weight
characteristics. However, the application of perfluoropyridine and
perfluorotriethylamine as reaction solvents appears to play no dis-
tinguishable part in ylide formation as the polyamines synthesised
in these solvents are analogous to those prepared in non-electron
donating solvents. The apparent lack of ylide formation in these
solvents can be accounted for by consideration of their electron
deficient nature, which results from the electron withdrawing
properties of the fluorine groups. In common with studies of other
hyperbranched polymers reported in the literature,36 the degree of
branching of these polymers proved difficult to ascertain given the
structural diversity of the linear and branching units within the
polyamine architecture.


Conclusion


Hyperbranched polyamines with DP ranging from 9–31 were
prepared successfully via carbene insertion polymerisation of
carbenes generated from an AB2-type aminodiazirine monomer—
carbene insertion reactions can occur twice at the amine group.
Although the architecture of the polyamines consisted predom-
inantly of amine linkages, structural analysis also indicated the
presence of other moieties, such as azines, which are observed
commonly in the reactions of arylalkylcarbenes. The initial pho-
topolymerisation of the monomer clearly results in the formation
of polyamines with styrenic end groups that are accessible for
further reaction upon thermal treatment, as evidenced by the
observed increase in molecular weight of the polymers. Although
the exact mechanism of formation of the amine linkages is
undetermined, it is evident that such groups could originate from
reaction of both singlet- and triplet-state carbenes with amines.
Photopolymerisations conducted in bulk and as suspensions were
found to yield polyamines consisting of large proportions of
azine moieties relative to polymerisations conducted in solu-
tion. Therefore, polymerisations conducted in solution yielded


polyamines with higher molecular weights. In addition, an increase
in the concentration of the monomer led to a decrease in the
molecular weight of the resulting polyamine. As a result of the
structural diversity of the polyamines determination of the degree
of branching proved to be unattainable. It is quite clear that this
carbene insertion polymerisation approach can produce highly
functional polyamines in a manner similar to that used to afford
less reactive polyethers. Indeed, this approach may prove amenable
to the production of functional polyamines suitable for use in
molecular electronics or in solid supported scavengers.


Experimental


General


Reagents were purchased from either Fluorochem, Apollo, Acros
Chimica or the Aldrich Chemical Company and were used
without further purification, unless stated otherwise. FC-72 R©,
perfluorotriethylamine, hexafluorobenzene and perfluoropyridine
were distilled from CaH2 and stored over 4 Å molecular sieves.
Thin-layer chromatography (TLC) was performed on aluminium
sheets coated with Merck silica gel 60 F254. Developed TLC
plates were stained with potassium permanganate solution or
scrutinized under 254 nm UV light. Column chromatography
was performed using SI60 Sorbent silica (40–63 lm) supplied
from VWR International. 1H Nuclear magnetic resonance (NMR)
spectroscopy was performed on either a Bruker DPX250 (250
MHz) or a Bruker AMX400 (400 MHz) spectrometer (using TMS
and the deuterated solvent as lock and residual solvent). 13C NMR
spectroscopy was performed on Bruker AC250 (62.5 MHz) or
Bruker AMX400 (100 MHz) spectrometers. Infrared spectroscopy
was performed using a Perkin Elmer 1720-X spectrometer with
the samples analysed as thin films. UV-visible analysis was
performed on a Perkin Elmer Lambda 25 UV/VIS spectrometer
using methanol as the solvent. Mass spectra (MS) were obtained
using either a Fisons VG Autospec instrument or a Finnigan
MAT 95 instrument operating in chemical ionization mode, using
ammonia as the impact gas. Gel permeation chromatography
(GPC) was performed on a Polymer Laboratories PL-GPC 220
high temperature chromatograph using PL Mixed Gel columns at
60 ◦C, GPC grade DMF containing 0.05 M LiBr as eluent and PL
Easy-Cal polystyrene calibrants. Samples were dissolved in GPC
grade DMF containing 0.05 M LiBr (2–4 mg mL−1).


Synthetic details


Synthesis of 3-(3-aminophenyl)-3-methyldiazirine 1. 3-Amino-
acetophenone 2 (10.0 g, 74.2 mmol), benzylamine (16.2 mL,
148 mmol) and ZnCl2 (2 mol%, 0.21 g, 1.50 mmol) were
added to toluene (250 mL) and heated under reflux using
azeotropic distillation to remove the water produced. After 16 h
the mixture was cooled, filtered through a pad of Celite R© and
the filtrate was concentrated in vacuo to afford crude 3-(1-
(benzylimino)ethyl)benzenimine 3 as a yellow oil. The crude
imine 3 was dissolved in dichloromethane (20 mL) and added
to condensed ammonia (220 mL) at −78 ◦C under an argon
atmosphere over a period of 30 min. The mixture was stirred
vigorously at −78 ◦C for 6 h and then HOSA (16.7 g, 148 mmol)
dissolved in methanol (80 mL) was added over a period of
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40 min. After a further 20 h the mixture was warmed to room
temperature and water (200 mL) was added. The organic phase was
removed and the aqueous phase extracted with dichloromethane
(4 × 75 mL). The combined organic extracts were concentrated
in vacuo to afford the crude diaziridine 4 as a yellow/orange oil,
which was dissolved in 1 : 1 water–acetone (300 mL) and sodium
dichromate (39.7 g, 148 mmol) and concentrated H2SO4 (2 mL,
40.8 mmol) were added. The mixture was stirred in the dark for
20 h and then added to saturated sodium metabissulfite (1 L) and
stirred rapidly for a further 20 hours in the dark. The resulting
mixture was filtered through a pad of Celite R© and the insoluble
residues were washed with dichloromethane (600 mL). The organic
phase was removed from the filtrate and the aqueous phase was
extracted with dichloromethane (2 × 200 mL). The combined
organic extracts were dried (MgSO4), filtered and concentrated
in vacuo to afford a brown oil. The oil was purified via repeated
column chromatography on silica (4 : 1 hexane–diethyl ether) in
the dark to afford 3-(3-aminophenyl)-3-methyldiazirine 1 as a
yellow oil, 0.98 g (9% from 3-aminoacetophenone 2). mmax/cm−1


(thin film) 1238, 1328, 1457, 1503, 1588, 1620 (N=N), 3215, 3367,
3453. kmax(MeOH)/nm 377.6 (364 e/dm3 mol−1 cm−1) (N=N). dH


(250 MHz, CDCl3, Me4Si) 1.48 (3H, s, CH3), 3.68 (2H, br s, NH2),
6.14–6.16 (1H, m, ArH), 6.32–6.36 (1H, m, ArH), 6.58–6.62 (1H,
m, ArH), 7.11 (1H, m, ArH) ppm. dC (62.5 MHz, CDCl3) 18.0
(CH3), 26.2 (CN2), 112.3 (ArCH), 114.6 (ArCH), 116.4 (ArCH),
129.6 (ArCH), 141.6 (ArCC), 146.7 (ArCN) ppm. HRMS (CI)
m/z calculated for M+: 147.0796; found: 147.0797.


General procedure for the synthesis of poly(aryl amine)s.
Photochemical polymerisation. Aminodiazirine 1 was weighed


into a dry screw-top vial (3 mL) and for suspension and solution
phase polymerisations the required amount of anhydrous solvent
and a stirrer bar were added. The vials were flushed with argon,
sealed and then placed 2 cm away from a 125 W high pressure
mercury lamp equipped with a water cooling jacket and irradiated
for 24 h. For suspension polymerisations the mixture was vortexed
at 1200 rpm prior to irradiation. After photolysis the solvent
was removed from suspension and solution phase polymerisation
mixtures and the residue was dried in vacuo (0.1 mbar) at 50 ◦C
for 12 h to yield the desired polymers. The polymers were analysed
using IR, UV-visible and NMR spectroscopic analyses and the
molecular weight characteristics were determined using GPC
coupled with RI detection.


Thermal treatment. The polymer was weighted into a dry vial
(3 cm3) that was placed in a drying tube surrounded by a heating
jacket. The vials were then heated at 150 ◦C in vacuo (0.1 mbar) for
12 h to afford glassy solids. The resulting polymeric materials were
analysed using IR, UV-visible and NMR spectroscopic analyses
and the molecular weight characteristics were determined using
GPC coupled to an RI detector.


Poly(aryl amine) P2d. The analytical data presented are for
the poly(aryl amine) P2d and are representative of the all the
poly(aryl amine) synthesised from the AB2-type aminodiazirine
monomer 1. Starting from 1 (40.0 mg, 0.27 mmol) and hex-
afluorobenzene (0.4 mL) the polyamine P2d was obtained as
a glassy brown/yellow solid, 30.9 mg (95% based on total
decomposition of diazirine via nitrogen extrusion). mmax/cm−1 (thin
film) 1096, 1172, 1259, 1317, 1480, 1541, 1604, 1645, 2974, 3366.
kmax(MeOH)/nm 204, 242. dH (250 MHz; d6-DMSO; Me4Si) 1.32


(br s), 1.64–1.79 (m), 1.90–2.03 (m), 2.08–2.22 (m), 3.17 (d), 4.00–
4.36 (m), 4.93 (br s), 5.89–7.38 (m) ppm. dC (62.5 MHz; d6-DMSO)
25.2–25.6 (m), 27.1–27.2 (m), 31.3 (s), 35.8 (s), 37.1 (s), 54.9–55.4
(m), 112.8–113.9 (m), 114.4–114.9 (m), 115.5–115.7 (m), 116.6–
116.8 (m), 117.8–118.2 (m), 118.5 (m), 119.4–120.0 (m), 120.7–
120.9 (m), 121.5 (s), 123.5–123.7 (m), 126.6 (s), 129.8–130.9 (m),
139.1 (s), 140.1–141.0 (m), 147.3–150.2 (m) ppm. GPC (0.05 M
LiBr in DMF) Mw = 3.7 kDa, Mn = 1.6 kDa, PDI = 2.3.
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Solid-phase synthesis of a generation 3.0 polyamidourea 1→3
C-branched bis-dendron followed by capping of the peri-
pheral amino groups with L-lysine gave an efficient trans-
fection reagent.


Polymers have emerged as a vital component of many medical
technologies and as a result demands have arisen for the adaptation
of the size, topology, chemistry and properties of a multitude of
polymeric materials.1,2 In this arena, dendrimers have acquired a
privileged status, firstly because of their unique structural features
as highly branched, symmetrical, monodisperse polymers, and sec-
ondly due to their tunable chemistry, which allows the production
of compositionally and structurally controlled macromolecules.3


Polycationic dendrimers have been widely investigated as vec-
tors for drug delivery and release,1,4–6 and also as devices for
efficiently transfecting cells (e.g. SuperFect, PAMAM derivatives,
etc).7–11 However, despite all these efforts, the mechanisms and
structural requirements which enable DNA–dendrimer complexes
(also called dendriplexes) to cross the cellular membrane,12 enter
the cytoplasm and then release their cargo are still unclear.
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Scheme 1 Reagents and conditions: (a) NEt3, DMAP, DMF, 81%; (b) polymer-supported Pd,18 pyrrolidine, THF, reflux, 94%; (c) aminomethyl resin,
DIC, HOBt, DCM; (d) 5% N2H4·H2O in DMF.


A number of investigations have demonstrated that the high-
generation polycationic dendrimers (e.g. PAMAM G >5, con-
taining 128 primary amines + 126 tertiary amines) show efficient
transfection properties.13 However, as the dendrimer generation
increases, so does cytotoxicity, while difficulties in obtaining pure
compounds increases proportionately.1,13 What would be highly
desirable would be a synthetically accessible, low-generation, yet
highly efficiently transfecting dendrimer.


In this manuscript,14 the solid-phase synthesis and remarkable
transfection abilities of a G 3.0 polyamidourea 1→3 C-branched
bis-dendron are reported, where the peripheral amino groups
of the structure have been capped with L-lysine.15 The den-
dritic structures were synthesized using a divergent, microwave-
assisted, solid-phase approach with the dendrimer assembled on
polystyrene resin via an acid labile linker.16 The acid-cleavable
polyamine scaffold 4 was used as a core for assembling the
dendrons (prepared as previously reported16,17) and attached onto
the solid support to give 5 (see Scheme 1). The dendrimer was
constructed (up to G 3.0) by the sequential addition of the
AB3 isocyanate-type monomer 619 under microwave irradiation
conditions, followed by the displacement of the methyl ester with
propane-1,3-diamine (see Scheme 2). The use of tris-branched
monomer 6 leads to a rapid increase in terminal functionality
(2 → 6 → 18 → 54),16 with acid treatment of resin-bound
dendrimer 7 giving G 3.0 bis-dendron 8 (see Fig. 1). Treatment
of 7 with Fmoc-Lys(Boc)-OH/DIC/HOBt followed by Fmoc-
deprotection and resin cleavage gave dendrimer 9, with 1H-
NMR analysis (see characterization in the ESI†) suggesting that
approximately 50 out of the 54 terminal amino groups had been
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Scheme 2 Reagents and conditions: (a) monomer 6, DMAP, DIPEA, DMF–DCM 1 : 1, lW, 100 ◦C, 60 min; (b) propane-1,3-diamine, MeOH, 72 h;
(c) TFA–DCM–H2O (9.5 : 0.25 : 0.25), 3 h; (d) Fmoc-Lys(Boc)-OH, DIC, HOBt, DCM–DMF 1 : 1, overnight; (e) 20% piperidine in DMF, 2 × 30 min.
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Fig. 1 Structures of G 3.0 polyamidourea 1→3 C-branched bis-dendrons 8 and 9.


coupled (attempts to force the reaction further were not successful
despite the use of prolonged microwave heating).


The ability of the dendrimers to complex DNA was studied
by conventional electrophoretic DNA retardation assays. Den-
driplexes were formulated as a function of dendrimer/DNA
weight ratios, and representative electrophoretic gel images are
shown in Fig. 2, showing that dendrimers 8 and 9 completely
suppressed the electrophoretic mobility of plasmid DNA (this was
also observed for the positive controls SuperFect and Effectene).


The transfection properties of dendrimers 8 and 9 were evalu-
ated with four different mammalian cell lines (HEK293T, HeLa,
ND7, and B16F10) employing pEGFP-N1 as a GFP-reporter.
Dendriplexes were formulated at two weight ratios (10 : 1 and
20 : 1) and tested in triplicate using SuperFect (a dendrimeric
material) and Effectene (a lipid formulation) as controls, with
GFP expression evaluated by flow cytometry.20


As observed in Fig. 3, dendrimer 9 showed high gene delivery
efficacy with HEK293T, ND7 and B16F10 cells. GFP expression


Fig. 2 Electrophoretic DNA retardation assays. Dendrimers 8 and 9 were
complexed with pEGFP-N1 at weight ratios of 10 : 1 and 20 : 1, loaded
onto an agarose gel (1% agarose, 1 lg mL−1 ethidium bromide) and run at
100 V for 1 h. Positive controls (Sup = SuperFect; Eff = Effectene) were
formulated as suggested by the supplier. Control = naked pEGFP-N1
(containing both supercoiled and nicked circular forms).


was especially high in B16F10 cells at a weight ratio of 20 :
1, with 83% of the cells having fluorescence above background
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Fig. 3 Percentage of GFP-expressing cell population.


(see ESI† for the flow cytometry data), better than either SuperFect
(68%) or Effectene (21%). Since B16F10 (melanoma) cells are
considered to be a hard-to-transfect cell line,21 this result highlights
the potential of this reagent. Flow cytometry analysis of neuron-
derived ND7 cells showed that dendrimer 9 efficiently delivered
pEGFP-N1 into this cell line at a 10 : 1 weight ratio with
71% efficiency. Poor transfection efficiency was found in HeLa
cells, consistent with previous work,12,22 which demonstrated that
dendriplexes use a caveolin-dependent pathway as a preferential
internalisation route12 and that HeLa cells are poor at caveolin-
dependent endocytosis.22


It was interesting to observe that the transfection properties of 8
(displaying 54 amino groups) was insignificant compared to the L-
lysine derivative 9 (with 108 amino groups on the surface), clearly
indicating that charge density and size are important parameters in
transfection with dendriplexes (8 and 9 were found to be non-toxic
at the weight ratios used in all the cell lines tested as determined
by MTT assay (>90% cell viability)).


In conclusion, solid-phase methodology in association with
microwave heating was used to efficiently construct a G 3.0
polyamidourea 1→3 C-branched bis-dendron that, following
capping with L-lysine, led to a dendrimer with approximately 108
primary amines. This dendrimer showed remarkable transfection
abilities in various mammalian cell lines, comparable or better than
SuperFect, a commercially available dendrimer-type transfection
reagent.
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By the accommodation of modified BINOLs as chiral lig-
ands, enantioselectivities in the bis-titanium chiral Lewis
acid catalyzed 1,3-dipolar cycloaddition of N-diphenylmethyl
nitrones and methacrolein could be improved.


In the field of asymmetric Lewis acid catalysis, 1,1′-binaphthyl-
2,2′-diol (BINOL) is one of the best known privileged ligands
having axial chirality, and has been successfully applied in a great
number of enantioselective reactions.1 It is also known that the
introduction of an electron-withdrawing group at 6,6′-position of
BINOL affects the reactivity and enantioselectivity by changing
the Lewis acidity and the chiral environment of the catalyst.2–4


In our recent study, the oxygen-bridged bis-titanium chiral Lewis
acid (S,S)-1a (X = H, Fig. 1) containing BINOL ligands has
been revealed to catalyze some asymmetric reactions, such as
asymmetric allylation and 1,3-dipolar cycloaddition of nitrones.5


We report herein a detailed study of the 6,6′-substituent effect of
BINOL in our catalytic system, which led to the identification of
a new highly efficient catalyst.


Fig. 1 Oxygen-bridged bis-titanium chiral Lewis acid (S,S)-1.


In our previous work, we have demonstrated that 1,3-dipolar
cycloaddition of C-phenyl N-diphenylmethyl nitrone 2a and
methacrolein catalyzed by (S,S)-1a proceeded smoothly, giving
the endo-cycloadduct as a single regioisomer with 90% ee (Table 1,
entry 1). Furthermore, use of (S,S)-1b containing 6,6′-I2-BINOL
exhibited the enhanced reactivity and enantioselectivity compared
to (S,S)-1a (entry 2).5d,e However, in the reaction of some
other nitrones and methacrolein, (S,S)-1b catalyzed 1,3-dipolar
cycloaddition was found to be still impractical, giving the products
with less than 90% ee. In this context, we set out the investigation
of other modified BINOLs having an electron-withdrawing group
at 6,6′-positions to develop a more efficient catalyst.6,7
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Table 1 Screening of 6,6′-substituent of the BINOL moiety in (S,S)-
1 catalyzed asymmetric 1,3-dipolar cycloaddition of C-phenyl N-
diphenylmethyl nitrone and methacroleina


Entry X Yield (%)b Ee (%)c


1 H (S,S)-1a 58 90
2 I (S,S)-1b 80 93
3 Cl (S,S)-1c 44 94
4 Br (S,S)-1d 76 90
5 CF3 (S,S)-1e 84 97


a The reaction with nitrone and methacrolein (3 equiv.) was carried out
in the presence of 10 mol% of (S,S)-1. b Isolated yield. c Determined by
HPLC analysis by chiral columns after reducing the aldehyde moiety.


Attachment of chlorine as 6,6′-substituent resulted in dimin-
ished yield and slightly higher enantioselectivity (entry 3). Use
of catalyst (S,S)-1d composed of the 6,6′-Br2-BINOL ligand led
to the deterioration of both yield and enantioselectivity (entry 4).
Upon further investigation, the introduction of the trifluoromethyl
group at 6,6′-position of BINOL was found to be optimal, giving
the cycloadduct in 84% yield and 97% ee (entry 5).


With the promising catalyst (S,S)-1e in hand, we then ex-
amined the scope of 1,3-dipolar cycloaddition of various N-
diphenylmethyl nitrones and methacrolein as shown in Table 2.
The reaction with nitrones bearing a 3- or 4-tolyl group gave the
corresponding cycloadducts with 97% ee and 94% ee, respectively
(entries 2 and 3), which were better than the results obtained
by the use of (S,S)-1b (Table 2, in parentheses). In the case of
nitrone 2d bearing the electron-withdrawing group, an increase
in enantiomeric excess was also observed (entry 4). The use of
C-cyclopentenyl nitrone 2e provided the cycloadduct with the
excellent level of enantioselectivity (entry 5). The remarkable
increase of the enantioselectivity was observed in the reaction of
nitrone 2f containing a substituted styryl moiety, although the ee
still remained at a moderate level (entry 6).


We then moved our attention to the accommodation of this
successful system to the reaction using crotonaldehyde as dipo-
larophile. Compared to the previous report using (S,S)-1a or
(S,S)-1b, the clear superiority of (S,S)-1e was observed. Thus, the
cycloadduct with three consecutive stereocenters could be isolated
in 81% with 96% ee (Scheme 1).


To demonstrate the synthetic utility, the facile transformation
of the so-obtained oxazolidine into the b-amino acid ester having
a quaternary center at the a-position was implemented. First, the
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Table 2 Asymmetric 1,3-dipolar cycloaddition of various nitrones and
methacrolein catalyzed by (S,S)-1ea


Entry R Yield (%)b Ee (%)c ,d


1 2a 84 97 (93)


2 2b 75 97 (96)


3 2c 76 94 (88)


4e 2d 42 91 (88)


5 2e 41 93 (88)


6 2f 70 83 (70)


a The reaction with nitrone and methacrolein (3 equiv.) was carried out
in the presence of 10 mol% (S,S)-1e. b Isolated yield. c Determined by
HPLC analysis by chiral columns after reducing the aldehyde moiety.
d Ee in parentheses indicates the result obtained by the use of (S,S)-1b.
e Performed with 20 mol% (S,S)-1e.


Scheme 1 Asymmetric 1,3-dipolar cycloaddition of C-phenyl
N-diphenylmethyl nitrone and crotonaldehyde catalyzed by (S,S)-1.


aldehyde moiety of the cycloadduct was oxidized to the carboxylic
acid. Subsequent acidic treatment of this material led to the
concomitant esterification and removal of the N-diphenylmethyl
moiety, giving the ester 3 in moderate yield. The reductive cleavage
of the N–O bond provided the b-amino acid methyl ester 4 in high
yield (Scheme 2).8,9


In summary, we have developed a newly modified bis-titanium
chiral Lewis acid containing 6,6′-bis(trifluoromethyl)-BINOL
ligands.10 With this methodology, only one isomer of the cy-
cloadduct could be obtained exclusively, out of the possible 8
isomers (regioisomer, endo/exo isomer and enantiomer).


Scheme 2 Reagents and conditions: a) NaClO2, NaH2PO4,
2-methyl-2-butene, tBuOH, H2O, 87%; b) conc. HCl, MeOH, 59%;
c) Raney-Ni, H2 (balloon), MeOH, 93%.
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Friedel–Crafts allylic alkylation of a wide variety of aromatic and heteroaromatic compounds with
allylic alcohols catalysed by AuCl3 (5 mol%) under mild conditions at room temperature was
accomplished in good to excellent yields (up to 99%) and regioselectivity.


Introduction


The Friedel–Crafts allylic alkylation of aromatic and heteroaro-
matic compounds is one of the most efficient and powerful carbon–
carbon bond forming tools in organic synthesis.1 Among the
myriad of works devoted to this reaction, those on developing new
methods that make use of inexpensive and readily available elec-
trophiles, mild reaction conditions, simple manipulation, atom-
economy2 and environmentally-friendly catalysts have become
very topical.3–15 One such approach is the replacing of classical
Friedel–Crafts allylating reagents such as allylic acetates, carbon-
ates, and halides with allylic alcohols in the presence of a variety of
transition metal and Brønsted acid catalysts.4 Although shown to
be efficient, producing H2O as the only side product, a drawback
of these methods is the use of strong acidic conditions and a large
excess of the arene or heteroarene substrate to achieve moderate to
good product regioselectivities. In the case of metal catalysts, there
is also the need for high reaction-temperatures or introduction
of a co-catalyst or additive. It therefore remains a challenge to
develop a new catalytic system for this useful carbon–carbon bond
forming reaction that exhibits outstanding activity in combination
with high selectivity under mild conditions. In this context, we
envisioned that gold salts would hold promise as a catalyst for
developing a new approach for Friedel–Crafts allylic alkylations
of aromatic and heteroaromatic compounds with allylic alcohols.
A commercially available and robust reagent, this emerging class of
Lewis acid catalysts have been shown to be versatile in mediating
a wide variety of stereoselective C–X (X = C, N, O, S) bond
formations in excellent yields under mild conditions.16–20 Recently,
Campagne and co-workers descibed an efficient gold-catalysed
propargylation of allyl silanes with propargylic alcohols could
be accomplished in good to excellent yields and selectivity.17


Following this seminal work, the groups of Dyker18 and Beller19


reported similar gold-catalysed approaches for the propargylation
and benzylation of aromatic and heteroaromatic compounds with
propargylic and benzylic alcohols, respectively. To our knowledge,
however, the analogous gold-catalysed allylic alkylation reactions
of aromatic and heteroaromatic compounds with allylic alcohols
are not known. As part of an ongoing program examining the
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utility of alcohols as building blocks in organic synthesis,15 we
report herein the allylic alkylation of a wide variety of aromatic
and heteroaromatic compounds with allylic alcohols catalysed by
gold(III) chloride (Scheme 1). The reactions were found to proceed
in products yields up to 99% and with high regioselectivity under
mild conditions at room temperature.


Scheme 1 Gold(III) chloride-catalysed allylic alkylation of aromatic and
heteroaromatic compounds with allylic alcohols.


Results and discussion


Initially, we chose to focus our attentions on the allylic alkylation
of 2,6-dimethylphenol 1a with (E)-1,3-bis(4-bromophenyl)prop-
2-en-1-ol 2a by a variety of Lewis and Brønsted acid catalysts
to establish the reaction conditions (Table 1). This revealed a
CH2Cl2 solution of 1a (4 equiv.) and 2a (1 equiv.) at room
temperature treated with either 5 mol% of AuCl3, BF3.Et2O, InCl3,
NaAlCl4, Cu(OTf)2, p-TsOH.H2O, or TfOH as catalyst for 15 h
gave the best result.20 In each of these reactions, 4-{(E)-1,3-bis(4-
bromophenyl)allyl}-2,6-dimethylphenol 3a was furnished in 95–
99% yield and as a single regioisomer based on 1H NMR analysis
(entries 1, 5–8 and 15–16). However, only AuCl3 was found to
maintain its catalytic activity for all the allylic alcohols studied
in this work (see later). Reactions with other Lewis and Brønsted
acid catalysts such as AuCl, CuBr2, ZnCl2, and HCl were found to
proceed in slightly lower product yields of 81–90% (entries 2, 9–10,
and 14). In contrast, markedly lower product yields of 5–48% were
obtained when the reaction was repeated with either PPh3AuCl,
PPh3AuOTf, AgOTf, AgSbF6 or Yb(OTf)3 as catalyst (entries 3–
4 and 11–13). As anticipated, no reaction was observed in the
absence of a catalyst and both starting materials were recovered
in quantitative yields (entry 17).


Inspection of entries 18–21 in Table 1, a comparable product
yield of 95% was found when the loading of 1a was lowered from
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Table 1 Optimisation of reaction conditionsa


Entry Catalyst 1a (equiv.) Solvent Yield (%)b


1 AuCl3 4 CH2Cl2 99
2 AuCl 4 CH2Cl2 81
3 PPh3AuCl 4 CH2Cl2 5
4 PPh3AuOTfc 4 CH2Cl2 21
5 BF3.Et2O 4 CH2Cl2 95
6 InCl3 4 CH2Cl2 95
7 NaAlCl4 4 CH2Cl2 98
8 Cu(OTf)2 4 CH2Cl2 99
9 CuBr2 4 CH2Cl2 85


10 ZnCl2 4 CH2Cl2 90
11 AgOTf 4 CH2Cl2 48
12 AgSbF6 4 CH2Cl2 10
13 Yb(OTf)3 4 CH2Cl2 23
14 HCl 4 CH2Cl2 85
15 TfOH 4 CH2Cl2 99
16 p-TsOH.H2O 4 CH2Cl2 97
17 —d 4 CH2Cl2 —e


18 AuCl3 2 CH2Cl2 95
19 AuCl3 1.5 CH2Cl2 83
20 AuCl3 1.2 CH2Cl2 72
21 AuCl3 1 CH2Cl2 70
22 AuCl3 2 C6H6 82
23 AuCl3 2 THF 67
24 AuCl3 2 CH3CN 10


a All reactions were performed at r.t. for 15 h and 4 Å MS with a catalyst:
2a ratio = 1 : 20. b Isolated yields. c Prepared in situ from reaction of
PPh3AuCl with AgOTf. d Reaction conducted in the absence of catalyst.
e No reaction.


4 to 2 equiv. under the optimized AuCl3-catalyzed conditions.
On the other hand, a corresponding decrease in product yield
was observed on gradually decreasing the loading of 1a from
2 to 1 equiv. An examination of solvent effects also revealed a
similar outcome with lower product yields of 67–82% afforded
on changing the solvent from CH2Cl2 to either C6H6 or THF
(entries 22–23). In contrast, repetition of the reaction with MeCN
as solvent gave 3a in a markedly low product yield of 10% (entry
24).


To define the scope of the AuCl3-catalyzed allylic alkylation
reactions, we applied this process to a series of substituted electron-
rich aromatic and heteroaomatic compounds 1a–i and allylic
alcohols 2a–l. The results are summarized in Tables 2–4.


As shown in Table 2, we first focused our attentions to examining
the allylic alkylation of substituted aromatic compounds 1a–
f with allylic alcohols 2a–c bearing electron-withdrawing and
electron-donating groups. Under our optimised AuCl3-catalysed
conditions, we found the reactions of phenols 1a–b with allylic
alcohols 2a–c to proceed in excellent yields of 91–97% (entries
1–4). The present procedure was also shown to work well for the
allylic alkylations of aryl alkyl ethers 1c–e with 2a, which gave the
corresponding allylated adducts 3f–h in good to excellent yields
(entries 5–7). On the other hand, steric effects of the aromatic


compound may play a role since an ortho-substituted bulky group,
such as a methyl group, provided 3i in moderate yield (entry 8).


To further investigate the substrate scope of the present AuCl3-
catalyzed procedure, the allylic alkylation of 1a and 1b with allylic
alcohols containing pendant H, alkyl and aryl combinations as in
2d–l were examined (Table 3). In the presence of 5 mol% AuCl3,
allylated adducts 3j–l were obtained in near quantitative yields
from the respective allylic alkylations of 1a and 1b with 2d–f
(entries 1–3). When the less reactive 1◦ allylic alcohols 2g and
2h were employed as the allylating source, the respective allylated
adducts 3m and 3n were afforded in 51 and 63% yield (entries
4–5). Although requiring a slightly higher temperature of 40 ◦C
and longer reaction time of 15 h, the product yields obtained
in these reactions are comparable to those previously reported.21


We found the reaction of 1a with terminal allylic alcohols 2i and
2j to also proceed smoothly and give 3o and 3p in yields of 80
and 96%, respectively (entries 6–7). Likewise, conformationally
restricted allylic alcohols 2k and 2l, which contains an additional
electrophilic carbonyl group, were shown to be good allylating
reagents, affording 3q and 3r in 77 and 98% yield, respectively
(entries 8–9). More notably, in the latter case, we found the
combined use of 2l with other Lewis and Brønsted acid catalysts to
be less effective (see Table S1 in the ESI†). Lower product yields of
40–88% were obtained for the allylic alkylation of 1a with 2l in the
presence of 5 mol% of BF3·Et2O, p-TsOH, or TfOH as catalyst.20


In all cases, no improvement in product yields was observed on
increasing the catalyst loading to 15 mol%. In contrast, attempting
the allylation with Cu(OTf)2, InCl3, NaAlCl4, or ZnCl2 as catalyst
gave no reaction and recovery of both starting materials in near
quantitative yields. These results differ significantly from our
earlier findings for the allylic alkylation of 1a with 2a in the
presence of the same Lewis and Brønsted acid catalysts, which
gave product yields comparable to those catalysed by AuCl3.


In this work, we have also examined the AuCl3-catalysed allylic
alkylations of heteroaromatic compounds (Table 4). By applying
our optimized conditions, treatment of 1g with 2a–c in the presence
of 5 mol% of AuCl3 gave 3s–u in excellent yields (entries 1–
3). Under similar conditions, allylic alkylation of the N-methyl
protected indole 1i with 2a was found to proceed well and furnish
3w in 95% yield (entry 5). The reaction of 1h was the only example
where the use of 1 equiv. of the heteroarene substrate gave a
low product yield of 30% and an excess (1 mL) was required
to achieve 3v in 67% yield (entry 4). The ability to access the
allylated heteroaromatic adducts efficiently is noteworthy as this
class of compounds are commonly used in organic synthesis as
building blocks and a prevalent structural unit found in a myriad
of bioactive natural and pharmaceutical compounds.22


At this juncture, we would like to highlight the regioselective
nature of the present reaction. Without exception, all the allylic
alkylations described in Tables 2–4 were found to proceed with
complete regioselectivity and give the allylated products as single
isomers. Under our experimental conditions, allylic substitution
of 1 with 2 was found to proceed solely at the para-position
of the aromatic substrate. The ortho-allylated product was only
afforded when the para-position of the arene substrate was
substituted as in 1j (Scheme 2). The present protocol was also
shown to be regioselective for the allylation of hetereoaromatic
substrates 1h–j with carbon–carbon bond formation only oc-
curring at the C-2 center of 1h–i and at the C-3 center of 1j.
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Table 2 Gold(III) chloride-catalysed allylic alkylation of aromatic compounds 1a–f with allylic alcohols 2a–ca


Entry Substrates Time/h Product Yield (%)b


1 1a + 2b 1.5 3b, R = Me 91


2 1a + 2c 1 3c, R = H 91


3 1b + 2a 1 3d, R = Br 97


4 1b + 2b 2 3e, R = Me 94


5 1c + 2a 3 3f, R = CH2CH=CH2 91


6 1d + 2a 1.5 3g, R = Me 93


7 1e + 2a 2 3h 74


8 1f + 2a 3 3i 50


a All reactions were performed in CH2Cl2 at r.t. with AuCl3: 1: 2 ratio = 1 : 80 : 20. b Isolated yields.


Moreover, the highly regioselective nature of the present procedure
is further exemplified by carbon–carbon bond formation only
occurring at the less sterically-hindered carbon centre of the
allylic moiety in reactions with allylic alcohols containing two
different substitutents as in 2d–l. This is noteworthy as the
use of such allylating reagents had been anticipated to lead to
a mixture of regioisomeric products. In addition, our findings
compare favourably with previous works, which reported that
the analogous allylic alkylations with allylic alcohols using other


Lewis and Brønsted acid catalysts gave moderate to good product
regioselectivities.21


Although the above experimental results do not provide a
clear perspective on the mechanism of the present procedure, we
tentatively propose the reaction to proceed in a manner similar to
that put forward by Campagne.17 This could involve the hydroxyl
group becoming a better leaving group through activation of
the allylic alcohol by the gold catalyst. The regioselectivities
obtained in these reactions may be due to subsequent attack at the
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Table 3 Gold(III) chloride-catalysed allylic alkylation of aromatic compounds 1a–b with allylic alcohols 2d–la


Entry Substrates Time/h Product Yield (%)b


1 1a + 2d 2 3j 97


2 1b + 2e 2 3k, R = CH2Bn 99


3 1b + 2f 2 3l, R = CH2CH=CH2 98
4c 1b + 2g 15 3m, R = H 51


5c 1b + 2h 15 3n 63


6 1a + 2i 1 3o 80


7 1a + 2j 2 3p 96


8 1a + 2k 1 3q 77


9 1a + 2l 1.5 3r 98


a All reactions were performed in CH2Cl2 at r.t. with AuCl3: 1: 2 ratio = 1 : 80 : 20. b Isolated yields. c Reaction conducted at 40 ◦C.
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Table 4 Gold(III) chloride-catalysed allylation of heteroaromatic compounds 1g–i with allylic alcohols 2a–ca


Entry Substrates Time/h Product Yield (%)b


1 1g + 2a 2 3s, R = Br 97
2 1g + 2b 1 3t, R = Me 93
3 1g + 2c 1.5 3u, R = H 95


4c 1h + 2a 4 3v 67


5 1i + 2a 4 3w 95


a All reactions were performed in CH2Cl2 at r.t. with AuCl3: 1: 2 ratio = 1 : 80 : 20. b Isolated yields. c Reaction conducted with 1 mL of furan 1h.


Scheme 2 Gold(III) chloride-catalysed allylic alkylation of 1j with 2a.


sterically less hindered carbon centre of this presumed activated
intermediate.


Conclusions


In summary, we have demonstrated an efficient and regioselective
gold-catalysed method for the allylic alkylation of aromatic and
heteroaromatic compounds that proceeded in good to excellent


yields at room temperature. The present protocol is applicable
to a variety of electron-rich arenes and heteroarenes and allylic
alcohols containing electron-withdrawing and electron-donating,
and sterically demanding substrate combinations. While TfOH
was found to exhibit comparable catalytic activity in mediating the
allylation process, the milder conditions of gold catalysis provides
an attractive alternative synthetic approach for this useful carbon–
carbon bond forming reaction.


Experimental


General details


All reactions were performed under a nitrogen atmosphere at
ambient temperature. Unless specified, all reagents and starting
materials were purchased from commercial sources and used
as received. Solvents were purified following standard literature
procedures; CH2Cl2 was purified prior to use by passing through
a PURESOLV(tm) Solvent Purification System. Analytical thin
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layer chromatography (TLC) was performed using Merck 60
F254 pre-coated silica gel plate. Visualization was achieved by
UV light (254 nm). Flash chromatography was performed using
Merck silica gel 60 using a gradient solvent system (EtOAc–n-
hexane as eluant). Unless otherwise stated, 1H and 13C NMR
spectra were measured on Bruker Avance 400 MHz spectrometer.
Chemical shifts (ppm) were recorded in CDCl3 solution with
tetramethylsilane (TMS) as the internal reference standard. In-
frared spectra were recorded on Shimadzu IR Prestige-21 FTIR
Spectrometer. Solid samples were examined as a thin film between
NaCl salt plates. Low resolution mass spectra were determined
on a Finnigan LCQ XP MAX mass spectrometer. High resolution
mass spectra (HRMS) were obtained using a Finnigan MAT95XP
LC/HRMS mass spectrometer.


General procedure for optimising the Lewis and Brønsted
acid-catalysed allylic alkylation of 1a with 2a


To a round bottom flask containing 1a (1–4 equiv.), 2a (0.3 mmol)
and 4 Å molecular sieves (50 mg) in 2 mL of solvent, was
added 5 mol% of Lewis or Brønsted acid catalyst (please refer to
Table 1) under a N2 atmosphere. The mixture was stirred at room
temperature and monitored by TLC analysis. On completion, the
reaction mixture was filtered through Celite R© and washed with
CH2Cl2 (20 mL). The solvent was removed under reduced pressure
and the residue was subjected to purification by flash column
chromatography to give 3a with the yields reported in Table 1.


General procedure for gold(III) chloride-catalysed allylic alkylation
of aromatic and heteroaromatic compounds 1a–j


To a solution of CH2Cl2 (2 mL) containing 1 (1.2 mmol), 2
(0.3 mmol) and 4 Å molecular sieves (50 mg) under an N2 atmos-
phere, was added AuCl3 (5 mol%). The mixture was stirred at room
temperature and monitored by TLC analysis. On completion, the
reaction mixture was filtered through Celite R© and washed with
CH2Cl2 (20 mL). The solvent was removed under reduced pressure
and the residue was subjected to purification by flash column
chromatography to give the title compound 3.


(E)-4-(1,3-Bis(4-bromophenyl)allyl)-2,6-dimethylphenol (3a).
Yellow oil; yield: 99%; 1H NMR d 2.20 (s, 6H), 4.59 (s, 1H), 4.69
(d, 1H, J = 7.3 Hz), 6.22 (d, 1H, J = 15.8 Hz), 6.56 (dd, 1H,
J = 15.8, 7.4 Hz), 6.78 (s, 2H), 7.07 (d, 2H, J = 8.3 Hz), 7.21
(d, 2H, J = 8.4 Hz), 7.39–7.42 (m, 4H); 13C NMR d 16.1, 52.9,
120.3, 121.1, 123.3, 127.9, 128.6, 130.2, 130.3, 131.6, 131.6, 133.3,
134.2, 136.1, 142.8, 151.0; IR (film, cm−1) 3462, 1485, 1196, 1070,
1009; HRMS (EI) calcd. for C23H19O79Br1


81Br1: 470.9777, found:
470.9795.


(E)-4-(1,3-Di-p-tolylallyl)-2,6-dimethylphenol (3b). Red–
yellow oil; yield: 91%; 1H NMR d 2.24 (s, 6H), 2.36 (s, 6H), 4.56
(s, 1H), 4.75 (d, 1H, J = 7.5 Hz), 6.33 (d, 1H, J = 15.8 Hz), 6.62
(dd, 1H, J = 15.8, 7.6 Hz), 6.88 (s, 2H), 7.12–7.32 (m, 8H); 13C
NMR d 16.0, 21.1, 21.2, 53.1, 123.0, 126.2, 128.5, 128.7, 129.1,
129.2, 130.6, 132.3, 134.7, 135.5, 135.8, 136.9, 141.2, 150.7; IR
(film, cm−1) 3429, 2918, 1589, 1510, 1488, 1198, 804; HRMS (EI)
calcd. for C24H23O (M+ –CH3): 327.1749, found: 327.1745.


(E)-4-(1,3-Diphenylallyl)-2,6-dimethylphenol (3c). Red–
yellow oil; yield: 91%; 1H NMR d 2.20 (s, 6H), 4.53 (s, 1H), 4.76


(d, 1H, J = 7.5 Hz), 6.32 (d, 1H, J = 15.8 Hz), 6.64 (dd, 1H, J =
15.8, 7.6 Hz), 6.84 (s, 2H), 7.17–7.38 (m, 10H); 13C NMR d 16.1,
53.5, 123.0, 126.3, 126.4, 127.3, 128.5, 128.5, 128.6, 128.8, 131.0,
133.1, 135.2, 137.4, 144.1, 150.8; IR (film, cm−1) 3464, 3026,
2918, 1580, 1481, 1198, 746, 700; HRMS (EI) calcd. for C23H22O:
314.1671, found: 314.1663.


(E)-4-(1,3-Bis(4-bromophenyl)allyl)-2-methylphenol (3d). Yel-
low oil; yield: 99%; 1H NMR d 2.20 (s, 3H), 4.72 (d, 1H, J =
7.3 Hz), 4.88 (s, 1H), 6.22 (d, 1H, J = 15.8 Hz), 6.56 (dd, 1H,
J = 15.8, 7.4 Hz), 6.70 (d, 1H, J = 8.2 Hz), 6.87 (d, 1H, J =
8.2 Hz), 6.92 (s, 1H), 7.06–7.42 (m, 8H); 13C NMR d 15.9, 52.8,
115.1, 120.4, 121.2, 124.1, 127.1, 127.9, 130.4, 131.1, 131.6, 131.7,
133.2, 134.8, 136.1, 142.7, 152.6; IR (film, cm−1) 3394, 2918, 1587,
1485, 1263, 1070, 1009, 818; HRMS (EI) calcd. for C22H18OBr2:
455.9719, found: 455.9710.


(E)-4-(1,3-Di-p-tolylallyl)-2-methylphenol (3e). Red–yellow
oil; yield: 94%; 1H NMR d 2.26 (s, 3H), 2.37 (s, 6H), 4.80 (d, 1H,
J = 7.3 Hz), 4.81(s, 1H), 6.34 (d, 1H, J = 15.8 Hz), 6.63 (dd,
1H, J = 15.8, 7.5 Hz), 6.73 (d, 1H, J = 8.2 Hz), 6.96–7.33 (m,
10H); 13C NMR d 15.9, 21.1, 21.2, 53.1, 114.9, 123.8, 126.3, 127.2,
128.5, 129.2, 129.2, 130.8, 131.2, 132.3, 134.7, 135.9, 136.1, 137.0,
141.1, 152.3; IR (film, cm−1) 3437, 2932, 1582, 1513, 1199, 801;
HRMS (EI) calcd. for C24H24O: 328.1827, found: 328.1819.


(E)-4,4′ -(3-(4-(Allyloxy)phenyl)prop-1-ene-1,3-diyl)bis(bromo-
benzene) (3f). Colorless oil; yield: 91%; 1H NMR d 4.51 (d, 2H,
J = 5.2 Hz), 4.77 (d, 1H, J = 7.3 Hz), 5.28 (d, 1H, J = 10.5 Hz), 5.40
(d, 1H, J = 16.4 Hz), 6.00–6.09 (m, 1H), 6.22 (d, 1H, J = 15.8 Hz),
6.57 (dd, 1H, J = 15.8, 7.3 Hz), 6.87 (d, 2H, J = 8.6 Hz), 7.06–7.43
(m, 10H); 13C NMR d 52.7, 68.9, 114.9, 117.8, 120.4, 121.2, 127.9,
129.5, 130.4, 130.5, 131.6, 131.7, 133.1, 133.3, 134.8, 136.0, 142.5,
157.4; IR (film, cm−1) 3026, 1587, 1506, 1485, 1400, 1242, 1177,
1070, 1008; HRMS (EI) calcd. for C24H20OBr2: 481.9881, found:
481.9857.


(E)-4,4′ -(3-(4-Methoxyphenyl)prop-1-ene-1,3-diyl)bis(bromo-
benzene) (3g). Yellow oil; yield: 93%; 1H NMR (CDCl3,
400 MHz) d 3.80 (s, 3H), 4.80 (d, 2H, J = 7.2 Hz), 6.24 (d, 1H, J =
15.8 Hz), 6.59 (dd, 1H, J = 15.8, 7.3 Hz), 6.87 (d, 2H, J = 8.4 Hz),
7.08–7.13 (m, 4H), 7.23 (d, 2H, J = 8.1 Hz), 7.41–7.45 (m, 4H); 13C
NMR (CDCl3, 100 MHz) d 52.7, 55.3, 114.1, 120.4, 121.2, 127.9,
129.5, 130.4, 130.5, 131.6, 131.7, 133.1, 134.7, 136.0, 142.6, 158.4;
IR (film, cm−1) 1510, 1487, 1265, 1072, 1011, 743 cm−1; HRMS
(ESI) calcd. for C22H18O79Br1


81Br1Na: 480.9602, found: 480.9923.


(E)-5-(1,3-Bis(4-bromophenyl)allyl)benzo[d][1,3]dioxole (3h).
Colorless oil; yield: 74%; 1H NMR d 4.75 (d, 1H, J = 7.2 Hz), 5.94
(s, 2H), 6.25 (d, 1H, J = 15.8 Hz), 6.56 (dd, 1H, J = 15.8, 7.3 Hz),
6.67 (d, 2H, J = 6.1 Hz), 6.77 (d, 1H, J = 5.9 Hz), 7.08–7.45 (m,
8H); 13C NMR d 53.2, 101.1, 108.3, 109.0, 120.5, 121.3, 121.6,
127.9, 130.3, 130.6, 131.6, 131.7, 132.7, 135.9, 136.5, 142.3, 146.4,
147.9; IR (film, cm−1) 2915, 1587, 1485, 1233, 1040, 1009; HRMS
(EI) calcd. for C22H16O2Br2: 469.9517, found: 469.9518.


(E)-1-(1,3-Bis(4-bromophenyl)allyl)-2,4-dimethylbenzene (3i).
Colorless oil; yield: 50%; 1H NMR d 2.21 (s, 3H), 2.31 (s, 3H),
4.96 (d, 1H, J = 6.6 Hz), 6.11 (d, 1H, J = 15.8 Hz), 6.59 (dd, 1H,
J = 15.9, 6.7 Hz), 6.99–7.44 (m, 11H); 13C NMR d 19.6, 20.9,
49.5, 120.3, 121.1, 126.8, 127.8, 128.3, 130.4, 130.6, 131.5, 131.6,
133.0, 136.1, 136.4, 137.6, 141.7; IR (film, cm−1) 1484, 1400, 1070,
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1009, 820, 719; HRMS (EI) calcd. for C23H20Br2: 453.9926, found:
453.9891.


(E)-2,6-Dimethyl-4-(4-phenylbut-3-en-2-yl)phenol (3j). Pale-
yellow oil; yield: 97%; 1H NMR d 1.41 (d, 3H, J = 7.0 Hz),
2.23 (s, 6H), 3.48–3.54 (m, 1H), 4.49 (s, 1H), 6.32–6.41 (m, 2H),
6.87 (s, 2H), 7.16–7.36 (m, 5H); 13C NMR d 16.0, 21.4, 41.8, 123.0,
126.2, 127.0, 127.4, 128.0, 128.5, 135.8, 137.3, 137.7, 150.6; IR
(film, cm−1) 3425, 3029, 1487, 1000, 695; HRMS (EI) calcd. for
C18H20O: 252.1514, found: 252.1515.


(E)-4-(1,5-Diphenylpent-1-en-3-yl)-2-methylphenol (3k). Red–
yellow oil; yield: 99%; 1H NMR d 2.05–2.13 (m, 2H), 2.14 (s,
3H), 2.54–2.58 (m, 2H), 3.35 (m, 1H), 4.54 (s, 1H), 6.28–6.40 (m,
2H), 6.73 (d, 1H, J = 8.1 Hz), 6.95–6.99 (m, 2H), 7.16–7.35 (m,
10H); 13C NMR d 15.9, 33.8, 37.5, 47.8, 115.0, 123.8, 125.8, 126.2,
126.2, 127.1, 128.4, 128.5, 129.3, 130.3, 134.5, 136.4, 137.6, 142.3,
152.3; IR (film, cm−1) 3395, 3026, 1510, 1449, 1263, 1115, 752,
698; HRMS (EI) calcd. for C24H24O: 328.1827, found: 328.1821.


(E)-2-Methyl-4-(1-phenylhexa-1,5-dien-3-yl)phenol (3l). Pale-
yellow oil; yield: 98%; 1H NMR d 2.24 (s, 3H), 2.54 (t, 2H, J =
7.3 Hz), 3.39–3.46 (m, 1H), 4.58 (s, 1H), 4.97–5.07 (m, 2H), 5.69–
5.94 (m, 1H), 6.32–6.35 (m, 2H), 6.72 (d, 1H, J = 8.1 Hz), 6.94–
6.99 (m, 2H), 7.18–7.35 (m, 5H); 13C NMR d 15.9, 40.3, 48.1, 114.9,
116.2, 123.7, 126.2, 127.1, 128.5, 129.4, 130.3, 133.9, 136.1, 136.7,
152.2; IR (film, cm−1) 3429, 2918, 1513, 1449, 1263, 1115, 965,
752; HRMS (EI) calcd. for C19H20O: 264.1514, found: 264.1508.


4-Cinnamyl-2-methylphenol (3m). Colorless oil; yield: 51%; 1H
NMR d 2.23 (s, 3H), 3.45 (d, 2H, J = 6.6 Hz), 4.55 (s, 1H), 6.29–
6.36 (m, 1H), 6.43 (d, 1H, J = 15.8 Hz), 6.71 (d, 1H, J = 8.1 Hz),
6.94–7.36 (m, 7H); 13C NMR d 15.8, 38.5, 114.9, 123.7, 126.1,
127.0, 127.2, 128.5, 129.8, 130.6, 131.3, 132.3, 137.6, 152.2; IR
(film, cm−1) 3368, 2967, 1597, 1495, 1263, 1206, 1111, 966; HRMS
(EI) calcd. for C16H16O: 224.1201, found: 224.1198.


(E)-4-(2-Benzylideneoctyl)-2-methylphenol (3n). Colorless oil;
yield: 63%; 1H NMR d 0.86 (t, 3H, J = 6.5 Hz), 1.20–1.29 (m, 6H),
1.43–1.49 (m, 2H), 2.15 (t, 2H, J = 8.1 Hz), 2.24 (s, 3H), 3.38 (s,
2H), 4.61 (s, 1H), 6.28 (s, 1H), 6.70 (d, 1H, J = 8.1 Hz), 6.94–7.32
(m, 7H); 13C NMR d 14.1, 15.8, 22.6, 28.2, 29.4, 30.2, 31.6, 43.1,
114.8, 123.5, 126.0, 126.7, 127.6, 128.1, 128.7, 131.7, 132.1, 138.5,
143.3, 152.1; IR (film, cm−1) 3401, 2926, 2857, 1597, 1496, 1464,
1377, 1261, 1111, 698; HRMS (EI) calcd. for C22H28O: 308.2140,
found: 308.2142.


(E)-4-(3-(4-Bromophenyl)allyl)-2,6-dimethylphenol (3o). Yel-
low oil; yield: 80%; 1H NMR d 2.22 (s, 6H), 3.39 (d, 2H, J =
5.3 Hz), 4.51 (s, 1H), 6.12–6.37 (m, 2H), 6.83 (s, 2H), 7.20–7.40
(m, 4H); 13C NMR d 15.9, 38.6, 120.7, 123.1, 127.7, 128.8, 129.3,
130.9, 131.3, 131.6, 136.5, 150.6; IR (film, cm−1) 3433, 2918, 1485,
1263, 1196, 1146; HRMS (EI) calcd. for C17H17OBr: 316.0463,
found: 316.0450.


4-(3,3-Diphenylallyl)-2,6-dimethylphenol (3p). Yellow oil; yield:
96%; 1H NMR (CDCl3, 300 MHz) d 2.21(s, 6H), 3.33(d, 2H, J =
7.6 Hz), 4.50 (s, 1H), 6.23 (t, 3H, J = 7.6 Hz), 6.79 (s, 2H), 7.17–7.41
(m, 10H); 13C NMR (CDCl3, 75 MHz) d 16.0, 35.1, 123.1, 127.0,
127.1, 127.4, 128.0, 128.1, 128.3, 128.5, 130.0, 132.5, 140.0, 141.9,
142.6, 150.5; IR (film, cm−1) 3443, 2912, 1488, 1257, 1183 cm−1;
HRMS (ESI) calcd. for C23H22ONa: 337.1568, found: 337.1594.


4-{(3,4-Dihydronaphthalen-2-yl)(p-tolyl)methyl}-2,6-dimethyl-
phenol (3q). Yellow oil; yield: 77%; 1H NMR d 2.22 (s, 6H), 2.27
(t, 2H, J = 8.1 Hz), 2.36 (s, 3H), 2.82 (t, 2H, J = 8.2 Hz), 4.54
(s, 1H), 4.74 (s, 1H), 5.97 (d, 1H, J = 0.7 Hz), 6.85 (s, 2H), 6.94
(d, 1H, J = 6.1 Hz), 7.10–7.15 (m, 7H); 13C NMR d 16.1, 21.1,
28.0, 28.5, 57.5, 122.7, 125.2, 126.0, 126.4, 126.5, 127.2, 129.0,
129.2, 129.4, 133.8, 134.7, 134.8, 135.8, 139.6, 144.5, 150.7; IR
(film, cm−1) 3464, 2918, 1511, 1480, 1325, 1195, 752; HRMS (EI)
calcd. for C26H26O: 354.1984, found: 354.1982.


2-({4-Hydroxy-3,5-dimethylphenyl}(phenyl)methyl)cyclohex-2-
enone (3r). White solid; yield: 98%; m.p. 174–176 ◦C; 1H NMR
(CDCl3, 400 MHz) d 1.98–2.04 (m, 2H), 2.17 (s, 6H), 2.37–2.47
(m, 4H), 4.60 (s, 1H), 5.36 (s, 1H), 6.41 (t, 1H, J = 4.0 Hz), 6.68
(s, 2H), 7.07–7.27 (m, 5H); 13C NMR (CDCl3, 100 MHz) d 16.1,
22.9, 26.2, 38.7, 48.6, 122.8, 126.1, 128.2, 129.0, 129.1, 133.8, 142.8,
143.1, 147.8, 150.7, 198.2; IR (film, cm−1) 1670, 1489, 1263, 908,
738 cm−1; HRMS (ESI) calcd. for C21H22O2Na: 329.1517, found:
329.1977.


(E)-2-(1,3-Bis(4-bromophenyl)allyl)-1H-pyrrole (3s). Color-
less oil; yield: 97%; 1H NMR d 4.80 (d, 1H, J = 7.4 Hz), 5.94 (s,
1H), 6.16 (dd, 1H, J = 5.4, 2.6 Hz), 6.31 (d, 1H, J = 15.8 Hz),
6.51 (dd, 1H, J = 15.8, 7.5 Hz), 6.71 (s, 1H), 7.10–7.46 (m, 8H),
7.83 (bs, 1H); 13C NMR d 47.5, 107.1, 108.6, 117.7, 120.9, 121.4,
128.0, 130.2, 130.5, 131.3, 131.7, 131.9, 132.1, 135.8, 140.9; IR
(film, cm−1) 3442, 1484, 1400, 1070, 1009, 820, 719; HRMS (EI)
calcd. for C19H15NBr2: 414.9571, found: 414.9555.


(E)-2-(1,3-Di-p-tolylallyl)-1H-pyrrole (3t). Colorless oil;
yield: 93%; 1H NMR d 2.37 (s, 3H), 2.39 (s, 3H), 4.85 (d, 1H, J =
7.5 Hz), 6.00 (s, 1H), 6.21 (dd, 1H, J = 5.6, 2.7 Hz), 6.43 (d, 1H,
J = 15.8 Hz), 6.57 (dd, 1H, J = 15.7, 7.5 Hz), 6.73 (d, 1H, J =
1.4 Hz), 7.14–7.32 (m, 8H), 7.87 (bs, 1H); 13C NMR d 21.1, 21.2,
47.8, 106.6, 108.4, 117.1, 126.3, 128.4, 129.3, 129.4, 130.4, 131.0,
133.5, 134.4, 136.5, 137.2, 139.3; IR (film, cm−1) 3429, 3395,
3026, 2918, 1510, 1028, 966, 718; HRMS (EI) calcd. for C21H21N:
287.1674, found: 287.1675.


(E)-2-(1,3-Diphenylallyl)-1H-pyrrole (3u). Colorless oil; yield:
95%; 1H NMR d 4.86 (d, 1H, J = 7.6 Hz), 5.97 (s, 1H), 6.17 (dd,
1H, J = 5.7, 2.8 Hz), 6.42 (d, 1H, J = 15.8 Hz), 6.59 (dd, 1H,
J = 15.8, 7.6 Hz), 6.70 (d, 1H, J = 1.4 Hz), 7.19–7.37 (m, 10H),
7.85 (bs, 1H); 13C NMR d 48.2, 106.8, 108.5, 117.3, 126.4, 127.0,
127.5, 128.5, 128.6, 128.8, 131.1, 131.3, 133.1, 137.1, 142.2; IR
(film, cm−1) 3429, 3026, 1487, 1449, 966, 698; HRMS (EI) calcd.
for C19H17N: 259.1361, found: 259.1355.


(E)-2-(1,3-Bis(4-bromophenyl)allyl)furan (3v). Colorless oil;
yield: 67%; 1H NMR d 4.84 (d, 1H, J = 7.2 Hz), 6.08 (d, 1H,
J = 0.6 Hz), 6.29–6.34 (m, 2H), 6.51 (dd, 1H, J = 15.8, 7.2 Hz),
7.11–7.47 (m, 9H); 13C NMR d 47.7, 107.1, 110.3, 121.0, 121,4,
127.9, 129.9, 130.0, 130.9, 131.7, 131.8, 135.7, 139.8, 142.1, 1,
155.1; IR (film, cm−1) 1583, 1481, 1400, 1075, 1005, 735; HRMS
(EI) calcd. for C19H14OBr2: 415.9411, found: 415.9411.


(E)-3-(1,3-Bis(4-bromophenyl)allyl)-1-methyl-1H-indole (3w).
Yellow oil; yield: 95%; 1H NMR d 3.74 (s, 3H), 5.05 (d, 2H, J =
7.2 Hz), 6.33 (d, 1H, J = 15.8 Hz), 6.65 (dd, 1H, J = 15.6, 7.2 Hz),
6.73 (s, 1H), 7.00–7.43 (m, 12H); 13CNMR d 32.8, 45.6, 109.4,
116.2, 119.1, 119.7, 120.3, 121.0, 121.9, 126.9, 127.4, 127.9, 129.7,
130.3, 131.5, 131.6, 132.9, 136.2, 137.4, 142.3; IR (film, cm−1)
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1587, 1485, 1009; HRMS (EI) calcd. for C24H19NBr2: 478.9884,
found: 478.9872.


(E)-2-(1,3-Bis(4-bromophenyl)allyl)-4-methylphenol (3x). Col-
orless oil; yield: 92%; 1H NMR d 2.22 (s, 3H), 4.69 (s, 1H), 4.73
(d, 1H, J = 7.2 Hz), 6.23 (d, 1H, J = 15.8 Hz), 6.57 (dd, 1H, J =
15.8, 7.2 Hz), 6.72 (d, 1H, J = 7.2 Hz), 6.89 (d, 1H, J = 7.3 Hz),
6.93 (s, 1H), 7.08 (d, 2H, J = 8.2 Hz), 7.21–7.43 (m, 6H); 13C
NMR d 20.7, 47.6, 115.1, 116.0, 120.6, 121.3, 127.9, 128.6, 128.7,
130.1, 130.4, 130.8, 131.6, 131.7, 131.9, 135.9, 141.3, 150.9; IR
(film, cm−1) 3366, 3024, 1494, 1487, 1008; HRMS (EI) calcd. for
C22H18O79Br1


81Br1: 457.9698, found: 457.9696.
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3180; (e) E. Jiménez-Núnéz and A. M. Echavarren, Chem. Commun.,
2007, 333; (f) A. Fürstner and P. W. Davies, Angew. Chem., Int. Ed.,
2007, 46, 2; (g) N. Asao, Synlett, 2006, 1645; (h) A. Hoffmann-Röder
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The Michael addition of hydrazide amplifiers to short-lived
orthoquinone analytes is introduced as a new method of
signal amplification and proposed, together with catechol
capture by boronate amplifiers, to contribute toward the
discrimination of catechol-containing (e.g. epigallocatechin
gallate) and catechol-free polyphenols (e.g. resveratrol) with
synthetic pores.


The use of synthetic ion channels and pores1 as multianalyte
sensors2 in complex matrices depends on the availability of reactive
signal amplifiers.3–6 Their role is to capture otherwise undetectable
analytes after (or before) enzymatic signal generation and enable
their recognition by responsive pores for signal transduction.
Amplifier technology has been used to create pore sensors for
lactate,3 citrate,3 glutamate,3 and polyphenols.4 Reactive signal
amplifiers were not needed to sense sucrose,3 lactose3 and acetate3


with synthetic pores, and zinc filters were already sufficient to sense
phytate and IP7.5 Most of today’s amplifiers are hydrazides.3,4,6


They can react in mildly acidic water or polar organic solvents
with analytes containing aldehydes or ketones. For polyphenol
sensing, the hydrazide amplifier 1 was reacted with benzaldehyde
converter 2 (Fig. 1).4 The obtained boronate amplifier 3 was
used to covalently capture catechol-containing polyphenols 4 as
boronate esters 5. With this approach, synthetic pores could sense
polyphenols in green tea.4


Polyphenols are a broad family of natural products that occur in
green tea, red wine, fruits, vegetables, chocolate, and so on.7–14 The
numerous beneficial health effects of polyphenols against aging,
cardiovascular diseases, neurodegenerative diseases and cancer
attract intense scientific and public attention. The realized use of
boronate amplifiers for polyphenol sensing with synthetic pores is
naturally limited to polyphenols that contain at least one catechol.4


This is sufficient for polyphenol sensing in green tea, where flavan-
3-ols such as (+)-catechin 4a and their gallate esters such as the
powerful antioxidant and urokinase inhibitor epigallocatechin
gallate (EGCG) 4b dominate.7 The same is true for oligomeric
antitumor proanthocyanidins 4c8 or flavanals such as quercetin
4d. An important example for catechol-free polyphenols 6 is trans-
resveratrol 6j, a polyphenol in red wine that has been associated
with the “French paradox” (i.e., the possibly low incidence of
coronary heart disease in southern France despite high intake of
fat).9 Resveratrol will be overlooked by synthetic pores that operate
with boronate 3 as reactive signal amplifier. Here, we introduce
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Fig. 1 The concept of differential sensing of catechol-free polyphenols
6: Pore inactivation by product 8 of the oxidative conjugate addition of
amplifier 1 to the product 7 of enzymatic signal generation with tyrosinase
reveals the total polyphenol content (red), the activation of pores blocked
with boronate amplifier 3 reveals the content of catechol-containing
polyphenols 4 (blue), the difference should then identify the content of
catechol-free polyphenols 6 such as resveratrol 6j (purple). In general,
pore inactivation is observed for increasing bulk and/or charge of amplifier
conjugates (3, 8). Pore activation is empirically observed for excessive bulk
and/or charge of amplifier conjugates (5), because of size exclusion by
the pore and/or preferred partitioning into the bilayer (details are often
unknown). Note that product 8 and/or its oxidized orthoquinone form
are just two out of a mixture of products without confirmed molecular
structure.


conjugate addition of hydrazides to orthoquinones10 as a new
method for reactive signal amplification that is compatible with
differential sensing of catechol-free polyphenols with synthetic
pores. The short-lived orthoquinone substrates 7 are produced
during signal generation with tyrosinase.11–14 Their reaction with
Michael amplifier 1 should afford pore blockers such as 8
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Fig. 2 Self-assembly of pore 10 from monomers 9 and molecular recognition of amplifier-analyte conjugates such as 8 (Fig. 1). The notional inclusion
complexes 11 and 12 show geometry issued from molecular dynamics simulations for pore 10 with one and two blockers similar to 8, respectively; adapted
from ref. 15, C© 2007, Royal Society of Chemistry.


and/or its oxidized orthoquinone form and possible degradation
products. The changes in pore activity during the conversion of
blocker 1 into blocker 8 should report the total polyphenol content
in the sample. From this value, the value for catechol-containing
polyphenols 4 obtained by reactive amplification with boronate
3 would be subtracted. The difference would then originate from
catechol-free monophenolase substrates 6 such as resveratrol 6j.


All compounds needed for an initial assessment of the validity
of the concept of signal amplification by conjugate addition
for differential sensing with synthetic pores were available. The
synthesis of rigid-rod molecules 9, their self-assembly into pores 10
and the use of their internal naphthalenediimide (NDI) p-clamps
to recognize p-basic dialkoxyanthracene (DAA) blockers such as
8 and form inclusion complexes such as 11 with one or 12 with
two blockers have been described previously (Fig. 2).4,6,15 Synthesis
and evaluation of DAA amplifier 1 have been reported as well.6


The sensing system was explored first with homoprotocate-
chuate 4e, a flavonoid metabolite, as a simple anionic model
compound for catechol-containing polyphenols 4 (Fig. 1 and
3A). The activity of synthetic pores 10 was measured in flu-
orogenic vesicles under standard conditions.3–6,15 In brief, egg
yolk phosphatidylcholine large unilamellar vesicles (EYPC LUVs)
were loaded with 5(6)-carboxyfluorescein (CF), and activity was


Fig. 3 Fractional pore activity Y as a function of incubation time of (A)
4e (�, three separate measurements; ●, average) and (B) 4a (●), EGCG
4b (�) and resveratrol 6j (�) with tyrosinase and 1. The activity of pore
10 was determined in fluorogenic vesicles under routine conditions (see
Fig. 4A).


monitored as increasing in CF emission with increasing CF
efflux through the pore. The assay system was calibrated to
high pore activity in the presence of homoprotocatechuate 4e
treated with amplifier 1 but not tyrosinase (Fig. 3A, t = 0).
Then, homoprotocatechuate 4e was incubated with tyrosinase
in the presence of amplifier 1 to react in situ with the transient
orthoquinone products 7e. To the obtained reaction mixture
containing the amplifier-analyte conjugates 8e, CF vesicles and
synthetic pores were added, and the ability of the reaction mixture
to reduce pore activity was determined from the reduction in CF
emission. The activity of pore 10 was found to decrease rapidly
with increasing incubation time of homoprotocatechuate with
tyrosinase and signal amplifier 1 (Fig. 3A).


(+)-Catechin 4a as a tyrosinase substrate gave similar results,
reaching full pore inactivation within two hours of incubation
with tyrosinase and signal amplifier 1 (Fig. 3B, ●). Epigallo-
catechin gallate 4b was confirmed as a valid but less preferred
tyrosinase substrate (Fig. 3B, �). Even catechol 4i was identified
as a surprisingly efficient pore inactivator after enzymatic signal
generation with tyrosinase and in situ signal amplification with
hydrazide 1 (not shown). However, pore 10 failed to report on
gallate 4f, protocatechuate 4g and dopamine 4h after incubation
with tyrosinase and signal amplifier 1. This lack of responsiveness
of pore 10 to confirmed tyrosinase substrates was not surprising
considering the instability of the corresponding orthoquinone
products, presumably undergoing rapid polymerization13 or in-
tramolecular cyclization14 before reaction with hydrazide 1. The
detectability of the neutral quercetin 4d was not straightforward
because of solubility problems.


To quantify the efficiency of individual inactivators 8, catechol-
containing polyphenols 4 were incubated for constant periods
of time with tyrosinase and hydrazide 1. Original curves for the
response of pore 10 to the obtained amplifier-catechin conjugate
8a are shown in Fig. 4A. Decreasing pore activity with increasing
concentration of hydrazide 8a was found. Hill analysis of the dose
response curve gave an IC50 = 77 ± 10 lM for (+)-catechin 8a
(Fig. 4B, ●; IC50 is the inhibitory concentration needed to reduce
pore activity to 50%). The Hill coefficient n = 2.6 ± 0.7 suggested
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Fig. 4 Dose response curves for (B) diphenolase substrates (+)-catechin
4a (●) and homoprotocatechuate 4e (�) as well as for (D) monophenolase
substrate resveratrol 6j, showing the fractional activity Y of pore 10 as
a function of the concentration of the analytes after incubation with
tyrosinase and amplifier 1 (with fit to Hill equation). (A, C) Original data,
showing fractional CF emission IF (kex 492 nm, kem 517 nm) of mixtures
of EYPC-LUVs⊃CF (∼125 lM EYPC final, 25 ◦C, stirred) added to (A)
4a and (C) 4j after incubation with tyrosinase (EC 1.14.18.1, 10 lg ml−1)
and amplifier 1 (50 lM, 2 h, 37 ◦C) during the addition of 9 (375 nM
final), calibrated with final addition of excess triton X-100 (t > 5 min; all
in 10 mM HEPES, 107 mM NaCl, pH 6.5).


that the inclusion of at least two blockers is needed to inactivate
pore 10 (as computed in inclusion complex 12, Fig. 2). Application
of the same procedure to homoprotocatechuate 8e gave an IC50 =
9.1 ± 0.9 lM (Fig. 4b, �). Without signal amplification, the
detection of homoprotocatechuate was with IC50 = 5.1 mM
more than two orders of magnitude less sensitive. Overall, this
evidence for the fluorometric detection of the diphenolase activity
of tyrosinase with synthetic pores was important because it
confirmed conjugate addition of hydrazides to orthoquinones as
a valid new method of signal amplification for synthetic pore
sensors. This is true although the short-lived product mixtures
obtained from catechol oxidation are complex and the molecular
structures of the obtained amplifier–analyte conjugates 8 remain
to be confirmed.11–14


The detectability of the monophenolase activity of tyrosinase
with pore 10 and amplifier 1 was explored under identical
conditions with resveratrol 6j as confirmed12 substrate. Different
to 4a, 4b and 4e, pore inactivation by resveratrol 6j after exposure
to tyrosinase and amplifier 1 did not reach completion after incu-
bation with the enzyme for two hours (Fig. 3B, �). Many processes
may account for this difference, including slower monophenolase
kinetics compared to the less demanding diphenolase activity,11


partial degradation of oxidized resveratrol before reaction with
amplifier 1,13 a combination of both effects, poor solubility,
incomplete pore blockage by the obtained product 8j, and so on.
The responsiveness of pore 10 to increasing concentrations of
resveratrol 6j treated with tyrosinase and amplifier 1 for constant
periods of time was correspondingly less pronounced compared
to (+)-catechin 4a (Fig. 4, A/B vs. C/D). An IC50 = 7.8 ± 3.2 lM
was found for resveratrol 8j (Fig. 4D). This value should be


appreciated with caution since not all the processes involved are
fully understood and optimized. However, the reported results
provide sufficient evidence to demonstrate the detectability of
the monophenolase activity of tyrosinase with pore 10 as signal
transducer, hydrazone 1 as signal amplifier and resveratrol 6j as a
substrate.


In conclusion, we report the fluorometric detection of monophe-
nolase and diphenolase activity of tyrosinase with synthetic pores
for various substrates. This breakthrough is important for several
reasons. It introduces conjugate addition as a new and somehow
biomimetic16 method of signal amplification for synthetic pore
sensors. The detectability of monophenolase activity demonstrates
that this new method of signal amplification can capture oth-
erwise undetectable, short-lived analytes. As discussed in the
introduction, subtraction of the catechol-containing polyphenols
measured with boronate amplifiers from the total polyphenol
content measured with Michael amplifiers should, in principle,
reveal the content of catechol-free polyphenols such as resveratrol
(Fig. 1). Considering the additional complexity of tyrosinase
chemistry,11–14 we note that eventual sensing applications will
always remain qualitative to a certain extent.6 However, the
reported results are particularly important from a more general
point of view because they further advance our ability to create
supramolecular functional systems of increasing complexity that
do well what they are asked to do, here to execute, for the first time,
a process as challenging as differential, chemoorthogonal signal
amplification for synthetic pore sensors.
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