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The o-helix is the most abundant secondary structural element in proteins and is an important

structural domain for mediating protein—protein and protein—nucleic acid interactions. Strategies for

the rational design and synthesis of a-helix mimetics have not matured as well as other secondary
structure mimetics such as strands and turns. This perspective will focus on developments in the design,
synthesis and applications of o-helices and mimetics, particularly in the last 5 years. Examples where
synthetic compounds have delivered promising biological results will be highlighted as well as

opportunities for the design of mimetics of the type I a-helical antifreeze proteins.

1. Introduction

The o-helix is the most predominant secondary structure unit in
proteins. Within protein structures, helices are important shape-
and sequence-selective recognition motifs for protein—protein and
protein—nucleic acid interactions."* However, the removal of these
short polypeptide recognition motifs, which are typically 15—
25 residues in length, from the stabilising tertiary structure of
proteins generally results in peptides that adopt only random coil
structures in water or peptides that adopt only low populations
of conformations containing o-helical secondary structure.* In
addition, the efficacy of short polypeptides corresponding to the
a-helical regions in proteins is compromised in vivo due to an
increased susceptibility to proteolytic degradation and a reduction
in cell wall permeability.*
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Significant interest in the design and synthesis of short a-helical
peptides and o-helical mimetics stems from (i) understanding
the role of o-helices in protein folding, (ii) the key role of a-
helices in mediating protein—protein, protein-DNA and protein—
RNA interactions, and (iii) the remarkable biological activity
exhibited by some polypeptide a-helices. Strategies that have been
investigated to stabilise short peptides in a-helical conformations
include the use of helix-nucleating templates, incorporation of
unnatural amino acids, and the introduction of noncovalent and
covalent sidechain constraints. More recently the development
of non-peptidic scaffolds, and modified peptide backbones that
mimic the recognition properties of a-helices, as well as miniature
proteins and synthetic foldamers, have delivered promising lead
compounds for biological applications.

This perspective will focus on developments in the design,
synthesis and applications of a-helices and mimetics, particularly
in the last 5 years, and will highlight examples where synthetic
compounds have delivered promising biological results. Several
excellent recent reviews have covered the general principles for
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the design of peptide-mimetics,* and synthetic molecules for the
inhibition of protein—protein interactions.>** Hence these studies
will only be briefly mentioned in this article.

2. De novo design of a-helices: helix propensities of
amino acids

Fundamental to the de novo design of a-helical peptides is a
complete understanding of the relationship between amino acids
and secondary and tertiary structure. The choice of amino acid, the
helix dipole and the presence of N- and C-capping sequences are
all recognised as factors that contribute to the stability of helical
peptides, and these aspects of peptide design have been covered
elsewhere.*

In 1974, Chou and Fasman developed a predictive method for
the structure of proteins based on a statistical analysis of proteins
of known structure.”® This analysis resulted in the classification
of amino acids as helix-stabilising or helix-destabilising. The
characterisation of more protein structures lead to an improved
classification system, and research in the 1990’s applied these
concepts to the design of short o-helices of 15-20 amino acid
residues, in order to improve the understanding of helices in
protein folding and to assist in the de novo design of proteins.”*!

While early model studies concluded that Ala is helix-stabilising,
conflicting results were obtained with nucleated peptides that
concluded that Ala is helix-indifferent (see for example ref. 10—
12). More recently, a study of polypeptides that lack short terminal
sidechains showed that the a-helix propensity of Ala is intrinsic
and that the helix content of Ala-based peptidesis not derived from
neighbouring amino acids.” Independent studies on templated
nucleated peptides also concluded that Ala is helix-stabilising
and showed that the helical content of polypeptides is influenced
strongly by the properties of the template-helix junction."

The wealth of data now available on protein structures in the
PDB data-bank has permitted a much more rigorous analysis of
amino acid propensities in the last 5 years.'>*” Analyses of o-helices
in proteins demonstrated that the helix propensities of amino acids
are strongly position-dependent throughout the entire length of
most helices, indicating that the protein chain tends to enter and
exit from the solvent-accessible side of surface helices of proteins.'®
A more detailed analysis of a-helices within the same structural
subclasses of proteins (all-o, all-B and o/p-proteins), provided
improved predictive tools for helix propensities.’* The importance
of pairs of amino acid neighbours in o-helices has also been
demonstrated by analysis of amino acid pairs in 342 proteins."”
Finally, given the wide use of CD as a tool for measuring the “helix
content” of designed peptides, it should be noted that accurate
calibration standards for measuring the helicity of peptides have
been recently reported.'®

3. Cyclic peptides

The incorporation of disulfide linkages via oxidation of Cys
residues and the formation of amide bonds between the sidechains
of Lys and Asp/Glu residues have been the most common methods
of constraining the conformational flexibility of peptides and
locking segments of these peptides into a helical conformation.
The periodicity of a single turn of the o-helix positions the
sidechains of the i, i + 4, i + 7 and i + 11 residues on the same

face of the helix, and hence pairs of these residues are amenable
to synthetic modification. In the case of disulfides, this approach
requires the incorporation of D-Cys at the i residue and L-Cys at
either the i + 4 or i + 7 residues. The corresponding L,L-analogue
had a marginal effect on stabilising helicity and the L,D-analogue
resulted in a random coil or B-sheet peptide.”

The limitation of these methods is that the use of a single
covalent bridge constrains only a limited section of the polypeptide
between either residues i and i + 4 or residues i/ and i + 7,
leaving the remainder of the polypeptide chain flexible. However,
several examples of the use of multiple covalent bridges to
stabilise longer lengths of polypeptides have been reported. The
effectiveness of incorporation of three covalent bridges into a
polypeptide is exemplified by modification of the 37 N-terminal
residues of the human parathyroid hormone (hPTH) to deliver
therapeutic osteogenic agents.?® Introduction of three successive
lactam bridges between Lys and Asp residues located at positions
i, i+ 4 along the polypeptide afforded a highly constrained peptide
in which residues 13-30 were forced into a helical conformation
(Fig. 1). This constraint delivered a high level of potency compared
to the parent linear sequence.

A more recent study has compared the effectiveness of disulfide
versus lactam constraints to stabilise the consensus sequence
LXXLL found in nuclear receptor proteins, in order to develop
selective inhibitors of steroid receptor—coactivator interactions.**
In agreement with molecular modelling studies, an i, i + 3
disulfide-linked peptidomimetic oestrogen receptor modulator
was significantly more potent than the linear 13 residue peptide
or the i, i + 4 bridged cyclic lactam derivative. Based on these
promising results, further tailoring of the sequence to include
both D- and L-Cys, homocysteine, penicillamine and Leu residues
delivered more potent and selective inhibitors.?

Despite numerous studies, there remains a lack of consensus
as to the optimal residue combinations, ring sizes, and sequences
that can effectively stabilise peptides using lactam bridges.** Fur-
thermore, disulfides and amide bridges, as well as the polypeptide
backbone, are susceptible to oxidative and proteolytic degradation
in vivo in short peptides, and these properties limit the application
of these cyclic peptides in biological systems. A major exception in
the field is the discovery that simple cyclic pentapeptides tethered
by an amide to form a 20-membered macrocycle deliver highly
helical structures.** The pentapeptides Ac-(cyclo-1,5)[KxxxD]-
NH, 1 (Fig. 2a) and Ac-(cyclo-2,6)R[KxxxD]-NH, are the smallest
a-helical peptides in water. Furthermore, these cyclic peptides
are remarkably stable, even under protein-denaturing conditions
(temperature, guanidinium hydrochloride, plasma) and proteolytic
cleavage by trypsin. This framework offers major advantages in
the design of conformationally stable peptidomimetics in which
one face of the helix is involved in recognition. Fairlie and
co-workers extended this initial discovery to link several cyclic
pentapeptide o-turn units together by amide bonds in a modular
fashion to deliver highly stable, conformationally rigid, a-helical
peptides.”

The potential of the cyclic pentapeptide scaffold 1 (Fig. 2a)
in medicinal chemistry has been demonstrated by the design of
an effective mimic of the contiguous o-turns of a respiratory
syncitial virus (RSV) protein. The RSV protein mediates fusion
of viral and cell membranes, enabling entry into cells.*® A cyclic
peptide which contains the key amino acid sidechains in a fragment
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Fig. 1 (a) A sketch of the truncated mimetic comprising 31 N-terminal
residues of the human parathyroid hormone (PDB coordinates letl) sta-
bilised by three successive lactam bridges inserted between Lys13-Aspl7,
Lys18-Asp22 and Lys26-Asp30.2° Residues which were mutated from the
native sequence are shaded dark grey. Sidechain hydrogens are omitted for
clarity. (b) A helical wheel diagram of residues 13-30 illustrating the 7, 7 +
4 facial periodicity of the residues selected to be linked by lactam bridges
(shaded light grey).

of the RSV protein (13 of 39 residues), shown schematically in
Fig. 2b, exhibited highly potent antifusion and antiviral activity.
In contrast, the unconstrained acyclic peptide had no helical
character in water and exhibited poor antiviral activity. While the
peptidomimetic shown in Fig. 2b was highly potent, it was noted
from the NMR solution structure that a key Phe residue was not
in the optimal orientation for binding. Hence further modification
of the framework to more closely align the Phe sidechain in the
binding pocket has the potential to deliver even higher potency.?®

4. Photocontrolled a-helices

In a series of papers, Woolley, Alleman and co-workers have
reported a mechanism for controlling the stability of a-helices
via the use of photoisomerisable azobenzene cross-linking agents
(Fig 3a).* Azobenzenes have been used previously to modulate
the relative orientation of two a-helical peptides to facilitate
sequence-specific DNA binding.* In order to induce formation
of an o-helical conformation in peptides, the diphenylazo group
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Fig.2 (a) The cyclic pentapeptide motif that forms that smallest a-helical
peptide in water.* (b) A potent RSV inhibitor based on this motif.
Structure generated used PDB coordinates 1g2c. Solvent-exposed residues
are indicated by grey circles/ball-and-sticks, and binding residues by grey
text/sticks.

Fig. 3 (a) Photochemistry of azobenzene linkers that have been incor-
porated into peptides and (b) a sketch of the reversible photochemical
conversion of a random coil peptide into an ¢-helix.** Disulfide atoms
are shown as ball-and-stick. Hydrogen atoms of the azo-linker have been
omitted for clarity.
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was introduced via i, i + 7 Cys residues, as modelling suggested
that under photochemical conditions this spacing would permit
the disordered peptide to reversibly form an o-helix upon photo-
switching from the trans to cis isomer (Fig. 3b). Applications of
this chemistry include the introduction of an azobenzene-derived
photo-cross-linker into the DNA-recognition helix of the muscle-
specific transcriptional activator MyoD, which belongs to a family
of transcription factors that rely on a basic helix—turn—helix motif
for DNA binding. The DNA-binding activity of the resultant
photoMyOD derivative was able to be controlled by light pulses.?”
Similar reversible photocontrol of DNA binding was achieved by
incorporation of an azobenzene cross-linker into the leucine zipper
region of the well-characterised bZIP DNA-binding domain of
the yeast transcriptional activator GCN4.* The increased helical
conformation favoured dimerisation and hence DNA binding.

While this article has focused on applications to o-helical
peptides, it should be noted that azobenzenes have also been
used as conformational switches to regulate other structural units
including B-hairpins and small peptides with relevance to under-
standing protein folding.**

5. Hydrocarbon-stapled peptides

As highlighted above, while disulfide and lactam bridges are
effective in stabilising o-helices, such mimetics are not always
stable in cells and are generally susceptible to degradation. To
address this limitation, all hydrocarbon cross-links, introduced
via a ring-closing metathesis reaction using Grubbs chemistry,**3¢
have been investigated to deliver metabolically stable a-helical
peptides (Fig. 4). Shafmeister et al. carried out a systematic
investigation of the stereochemistry of unnatural amino acids
bearing alkyl tethers of various lengths at the a-carbon.’” Given
the helix-stabilising effects of a,a-disubstituted amino acids,*® a-
methyl groups were also incorporated into the design of the Fmoc-

# H
N._»
CH3

Cla | ,Ph
| ‘CI
CY3P

2. hydrogenatlon

Fig. 4 (a) The a-methyl Fmoc-protected unnatural amino acids 6 and
7 required for the introduction of hydrogen staples and (b) sketch of the
introduction of a staple into peptide AccEWAEXAAAKFLYAHA-NH,
[X'=6,Y =T7] via a ring-closing metathesis reaction with Grubbs’ catalyst
followed by hydrogenation.*

II Il
II II

protected unnatural amino acids. Incorporation of the unnatural
(R)-amino acid 6 (Fig. 4a) at position 7, and the (S)-amino acid
7 at i + 7, resulted in an 11-membered cycle, which gave the
most pronounced helix-stabilising effects. Comparative cleavage
experiments performed with the acyclic and cyclic peptides using
trypsin confirmed the enhanced stability of the hydrocarbon-
stabilised helix. While incorporation of the amino acids at
positions 7, i + 7 without cross-linking decreased the cleavage
rate of the unmodified control peptide by 5-fold, metathesis and
subsequent hydrogenation produced further stabilisation.*
Applications of this hydrocarbon stapling methodology to
the formation of stabilised o-helical peptides derived from the
human B-cell lympoma-2 (Bcl-2) family of proteins and the
therapeutic use of these derivatives for modulating cell death
has been patented.* Introduction of hydrocarbon tethers in 23-
residue helical mimics of the minimal death domain BH3 of
the pro-apoptotic sub-family of proteins increased the helicity
of the peptides significantly and enhanced stability and both in
vitro and in vivo activity.** A very recent report has used the
same approach to deliver a stabilised o-helix based on the 15-
residue o-helical transactivation domain of the transcription factor
protein p53, that mediates the p5S3—hDM?2 protein interaction. The
hydrocarbon-stapled peptide exhibited a high affinity for hDM?2
and readily entered cells through an active uptake mechanism.*

6. Metallopeptides and proteins

Metal ions play an important role in stabilising o-helices in
Nature. For example, the well-characterised zinc-finger proteins
are assembled by tetrahedral coordination of imidazole nitrogens
in His residues and/or thiol coordination to Cys residues to form
highly structured DNA binding motifs incorporating a-helices.*

Early studies on simple peptides demonstrated that transition
metal ions are able to stabilise helical peptides via coordination to
His and/or Cys residues located on one face of the helix.*** The
use of kinetically inert metals including ruthenium(i) delivered
stable metallopeptides, thus addressing the lability of transition
metal ions such as zinc(il) and cadmium(ir). However, most
examples were restricted to the stabilisation of only a few residues
within a polypeptide with the coordinating His and Cys residues
positioned at residues i, i + 4.

Fairlie and co-workers have demonstrated that the electrophilic
Pd(en)** metal clip can induce the folding of short unstructured
peptides in water (Fig. 5).* Thus, Pd(en)**-induced helicity
in 5-, 10- and 15-residue non-helical peptides corresponding to
the Zn(m)-binding a-helix of the active site of thermolysin.*
The resultant Pd-macrocycles formed helical structures in so-
lution that were analogous to those in the thermolysin crystal
structure. However, studies were restricted to DMF, as much
less helicity (<40%) was observed in water. Further studies in
water with unstructured octapeptides containing several possible
metal chelation sites permitted the detection and characterisation
of kinetic and thermodynamic metallomacrocycles. This study
demonstrated that both solvent and metal-coordination sites can
regulate the rate and extent of o-helix folding, and suggests the
possible transient involvement of transition metal ions in the
generation of kinetically labile turn structures during protein
folding.* The use of Pd(en)** metal clips to induce full helicity
in free peptides that are essentially random coils is noteworthy,
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Fig. 5 (a) General structure of metallopentapeptides that mimic the
a-helix in the active site of thermolysin.*® (b) Sketch of the induced helicity
in a 15-residue non-helical peptide by the use of three Pd(en)** metal clips.*’
Pd indicated by ball-and-sticks. Sidechain hydrogens of protein omitted
for clarity.

as in almost all other studies with metal ions the peptides studied
have contained a significant population of molecules in an a-helical
conformation.

Metals have also been used to direct the assembly of well-defined
peptide structures including a-helices. For example, Cd(11) binding
was used to mediate the assembly of a two-helix-bundle from a
random coil peptide by incorporation of a metal binding Cys-
X-X-Cys motif.* The de novo design of metallopeptides has also

provided insight into the role of metal ions in directing folding
of partially folded and random coil peptides into helices.*>
By appropriate positioning of Cys residues, site selectivity in
biomolecules can be encoded into short a-helical sequences,
thus removing the requirement for extensive protein scaffolds to
stabilise the peptides.>

7. Synthetic backbone scaffolds

The first entirely non-peptidic scaffold that could be synthesised in
amodular fashion and project sidechain functionality with similar
distances and angular relationships to those found in o-helices
was reported by Hamilton and co-workers in 2001.5! In a series of
papers, successive modifications to the initial terphenyl scaffold
design were made to improve synthetic accessibility, solubility
and flexibility (Fig. 6).>>>° The overall features of these scaffolds
and their applications to disrupt protein—protein interactions have
been reviewed recently,® and hence detailed analysis of these
mimetics will not be presented in this article. Fig. 6 summarises
the key structural features of the different classes of scaffolds that
have been reported, and their applications as inhibitors of protein—
protein interactions.

Shortly after the report of the terphenyl scaffold,” Jacoby
used molecular modelling to identify potential organic scaffolds
exhibiting helical character through a chiral axis.®® Biphenyl 8,
allene 9, alkylidene cycloalkane 10 and spiranes 11 that included
i,i+ 1,i+ 3 and i + 4 sidechain positions were modelled and
superimposed upon the highly helical poly-Ala, to examine the
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—0
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R H
2
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R4 3 = 3 3 ’f o
L 1y
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Y
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_— smMLCK / calmodulin (CAM)
Applications £3 1 MOMZ2 ;
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Bak BH3/ Bcl-x or Bel-2
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Extendable "
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Reference 55 47,49,50,52,53 54 51 48

Fig. 6 Major classes of non-peptidic scaffolds that mimic the backbone of u-helical peptides, showing general structural features and applications.
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viability of the scaffolds to deliver mimics of segments of a-helical
peptides (Fig. 7). The study identified 2,6,3,5-tetrasubstituted
biphenyls as the most promising candidates for superimposing
thei, i+ 1,7+ 3 and i + 4 sidechains in an a-helix. Since this report
in 2002, there have been no applications of these scaffolds in the
design of mimetics, presumably due to synthetic issues.

i C
CB_ i3 O Cai+4 CB i+3 ai+4
Ca Ccp Co ch
Co:. cp Ca g
CB i+1 ;
i C Cp
Cu 8 B Co 9
. CBp ~+3 Ca
CB _i+3 Ca iva i+4
cp Co cB
Co
CB Co j+1 CB Co i1
i Co Cﬁ i Co CB
10 1

Fig.7 Hydrocarbon scaffolds showing the relative position of sidechains
that mimic the position and orientation of the amino acid sidechains at
positions i, i + 1,7 + 2, i + 3 and i + 4 in o-helical peptides.*

Two classes of mimetics in which the o-peptide backbone
has been modified by replacement of the N-terminal i and
i + 4 hydrogen bond with a covalent link have been reported
(Fig. 8). Based on the work of Cabezas and Satterwait,*® who
prepared hydrazone-linked peptides 12, Wang et al. have recently
introduced a carbon—carbon bond via a ring-closing metathesis
reaction to give peptides of general structure 13.9%% Incorporation
of the carbon-carbon link afforded well-defined short a-helices
from sequences that do not spontaneously form helices with
minimal perturbations to their molecular recognition surfaces.
An attractive feature of this strategy is that all of the amino acid
sidechain functionality is retained and there are no significant
steric features introduced by the chemistry that may perturb the
recognition features of the helix.

Fig. 8 Partial modification of the peptide backbone by replacement of
the hydrogen bond that stabilises the helical backbone with hydrazone
(12)*" and carbon—carbon links (13).5

An elegant but synthetically demanding strategy (18 steps)
created o-helix mimetics through trans-fused tetracyclic ethers
related to marine toxins. The tetracyclic ether scaffold contains two
equatorial hydroxyl groups separated by a distance of 4.8 A, which
were functionalised with guanidinium groups, affording a receptor

for sequence-selective binding of 7, i + 4 spaced aspartate pairs on
the surface of o-helical peptides in aqueous media (structure not
shown).® While the lengthy synthesis of the scaffold is a limitation
of this approach, the authors reported that the development of
cell-permeable molecules that bind to a larger area and disrupt
protein—protein interactions are planned.

8. Foldamers

The term “foldamers” refers to oligomers that adopt well-defined
structures and conformations. A range of building blocks have
been used to generate foldamers including o- and B-peptides,
alternating a/-peptides and y-peptides.®*’

Several examples of the de novo design of non-natural oligomers
that form helical structures have illustrated the potential of
foldamer research to deliver functional inhibitors of protein—
protein interactions mediated by o-helices. Foldamer scaffolds
incorporating a- and B-peptides have been recently designed and
synthesised as effective inhibitors of the anti-apoptotic proteins
BaK and Bad which are overexpressed in malignant cells and
prevent apoptosis.®® Synthetic peptides comprising f-amino acids
are known to favour 12- and 14-helix conformations which are
structurally similar to the o-helix,* and hence the incorporation
of B-amino acids into the design of o-helical mimetics has been
investigated. A number of different foldamers that mimic the 16-
residue o-helical BH3 domain of BaK and position the critical
sidechains in the helix were designed using both a- and -amino
acids. While the binding of the fully B-peptide homologue to
Bcl-x, was poor, a foldamer scaffold containing alternating a-
and B-amino acids with a terminal a-peptide segment showed
a strong affinity for the o-helix recognising surface of Bcl-x,.%®
This study suggests that the general strategy of the combination
of different foldamer scaffolds has significant potential to deliver
small-molecule mimetics.

Non-peptidic helical scaffolds have also been developed that
can adopt well-defined helical structures. For example, Stadler
et al. have reported helical supramolecular systems that can
undergo dynamic structural changes.™ The controlled folding
of molecular strands into helical forms has provided valuable
insight into how the control of molecular interactions in organic
frameworks can deliver helical structures whose conformations
can be controlled in a predictable manner. While the first-
generation scaffolds incorporated a pyridine—pyrimidine motif,
the degree of helicity was significantly enhanced by replacement of
pyridine with hydrazone. These motifs are similar to that employed
for the arylcarboxamide/enaminone strategies shown in Fig. 6,
but utilising much larger chain lengths. Oligoarylamides with
backbones that are rigidified by hydrogen bonds are also able
to adopt well-defined helical structures with the potential to form
folding nanotubes.”

9. Miniature proteins

An alternate approach to stabilising small a-helices involves the
use of proteins to stabilise the conformation of small helices
in the same way that Nature does, by grafting a protein onto
the face of the a-helix that is not involved in recognition. This
concept of using stable folds in small proteins to display functional
epitopes has been applied to a number of systems.”>”® Protein
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grafting, shown schematically in Fig. 9, involves identification
of the critical a-helical residues in a protein and substituting
them onto a protein scaffold.” The small stable protein avian
pancreatic polypeptide (aPP) has been most commonly used as a
protein scaffold to generate different miniature proteins containing
the o-helical binding epitopes for a number of targets.”*”” This
protein grafting strategy has resulted in highly potent and specific
ligands for human Bcl-2 and Bcl-x, . Another example described
a miniature protein that presents the cAMP-dependent protein
kinase (PKA) recognition epitope found within the heat-stable
protein kinase inhibitor protein (PKI).”

The 35-residue pancreatic polypeptide, peptide YY,” and the
neurotoxic peptide apamin” have also been used as scaffolds to
design miniature proteins with catalytic properties. The scaffold
was designed to contain reactive Lys residues provided by bovine
pancreatic polypeptide and delivered a folded conformationally
stable oxaloacetate decarboxylase.

10. Type I a-helical antifreeze proteins

Our group has made major contributions in understanding the
mechanism of action of fish antifreeze proteins (AFPs) and
glycoproteins (AFGPs).#* The type I AFPs are highly heli-
cal Ala-rich peptides comprising three 11-residue ThrX,AsxX,
repeat units (Fig. 10b) where X is usually Ala or an o-helix-
inducing residue.®” These remarkable molecules are kinetic ice
growth inhibitors that have evolved in the blood plasma of Arctic
and Antarctic fish allowing them to survive in sub-zero ice-laden
waters at temperatures below the freezing temperature of blood
plasma.®*****! These properties have attracted significant interest,
as there are numerous applications in areas including the frozen

well folded scaffold (aPP)

Bindin Epiope
(identify active residues)

Wy S

food industry, organ and tissue storage and biotechnology, where
ice crystal growth is damaging.*?

The most widely studied type I AFP is TTTT (Fig. 10) found in
the winter flounder. After considerable debate, molecular simula-
tions, and structure—activity studies, current evidence is consistent
with ice growth inhibition occurring through accumulation of the
protein at specific ice-water interfaces through the interaction
of the hydrophobic face (Fig. 10a) of the protein.?**** While it
was assumed that the Thr residues were involved in hydrogen
bonding in the mechanism of action, the hydrophobic y-methyl
group of the Thr residues provides an important hydrophobic
interaction, as replacement of Thr with Val resulted in a derivative
with antifreeze activity.®® However, while the four Thr residues,
which are spaced equally along one face of the helix (Fig. 10b),
are important residues for activity, surrounding residues on the
same surface of the helix are also important and contribute to
the overall hydrophobic surface. The length of the polypeptide is
important, with at least 25 residues required for antifreeze activity.

The production of type I AFPs has been by solid-phase
peptide synthesis® or molecular biology techniques.***> The high
hydrophobicity of the AFPs presents challenges for synthesis and
purification and for this reason, in our structure—activity studies,
additional salt bridges were incorporated into the structures on
the hydrophilic face of TTTT (Fig. 10a).®' While the introduction
of these charged residues do not affect antifreeze activity, our
more recent studies with model membranes suggest that the
hydrophilic face of the helix is involved in the protection of cell
membranes from damage.® Despite the strong interest in the
potential applications of AF(G)Ps in medicine and industry, there
are no compounds in commercial use.

In light of the advances in the design of stabilised a-helices
and mimetics, TTTT presents an ideal target for the design and

/ T \\g

Transpose onto scaffold W Optimise backbone residues m

active miniature protein
(well folded and functional)

Fig. 9 Schematic of protein grafting, illustrating the mapping of critical a-helical residues (curved shapes) onto a helical scaffold (aPP) to produce an

active miniature protein after optimisation (block shapes).

a) > b)

Thr repeat 1

Thr repeat 2 Thr repeat 3

I L1} Lh] 1
@OTASOAAAAAALTAADQAQRAAABGLTAAQAAAAAAATAQR

Fig. 10 Two views of the crystal structure of type I antifreeze protein TTTT (generated from PDB coordinates 1wfa) (a) looking down the helix axis (C
to N) to show the hydrophobic and hydrophilic face and (b) primary sequence and ribbon structure of TTTT highlighting the four equally spaced Thr
residues that are positioned on one face of the helix; Thr indicated by ball-and-sticks, polar residues indicated by sticks. Sidechain hydrogens omitted for

clarity.
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synthesis of mimetics that are able to be routinely produced in a
cost-effective manner for possible commercial applications. The
effect of the introduction of an i, i + 4 lactam or an i, i + 7
disulfide bridge on a peptide containing only two Thr repeat units
(TTT) did not produce active derivatives.***® However, a 15-residue
peptide that contained a single Thr repeat plus the N- and C-
capping residues present in TTTT, constrained by an 7, i + 4 lactam
bridge, was able to stabilise a pyramidal plane on the surface of
growing crystals,”” suggesting that the design of small structured
polypeptides with antifreeze activity may be possible.

While the hydrophobic surface of TTTT contains Thr, Ala
and Asx residues, two studies suggest that simple peptides
containing only Ala residues along with solubilising charged
residues (Asp/Glu and/or Lys) can have antifreeze activity. A
random uncharacterised copolymer (~65% Ala, ~35% Asp) gave
antifreeze activity approximately one third less than TTTT.”® Two
Ala-rich peptides with regularly spaced Lys residues positioned
on the hydrophilic face of helix showed antifreeze activity, but this
activity was weaker than that observed with TTTT.*”

The design of mimetics of TTTT requires a helical scaffold with
a hydrophobic face and a hydrophilic face. While the truncated
peptides studied to date have not been active, in all cases the
shorter peptides have been significantly less helical than TTTT,
despite the presence of backbone constraints.”®*” The design and
synthesis of mimetics containing 11-25 residues (i.e., only one
or two Thr repeat units plus capping units) that are locked
into a fully helical conformation and incorporate hydrophobic
sidechains that mirror the recognition face of TTTT has not been
reported. The use of non-peptidic scaffolds, and in particular the
partially modified scaffolds such as 13, are attractive platforms
for further study. Similarly, the incorporation of multiple helical
constraints (lactams, hydrocarbon staples) into truncated peptides
that incorporate the general recognition features required for
activity would allow the importance of helicity in the design of
new antifreezes to be addressed. Research towards these goals is
currently underway in our laboratory.

11. Summary

The design and synthesis of o-helical peptides has advanced
significantly in the last decade, with the smallest a-helix in water
reported only two years ago.** Synthetic and bioorganic chemistry
have played a major role in delivering mimetics of o-helices that are
stable under biological conditions and address the limitations of
small peptides that are susceptible to degradation and have poor
proteolytic stability. The first non-peptide backbone, reported in
2001,%' has demonstrated that careful design of organic frame-
works that mimic the natural scaffolds present in proteins is a
powerful approach to generate highly potent inhibitors of protein—
protein interactions.

In comparing the different approaches to helical mimetics, it
should be noted that the modifications to sidechains and steric
effects introduced through sidechain modifications effectively
modifies one face of the helix. In addition, the use of unnatural
amino acids may require the replacement of key recognition
sidechains in the design of the mimetic. The synthetic scaffolds
shown in Fig. 8 are noteworthy in that only the peptide backbone
is modified and all sidechains can be positioned on the scaffold in

an identical way to the natural peptide. In addition, the peptide
dipole is retained.

Comparison of the effectiveness of the different approaches to
a-helical mimetics outlined in this article is not straightforward.
However, some comparative remarks can be made regarding the
relative effectiveness of inhibitors of the protein—protein interac-
tion between Bak BH3/Bid BH3 with Bcl-x, /Bcl-2 as inhibitors
of these protein—protein interactions using synthetic backbone
scaffolds, protein grafting, foldamer and hydrocarbon stapling,
have been reported. Under the same assay conditions, the foldamer
strategy® has produced the most effective inhibitors against Bcl-
x. with the synthetic backbone scaffolds delivering inhibitors
with micromolar activities.®>**% The effect of modifying the
terphenyl scaffold to a trispyridylamide scaffold, which was more
amenable to synthesis, resulted in a 10-fold loss of activity. The
protein grafting’* and hydrocarbon stapling® strategies produced
mimetics with similar inhibitory activities for binding to Bel-2.

Finally, while much research is still required to solve the holy
grail of protein folding, recent research suggests that the study
of model metallopeptides* may provide some insight into the
possible transient involvement of metals in protein folding.
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A short, highly efficient approach for the synthesis of a novel class of polyazamacrocycles containing
N-functionalised carbamate side-chains has been developed. The key steps involved a phase-transfer
mediated macrocyclisation to form the ring system as well as a tin-catalysed reaction with isocyanates
to introduce the carbamate side-chains. X-Ray crystallography confirmed successful formation of the
1,4,7,10-tetraazacyclododecane ring and N-functionalisation of all the amine centres. Preliminary
testing of the biological activity of the compounds revealed significant anti-parasitic activity against

bloodstream form African trypanosomes.

Introduction

Macrocyclic polyamines have received much attention due to their
ability to complex both organic and inorganic substrates.! Their
structures are easily manipulated allowing the preparation of a
variety of ring sizes as well as the addition of different side-chain
arms through N-functionalisation.>® Tuning the nature of these
arms allows the creation of smart molecules with specific physical
and chemical properties, and thus they have found many useful
applications in fields such as medicinal* and analytical chemistry®
and NMR imaging.°®

Our interest in these compounds arose from the development of
alkylating agents which could effectively cross-link DNA and thus
act as anti-tumour agents. Accordingly, we synthesised a series
of polyazamacrocycles with chloroethyl arms (1) which were as
cytotoxic as the well-known anti-cancer agents, chlorambucil and
melphalan.*” Complexation of these compounds with copper(ir)
allowed the generation of a series of bioreductive prodrugs which
were selectively cytotoxic to hypoxic rather than oxic cells.*
More recently, we have synthesised a series of cyclen derived
compounds with various alkyl and aryl groups attached to the
carbon backbone of the macrocycle (e.g. 2) and have shown that
these compounds are toxic to both trypanosomes and to malarial
parasites.®* Having prepared biologically active polyazamacrocy-
cles with either reactive side-chains or with pharmacokinetic
tunable substituents, we were interested in designing a new class
of tetraazamacrocycle which combined both of these concepts.

We now report the highly efficient synthesis of a small library of
carbamate-derived polyazamacrocycles 3, compounds which still
contain cytotoxic side chains but whose pharmacokinetics can be
easily manipulated by judicious choice of carbamate substituent.

“‘WestCHEM, Department of Chemistry, The Joseph Black Building,
University of Glasgow, Glasgow, UK G12 8QQ

*Division of Infection and Immunity, Institute of Biomedical and Life
Sciences, University of Glasgow, Glasgow, UK G12 8QQ

T Crystallographic data available for compound 11. CCDC reference
numbers 653591. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/b710487a
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Preliminary biological testing of these compounds as anti-parasitic
agents is also described.

Results and discussion

Our first goal in this project was to develop an efficient synthesis of
1,4,7,10-tetraazacyclododecane which would provide the core for
the new compounds. Although polyazamacrocycles are especially
difficult to prepare, one method which has been commonly
used for their synthesis is the Richman-Atkins cyclisation.’
This approach generally involves the coupling of a dianion
generated from a sulfonamide-protected linear polyamine with
a ditosylate of a diol. Sulfonamides are used to protect the
polyamine as they allow easy formation and stabilisation of
the dianion as well as providing a Thorpe-Ingold-type effect
on the transition state, promoting intramolecular cyclisation
rather than intermolecular oligomerisation.’” Using such an
approach, 1,4,7,10-tetraazacyclododecane 9 was synthesised in
three linear steps as shown in Scheme 1. Diethylene triamine 4
was tritosylated in 99% yield using p-toluenesulfonyl chloride in
the presence of sodium hydroxide. The other coupling partner,
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Scheme 1 Reagents and conditions: i. TsCl, NaOH, H,O, Et,0, 99%;
ii. TsCl, NaOH, TEBA, CH,Cl,, 91%; iii. method 1: Cs,CO,, DMF, 14 d,
79%, method 2: LiOH, Bu,NBr, toluene, 14 h, 71%; iv. method 1: PhOH,
HBr-AcOH, 46%, method 2: H,SO,, 110 °C, 13%, method 3: H,SO,, HBr
then NaOH, toluene, A, 88%.

N,O,O -tri(toluene-4-sulfonyl)diethanolamine 7 was prepared in
a similar fashion from diethanolamine 6 in 91% yield. The two
coupling partners were subjected to a Richman-Atkins cyclisation
using caesium carbonate as the base. While this did generate the
polyazamacrocycle 8 in 79% yield, reaction times were typically
around 14 days. To overcome this, an alternative procedure
involving a phase transfer catalyst was also investigated and this
gave 8 in a similar yield after only 14 hours."* The next stage was
deprotection of the polyazamacrocycle and, in an effort to optimise
the yield of this transformation which normally requires very
harsh conditions, a number of procedures were investigated. Direct
deprotection using phenol and a hydrobromic acid-acetic acid
mixture or hot sulfuric acid gave 1,4,7,10-tetraazacyclododecane 9
in modest or low yields.’> However, a two-step procedure involving
formation of the hydrobromide salt followed by treatment with
sodium hydroxide under Dean-Stark conditions gave 9 in an
excellent 88% yield.

Functionalisation of polyazamacrocycle 9 was easily achieved
by reaction with gaseous ethylene oxide which gave the tetraol 10 in
quantitative yield (Scheme 2).* Initial synthesis of the phenyl car-
bamate 11 was accomplished in a quantitative yield using phenyl
isocyanate and pyridine.’* However, attempted synthesis of other
carbamate analogues using this procedure led to decomposition of
both the isocyanate and the tetraol 10. An alternative procedure
involving the reaction of 10 with the appropriate isocyanate in the

H H
RN o 0
Zi/ M NV \\g
. Lod
R\N)Lo/\/ = v
H

11-18

N~g

N—R
H

Scheme 2 Reagents and conditions: 1. ethylene oxide, H,O, 100%;
ii. RNCO, Bu,Sn(OAc),, CH,Cl,, A, R = Ph (11), 100%; iPr (12), 60%;
nPr (13), 41%; 4-MeOPh (14), 56%; 4-BrPh (15), 64%; 2-NO,Ph (16), 79%;
3-NO,Ph (17), 46%; 4-NO,Ph (18), 60%.

presence of catalytic dibutyltin diacetate was then investigated.'
This led to the formation of a range of alkyl and aryl derived
polyazamacrocyclic derivatives in modest to excellent yield.

All of the carbamate-derived polyazamacrocycles were purified
by recrystallisation and showed spectroscopic data consistent with
their structures. However, to confirm successful ring synthesis
and N-functionalisation of all the amine centres, an X-ray
crystal structure determination of the phenyl analogue 11 was
undertaken. Compound 11 crystallises in the monoclinic space
group P21/a (Fig. 1, see also supporting informationt) and the
structure clearly shows formation of the tetraazacyclododecane
ring and the four carbamate side-chains.

On successful preparation of this new class of polyaza-
macrocycles, we were interested in probing their anti-protozoal
activity against bloodstream form African trypanosomes from
Trypanosoma brucei (Table 1). The development of useful anti-
parasitic agents requires the compounds to have low toxicity
to human cells. Thus, the carbamates were also tested against
human embryonic kidney (HEK) cells. As shown in Table 1,
a number of these compounds do have significant trypanocidal
activity in in vitro assays. Interestingly, the most potent anti-
trypanosomal compounds (16, 17 and 18) all possess a nitro-
group and trypanosomes have previously been shown to be highly
vulnerable to nitrocyclic compounds.” Moreover, carbamates 13
and 17 in particular are significantly less active against mammalian
HEK cells and therefore these compounds provide some scope for
the future development of more potent and selective analogues.
Previous studies on the anti-protozoal activity of cyclic polyamines
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Table 1 Anti-protozoal activity of polyazamacrocycles 11-18
H

r—N

H
N~
77/0\,/\ / \ NO\« "

0 [N N] 0
R /\/N\ /N\/\ 7
R\N»\ 0 0/Z<N,R
H H

R Estimated log P T brucei ECs,/uM  HEK ECs,/uM
iPr (12) 1.1 15.7 77.1
nPr (13) 1.4 18.1 >200
Ph (11) 4.7 10.9 53.0
4-MeOPh (14) 5.0 4.2 18.1
4-BrPh (15) 8.2 6.4 249
2-NO,Ph (16) 6.2 0.9 18.8
3-NO,Ph (17) 6.2 2.4 87.0
4-NO,Ph (18) 6.2 0.5 1.3

“Compound 18 shows a biphasic curve: the ECs, value reported in the
table refers to the first sigmoidal shift. The EC;, value of the second shift
is 74 uM.

Fig.1 Crystal structure of 11.

have shown a dependence on the lipophilicity of the compound
suggesting uptake might be limiting.® Surprisingly, the carbamate-
derived polyazamacrocycles show no such dependence. At this
stage it is not known by what mode of action these compounds
exert their anti-protozoal activity, and thus future work will involve
the preparation of structural analogues to probe both the transport
of these compounds through the parasite’s plasma membrane and
the subsequent cytotoxic mechanism.

Conclusions

In summary, we have developed a short, highly efficient synthesis
of a novel class of polyazamacrocycles using a phase-transfer
mediated macrocyclisation and a tin-catalysed isocyanation of
a tetraol to effect the key steps. The aim of this work was

to produce macrocyclic structures which have both cytotoxic
side-arms and groups which could be manipulated to tune the
pharmacokinetic properties of these potential drugs. We have
already shown these compounds to have significant cytotoxic
activity against trypanosomes from 7. brucei and future work will
now investigate the biological mode of action of these compounds
as well as the development of more potent and selective analogues.

Experimental

All reactions were carried out under an inert atmosphere un-
less otherwise stated, using oven-dried or flame-dried glass-
ware. Solutions were added via syringe unless otherwise
stated. Tetrahydrofuran and diethyl ether were freshly dis-
tilled from Na-benzophenone; dichloromethane, toluene, N,N-
dimethylformamide and pyridine were distilled from CaH, prior
to use. Petroleum ether refers to the fraction boiling at 40—
60 °C. Reagents were obtained from Aldrich Chemical Company
(Gillingham, Dorset, UK), Alfa Aesar Lancaster (Morecambe,
Lancs., UK), or Alfa Aesar Avocado (Heysham, Lancs., UK)
and used without further purification unless otherwise stated.
Purification by column chromatography was carried out using
Fisher Silica 60A silica gel (mesh size 35-70 um) as the stationary
phase. Melting points were measured using Gallenkamp apparatus
and are uncorrected. IR spectra were recorded using Golden Gate,
nujol or KBron a JASCO FT/IR 410 spectrometer. NMR spectra
were recorded using a Bruker AV400 or DPX/400 spectrometer.
Chemical shifts are given in ppm relative to SiMe, where ¢ SiMe, =
0.00 ppm. Chemical shifts in *C NMR spectra are given in ppm
relative to CDCl; as internal standard (77.00 ppm). All NMR J
values are given in Hz. Mass spectra were recorded on a JEOL
JMS700 spectrometer.

N,N',N"-Tri(toluene-4-sulfonyl)diethylene triamine (5)'¢

Diethylene triamine 4 (20.65 g, 0.20 mol) was dissolved in distilled
water (125 cm?). Sodium hydroxide pellets (24.0 g, 0.60 mol)
were added and the temperature was kept below 40 °C. Diethyl
ether (125 cm?®) was added and the reaction mixture was stirred
vigorously. Toluene-4-sulfonyl chloride (114.5 g, 0.6 mol) was
added, the temperature was kept below 20 °C during addition.
The reaction mixture was cooled to 0 °C and stirred for 1 h.
The white precipitate was filtered and washed with diethyl ether
(250 cm?®). Recrystallisation from chloroform gave the desired
product 5 (112.60 g, 99%). Mp 176-178 °C (from chloroform),
(lit. 177-179 °C); oy (400 MHz, CDCl;) 2.50 (9H, s, CH;), 2.63
(2H, t, J 6.0, 2 x NH), 3.14-3.22 (8H, m, CH,), 7.32-7.38 (6H,
m, ArH), 7.64 (2H, d, J 8.4, ArH), 7.76-7.88 (4H, m, ArH); m/z
(FAB) 566 (MH*, 99%), 412 (71), 227 (53), 154 (50), 136 (35),
92 (31).

N, 0,0 -Tri(toluene-4-sulfonyl)diethanolamine (7)"

A stirred solution of toluene-4-sulfonyl chloride (114.5 g, 0.6 mol)
and dichloromethane (140 cm®) was prepared and cooled to
0 °C. Diethanolamine 6 (21.03 g, 0.2 mol), benzyltriethylam-
monium chloride (18.22 g, 80.0 mmol) and 30% NaOH solution
(24.0 g in 150 cm® of water) were added whilst stirring vigorously.
The reaction mixture was allowed to return to room temperature
and was stirred for 1 h. The reaction mixture was poured onto
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water (300 cm?). The organic phase was separated and washed
with water (3 x 150 cm®). The organic phase was dried (MgSO,),
filtered and concentrated in vacuo. The product 7 crystallised over
aperiod of 2 weeks (102.85 g,91%). Mp 97-99 °C (from methanol),
(1it."” 101-103 °C); dy (400 MHz, CDCl;) 2.45 (3H, s, CHj;), 2.49
(6H, s, CHs;), 3.40 (4H, t, J 6.0, CH,), 4.14 (4H, t, J 6.0, CH,),
7.31-7.34 (2H, m, ArH), 7.38 (4H, d, J 8.0, ArH), 7.63 2H, d, J
8.4, ArH), 7.78 (4H, d, J 8.4, ArH); m/z (CI+) 568 (MH*, 13%),
432 (12), 396 (12), 242 (100), 157 (35).

1,4,7,10-Tetrakis(toluene-4-sulfonyl)-1,4,7,
10-tetraazacyclododecane (8)°

Method 1. A stirred solution of N,N’',N’-tri(toluene-4-
sulfonyl)diethylene triamine 5 (8.0 g, 11 mmol), caesium
carbonate (13.68 g, 42 mmol) and N,N-dimethylformamide
(300 cm?®) was prepared. A solution of N,O,O'-tri(toluene-4-
sulfonyl)diethanolamine 7 (5.68 g, 11 mmol) in N,N-dimethyl-
formamide (125 cm?) was added dropwise over a period of 3 h. The
reaction mixture was stirred for 5 d. The reaction was concentrated
using a pump-assisted rotary evaporator. The residue was taken up
in dichloromethane (150 cm?®) and distilled water (150 cm?). The
aqueous layer was extracted with dichloromethane (100 cm?). The
combined organic phases were washed with a saturated solution
of sodium chloride (150 cm?®), dried (MgSO,) and concentrated in
vacuo. The light brown residue was recrystallised from methanol
to give a colourless solid 8 (8.74 g, 79%). Mp 276-279 °C (from
methanol), (lit.* 278-280 °C); dy; (400 MHz, CDCl;) 2.47 (12H, s,
CH,), 3.45 (16H, brs, CH,), 7.36 (8H, d, J 7.0. ArH), 7.71 (8H, d,
J 7.0, ArH); m/z (FAB) 789 (MH", 99%), 633 (40), 477 (16), 323
(20), 253 (37), 154 (38), 92 (54).

Method 2. A mixture of toluene (200 cm?), tetrabutylammo-
nium bromide (0.81 g, 2.5 mmol) and 2.5% lithium hydroxide solu-
tion (2.56 gin 100 cm® of water) was heated under reflux. N,N',N"-
Tri(toluene-4-sulfonyl)diethylene triamine 5 (5.65 g, 10 mmol),
N,O,O -tri(toluene-4-sulfonyl)diethanolamine 7 (5.68 g, 10 mmol)
and toluene (400 cm®) were added in small portions. The reaction
mixture was heated under reflux overnight. The reaction mixture
was cooled and the colourless precipitate was filtered and washed
with methanol (100 cm®) giving the desired product 8 (5.58 g, 71%).
Spectroscopic data as described above.

1,4,7,10-Tetraazacyclododecane (9)'

Method 1. A stirred solution of 1,4,7,10-tetrakis(toluene-4-
sulfonyl)-1,4,7,10-tetraazacyclododecane 8 (5.42 g, 6.87 mmol),
phenol (12.80 g, 0.136 mol) and hydrobromic acid, 45% w/v
solution in acetic acid (270 ¢m?®) was prepared. The round
bottomed flask was fitted with a water-filled condenser and an
air condenser. This allows the evolving HBr gas to escape to the
top of the fumehood. The reaction mixture was heated under
reflux for 36 h. The reaction mixture was cooled and concentrated
in vacuo. The residue was redissolved in toluene (4 x 30 cm?)
and concentrated under vacuum. The dark purple residue was
dissolved in water (150 cm®), and dichloromethane (75 cm?®) was
added. The layers were separated and the aqueous layer was
washed with dichloromethane (4 x 75 c¢cm?). The aqueous layer
was concentrated yielding a brown residue which was purified by
an Amberlite IRA-400 resin anion exchange column. The product

was then recrystallised from hot toluene yielding a colourless
powder 9 (0.54 g, 46%). Mp 98-100 (from toluene), (lit."®* 103~
107 °C); oy (400 MHz, D,0) 2.48 (16H, br s, CH,); m/z (CI+) 173
(MH", 61%), 113 (8), 97 (9), 79 (100).

Method 2. A stirred solution of 1,4,7,10-tetrakis(toluene-4-
sulfonyl)-1,4,7,10-tetraazacyclododecane 8 (9.66 g, 12.66 mmol)
and concentrated sulfuric acid (25 cm?®) was prepared and stirred
at 110 °C for 40 h. The brown-black solution was poured into a
conical flask and cooled in an ice bath. Water (20 cm?) was added
slowly. Potassium hydroxide pellets (45 g) were added until the
pH was 13. Ethanol (150 cm®) was added and the mixture was
filtered. The solid residue was washed with ethanol (5 x 20 cm?)
and the filtrate was concentrated. The residue was taken up in
the minimum volume of 1 M hydrochloric acid (40 c¢cm?), and
dichloromethane (30 cm®) was added. The layers were separated
and the aqueous layer was washed with dichloromethane (4 x
30 cm®). The pH was raised to 13 by adding potassium hydroxide
pellets. This was extracted with chloroform (4 x 25 cm?®). The
organic layers were combined, dried (K,COj;) and concentrated
yielding a yellow solid 9 (0.283 g, 13%). Spectroscopic data as
described above.

Method 3. Concentrated sulfuric acid (11 cm?) was
heated to 165 °C. 1,4,7,10-Tetrakis(toluene-4-sulfonyl)-1,4,7,10-
tetraazacyclododecane 8 (1.20 g, 2.42 mmol) was added in a single
portion and the solution was stirred until the reaction mixture had
turned black. The reaction mixture was cooled by transferring the
mixture into a Buchner flask and submersing this flask in cold
water. This mixture was added dropwise to a stirring solution
of ethanol (36 cm?). Diethyl ether (27 cm?®) was added and the
solution was cooled to 0 °C in an ice-water bath. The solid was
filtered and dissolved in a minimum volume of hot water (7 cm?),
and an equivalent volume of hydrobromic acid (48% aq., 7 cm?)
was added. Overnight the tetrahydrobromide salt crystallised. This
was filtered and washed with hydrobromic acid (5 cm®) and ethanol
(5 cm?®). The white crystals were dried under high vacuum. The
crystals were then added to a round bottomed flask charged with
toluene (20 cm?), water (5 cm?®) and sodium hydroxide pellets (0.4 g,
10 mmol). Dean-Stark apparatus was fitted and the reaction
mixture was heated under reflux for 24 h. The toluene solution
was then filtered and concentrated yielding colourless crystals of
9 (0.97 g, 88%). Spectroscopic data as decribed above.

1,4,7,10-Tetra(phenylaminocarbonyloxyethyl)-1,4,7,
10-tetraazacyclododecane (11)

General procedure. 1,4,7,10-Tetra(2-hydroxyethyl)-1,4,7,10-
tetraazacyclododecane 10 (0.2 g, 0.29 mmol), phenyl isocyanate
(0.50 cm?®, 4.64 mmol), dibutyltin diacetate (3 drops) and
dichloromethane (5 cm®) were stirred and heated under reflux
for 24 h. The solvent was concentrated and the residue was
filtered and washed with diethyl ether. Recrystallisation from hot
methanol gave colourless crystals (0.69 g, 100%). Mp 150-152 °C
(from methanol); v, (KBr)/cm™ 3296 (NH), 2944 (CH), 1696
(CO), 1228, 797; oy (400 MHz, D-DMSO) 2.62 (24H, br s,
CH,N), 4.11 (8H, t, J 6.0, CH,0), 6.96 (4H, t, J 8.0, ArH), 7.24
(8H, t, J 8.0, ArH), 7.45 (8H, d, J 8.0, ArH), 9.56 (4H, br s, NH);
dc (100 MHz, D,-DMSO) 52.4 (CH,), 53.8 (CH,), 62.1 (CH,),
122.3 (CH), 128.7 (CH), 128.7 (CH), 128.9 (CH), 129.0 (CH),
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134.8 (C), 153.5 (C); m/z (FAB) 825.4296 (MH*. C,;HsN,O;
requires 825.4299), S11(4), 358 (95), 307 (11), 155 (100), 109 (29).

1,4,7,10-Tetra(isopropylaminocarbonyloxyethyl)-1,4,7,
10-tetraazacyclododecane (12)

Using the general procedure above on a 0.58 mmol scale with
isopropyl isocyanate gave colourless crystals (0.24 g, 60%). Found:
C, 55.8; H, 9.5; N, 16.1. C;xHg N Oq requires C, 55.8; H, 9.4; N,
16.3%; mp 141-143 °C (from EtOAc-hexane); v,,,(KBr)/cm™'
3279 (NH), 2969 (CH), 1684 (CO), 1539; o, (400 MHz, D-
acetone) 1.00 (24H, d, J 6.8, CHj;), 2.44-2.49 (24H, m, CH,N),
3.59-3.64 (4H, m, CH), 3.94 (8H, t, J 6.0, CH,0); . (100 MHz,
D-DMSO) 22.5 (CH;), 42.2 (CH), 52.7 (CH,), 54.0 (CH,), 61.6
(CH,), 155.3 (C); m/z (FAB) 689 (MH*, 100%), 586 (10), 503 (18),
331 (85), 174 (54), 131 (100), 90 (79), 72 (37).

1,4,7,10-Tetra(n-propylaminocarbonyloxyethyl)-1,4,7,
10-tetraazacyclododecane (13)

Using the general procedure above on a 0.58 mmol scale with
propyl isocyanate gave colourless crystals (0.16 g, 41%). Mp 142—
144 °C (from EtOAc-hexane); v, (KBr)/cm™' 3312 (NH), 2960
(CH), 1686 (CO), 1549, 1273, 1008, 668; 64 (400 MHz, D4-acetone)
0.91 (12H, t, J 7.4, CH,), 1.48-1.57 (8H, m, CH,CHj;), 2.49-2.65
(24H, m, CH,N), 3.09 (8H, t, J 7.0, CH,NCO), 4.10 (8H, t, J 6.0,
CH,O0); 5. (100 MHz, D,-DMSO) 11.2 (CH,), 22.7 (CH,), 42.0
(CH,), 52.6 (CH,), 54.0 (CH,), 61.8 (CH,) 156.2 (C); m/z (FAB)
689.4922 (MH*. C3,Hs Ny Oy requires 689.4925), 433 (4), 331 (2),
289 (20), 146 (100).

1,4,7,10-Tetra(4-methoxyphenyl)aminocarbonyloxyethyl-1,4,7,
10-tetraazacyclododecane (14)

Using the general procedure above on a 0.58 mmol scale with
4-methoxyphenyl isocycanate (23.2 mmol) gave a colourless
precipitate that was filtered off and washed with methanol to give
a colourless solid (0.55 g, 56%). Mp 166-168 °C (from methanol);
Vmax(KBr)/em™" 3295 (NH), 2957 (CH), 1698 (CO), 1510, 1240,
827; 0y (400 MHz, D,-DMSO) 2.06 (24H, br's, CH,N), 3.24 (12H,
br s, OCHj;), 3.65 (8H, br s, CH,0), 6.38 (8H, d, J 9.0, ArH), 6.90
(8H,d, J9.0, ArH), 8.89 (4H, br s, NH); o (400 MHz, D;-DMSO)
52.5(CH,), 53.9 (CH,), 55.1 (CH;), 62.0 (CH,), 113.8 (CH), 119.9
(CH), 132.2(C), 153.7 (C), 154.7 (C); m/z (FAB) 945.4724 (MH*.
CysHs N3Oy, requires 945.4722), 779 (4), 695 (3), 459 (4), 338 (5),
238 (22), 170 (51), 87 (100).

1,4,7,10-Tetra(4-bromophenyl)aminocarbonyloxyethyl-1,4,7,
10-tetraazacyclododecane (15)

Using the general procedure above on a 0.29 mmol scale with
4-bromophenyl isocycanate (11.6 mmol) gave a colourless precip-
itate that was filtered off and washed with methanol to give a
colourless solid (0.21 g, 64%). Mp 212-214 °C (from methanol);
Vmax(KBr)/ecm™" 3303 (NH), 2833 (CH), 1710 (CO), 1393, 1227,
820; oy (400 MHz, D,-DMSO) 2.50 (24H, br s, CH,N), 4.11 (8H,
t, J 6.0, CH,0), 7.41-7.46 (16H, m, ArH), 8.86 (4H, br s, NH); d
(100 MHz, D,-DMSO) 52.5 (CH,), 53.8 (CH,), 62.3 (CH,) 113.4
(C), 120.2 (CH), 131.5 (CH), 139.0 (C), 152.3 (C); m/z (FAB)

1143 [MH* (*'Br), 4%], 1141 [MH* (*Br), 5%], 371 (5), 253 (9),
170 (100), 87 (95).

1,4,7,10-Tetra(2-nitrophenyl)aminocarbonyloxyethyl-1,4,7,
10-tetraazacyclododecane (16)

Using the general procedure above on a 0.29 mmol scale with 2-
nitrophenyl isocycanate (11.6 mmol) gave a yellow precipitate that
was filtered off and washed with methanol to give a pale yellow
solid (0.29 g, 79%); mp 82-84 °C (from methanol); v,,..(KBr)/cm™!
3350 (NH), 2359 (CH), 1718 (CO), 1428, 1237, 743; 0y (400 MHz,
D-DMSO) 2.59 (24H, bs, 12 x CH,N), 4.11 (8H, bs, 4 x CH,0),
7.28 (4H, t, J 8.0 Hz, 4 x ArH), 7.66 (4H, t, J 8.0 Hz, 4 x ArH),
7.73 (4H, d, J 8.0 Hz, 4 x ArH), 7.96 (4H, d, J 8.0 Hz, 4 x ArH),
9.77 (4H, bs, 4 x NH); d. (100 MHz, D,-DMSO) 52.6 (CH,), 53.6
(CH,), 63.2(CH,), 123.8 (CH), 124.2 (CH), 125.7 (CH), 132.5 (C),
134.4 (CH), 140.7 (C), 153.4 (C); m/z (FAB) 1006 (MH*, 97%),
842 (100), 826 (13), 678 (43), 660 (16), 490 (18), 326 (12), 232 (32),
158 (48), 81 (100).

1,4,7,10-Tetra(3-nitrophenyl)aminocarbonyloxyethyl-1,4,7,
10-tetraazacyclododecane (17)

Using the general procedure above on a 0.29 mmol scale with
3-nitrophenyl isocycanate (2.90 mmol) gave a yellow precipitate
that was filtered off and washed with methanol to give a pale
yellow solid (0.14 g, 46%). Mp 151-153 °C (from methanol);
Vmax (KBr)/ecm™' 3389 (NH), 2797, 1720 (CO), 1526, 1081, 735;
oy (400 MHz, D,-DMSO) 2.61 (24H, br s, CH,N), 4.14 (8H, t, J
6.0, CH,0), 7.47-7.56 (4H, m, ArH), 7.80-7.96 (12H, m, ArH),
10.09 (4H, br s, NH); d (100 MHz, D,-DMSO) 52.6 (CH,), 53.7
(CH,), 62.6 (CH,), 121.9 (CH), 122.3 (CH), 128.9 (CH), 133.7
(CH), 146.4 (C), 146.7(C), 151.4(C); m/z (FAB) 1005.3709 (MH*.
C4Hs N, O requires 1005.3702), 391 (3), 322 (3), 238 (30), 170
(64), 87 (100).

1,4,7,10-Tetra(4-nitrophenyl)aminocarbonyloxyethyl-1,4,7,
10-tetraazacyclododecane (18)

Using the general procedure above on a 0.29 mmol scale with 4-
methoxyphenyl isocycanate (2.90 mmol) gave a yellow precipitate
that was filtered off and washed with methanol to give a
yellow solid (0.18 g, 60%). Mp 179-181 °C (from methanol);
Vmax(KBr)/cm™" 3323 (NH), 2831 (CH), 1728 (CO), 1329, 855;
on (400 MHz, D¢-DMSO) 2.60 (24H, br s, CH,N), 4.14 (8H,
br s, CH,0), 7.64 (8H, d, J 8.8, ArH), 8.12 (8H, d, J 8.8, ArH),
10.30 (4H, br s, NH); d. (100 MHz, D,-DMSO) 52.6 (CH,), 53.7
(CH,), 62.7 (CH,), 117.5 (CH), 124.9 (CH), 141.5 (C), 145.7 (C),
153.1 (C); m/z (FAB) 1005.3697 (MH*. C,,Hs;N,O¢ requires
1005.3702), 238 (17), 170 (100), 87 (100).

Assays against Trypanosoma brucei

Bloodstream form 7. brucei (strain 427) was cultivated in HMI-9
medium (Biosera) containing 10% foetal calf serum at 37 °C in a
humidified CO, environment."” A derivative of the Alamar blue
assay?® was used to determine ECs, values against trypanosomes.
Cells were seeded at 2 x 10° cells per cm® in 0.1 cm® volume to
which was added 0.1 cm® of medium containing each compound
in doubling dilution. Cells were incubated for 48 h at 37 °C
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and then Alamar blue reagent (resazurin, Sigma; 20 ul of a
0.49 mM solution) was added and cells were incubated for a further
24 h before the reduction of Alamar blue was measured using a
fluorimeter at 530 nm excitation and 590 nm emission wavelengths.
Output was plotted using the ECs, determination algorithm of the
Prism 3.0 software (GraphPad).”

Assays against HEK cells

The human embryonic kidney cell line (HEK 293T) was cultured
in Dulbecco’s Modified Eagle’s Medium (Sigma) with penicillin
(100 U cm™) and streptomycin (0.1 mg cm™), L-glutamine
(2 mM), and 10% newborn calf serum in vented culture flasks
at 37 °C in 5% CO, atmosphere, passaging when cells on the
monolayer were 80-85% confluent. Developments of cultures were
monitored by microscopy and cell numbers were determined using
an improved Neubauer haemocytometer (counting chamber;
Weber Scientific). The Alamar blue assay protocol was modified
from the one used for live trypanosomes. Briefly, 100 ul of a 3 x
10° cells cm~ suspension were added to each well of a 96-well
plate and incubated at 37 °C for 3 h to allow cells to adhere to the
bottom of the wells. Preparation of drug stocks (100 pl) in doubling
dilution was added after the incubation period, incubated for a
further 16 h before the addition of 10% resazurin (0.49 mM stock
solution). After 24 h the plates were read fluorometrically (4, =
530 nm and /., = 590 nm) and the data were analysed by Prism
3.0 software.
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Four new colorimetric receptors (1-4) were synthesized and characterized. Upon addition of maleate to
receptor 1 in DMSO, the appearance of the solution of receptor 1 showed a color change from
dark-blue to dark-red, which can be detected by the naked eye at parts per million. Similar experiments
were repeated using receptors 2—4; the solution showed a distinct color change from blue to violet for
receptor 2 and from blue-green to purple for both receptors 3 and 4, when they are formed as
complexes with maleate. The striking color changes are thought to be due to the deprotonation of the
thiourea moiety of the 4-nitronaphthyl chromophore. Whereas, in the addition of fumarate to receptors
1-4, the color of the solution changed from dark-blue to bright yellow for receptor 1 and did not induce
any color change for receptors 2—4. Thus, for a distinct color change, receptors 1-4 can act as optical
chemosensors for recognition of maleate versus fumarate. Especially, only receptor 1 has a unique color
change for the recognition of fumarate, accordingly it can be used for detection of the fumarate anion.
In this research it was also found that the performance of the receptor is highly dependent on the
substituent group on the phenyl ring; a stronger electron-withdrawing group resulted in a receptor with

a higher binding constant with the maleate anion.

Introduction

Anions, especially dicarboxylates, play an important role in
chemical and biochemical processes and their recognition and
sensing by artificial chemosensors has been a focus of interest for
chemists in the past decades.! The recognition of anionic species
is generally based on electrochemical, "H NMR and fluorescent
methods through changes in redox potential, chemical shift and
fluorescence, respectively.? In recent years, a new method based on
the change in color of an anionic sensor has been developed. The
strategy to prepare colorimetric anion sensors is the binding site-
signaling unit approach in which an appropriate chromophore
is attached to a specific anion receptor.’ These chromophores
may contain electron-withdrawing groups that enhance the acidity
of the anion binding subunit. Urea and thiourea subunits are
currently used in the design of neutral receptors for anions, owing
to their ability to act as H-bond donors,* and many ligands
containing either one or two of these groups have been reported to
be excellent sensors for dicarboxylate anions.® During recent years,
we have been studying the synthesis of colorimetric chemosensors
for dicarboxylate anions and their possible application in sensing.®
As an extension of our previous work and in order to see how
the different electron-withdrawing substituents in one of the two
binding sites can influence the binding properties and modulate
the spectral behaviors and color changes in host—guest systems, we
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T Electronic supplementary information (ESI) available: Color and UV
spectral changes for titration of 1-2 with hydroxide. 2D Noesy spectrum
of 1 and NMR titration data of 2 with maleate and fumarate. See DOI:
10.1039/b710695¢

have designed four novel colorimetric sensors. They were based
on anthraquinone skeleton bearing thiourea groups through an
ethylene spacer (Scheme 1). The host structure, featuring binding
sites at the 1- and 4-positions of 1,4-diaminoanthraquinone
through an ethylene spacer to form a convergent binding site,
provides a feasible complexation with target species. The 4-
nitronaphthyl is linked to one of the thiourea moieties. The other
chromophores such as 4-trifluoromethylphenyl, 4-nitrophenyl, 4-
cyanophenyl and phenyl groups are appended to the other branch
of the thiourea moiety, respectively. These chromophores would
provide spectral sensing character upon complexation with anions.
In spite of lacking electronic conjugation between the thiourea
and the anthraquionone moiety, the sensors 1-4 showed UV-vis
spectral changes on complexation with anions.

Their utility in the selective colorimetric discrimination be-
tween certain organic isomers (cis/trans and ortho/meta/para
dicarboxylates) (Chart 1) has been investigated. Differentiation
of geometric isomers is, in general, a difficult task because of
their rather similar chemical and physical properties. To the best
of our knowledge, only few examples have been published.®”’
The interest in selective sensors that are able to distinguish
maleate versus fumarate is not only related to n-diastereoisomer
recognition but is also due to the different biological behavior
of these anions. In fact, whereas fumarate is generated in the
Krebs cycle, maleate is a well known inhibitor of this cycle
and its implication in different kidney diseases has been widely
described.™® Moreover, the interest to selectively discriminate
between the three phthalic acid isomers (ortho, meta, and para)
is due to the ortho-phthalate being a high-production-volume
synthetic chemical and ubiquitous environmental contaminant.
The potential health risk associated with exposure to it has been
increasingly of concern.’
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Scheme 1 Reagents and conditions: (i) ethylenediamine, 50 °C, 2 h, 37%; (ii) 4-nitronaphthylisothiocyanate, THF, reflux, 18 h, and (iii) 4-R-phenyl-

isothiocyanate, THF, reflux, 18 h.
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Chart 1

Results and discussion

Preparation of sensors 1-4 is depicted in Scheme 1. A synthetic
intermediate, 1,4-di-(2-aminoethylamino)anthraquinone (5) was
prepared from 2,3-dihydro-9,10-dihydroxy-1,4-anthracenedione.'
Reaction of 5 with 0.7 equivalents of 4-nitronaphthy-
lisothiocyanate in THF gave 6 in 42% yield. Subsequently, reaction
of 6 with the corresponding isothiocyanates in THF afforded
the bisthiourea derivatives 1-4 in moderate yields. All of these
compounds were characterized by '"H NMR, “C NMR, IR and
HRMS.

Anion binding studies

The colorimetric selective sensing ability of the receptors 1-4 with
maleate and fumarate anions in DMSO was monitored by UV-
vis absorption and by naked eye observation. The anions were
added as tetrabutylammonium salts to the DMSO solutions of
the receptors 1-4 (5 x 107> M). Receptor 1 displays four weak
absorption bands at 385, 521, 596 and 643 nm, respectively, in
DMSO. The interaction of receptor 1 with maleate anion was
investigated in detail through the UV-vis spectroscopic titration,
and complicated spectral behaviors were observed (Fig. 1). Upon
addition of maleate to receptor 1 in DMSQO, the intensity of
the absorption peak at 385 nm gradually decreased, while the
band at 521 nm evolved and reached its limiting value after the
addition of 2.0 equivalents of maleate (Fig. 1). Interestingly, the
color of the solution of receptor 1 was changed from dark-blue
to dark-red, visible to the naked eye (Fig. 2). A clear isobestic
point at 422 nm indicated the shifting of a well-defined binding

16
0 0.5 1
5 ) [1]Hmeleate]
S 12
< [maleate] M
08 100
04 x
0 s
300 400 500 600 700
Wavelength (nm)
Fig. 1 A series of spectra taken over the course of the titration of a

5 x 10° M DMSO solution in 1 with a standard solution of maleate
at 25 °C. The titration profile (insert) indicates the formation of a 1 : 1
complex.

\

- 2 \Sem———
ﬁ L k i
Fig. 2 Color changes of complex 1 upon addition of various anions in

DMSO: (a) 1 only; (b) 1 + 2.0 equivalents of maleate; (c) 1 + 2.0 equivalents
of fumarate.

equilibrium in the solution by addition of maleate. The changes
in the absorbance as a function of the concentration of maleate
added can be fitted to a 1 : 1 binding equilibrium model, giving the
association constants shown in Table 1." The band that develops at
521 nm is thought to be the monodeprotonated receptor L, (1 =
L,H), which was confirmed by the Bronsted acid-base reaction of
adding 1 equivalent of strong base [n-Bu,N]JOH (cf. SI-1, see ESIt).
The spectral behavior revealed that deprotonation of the NH

This journal is © The Royal Society of Chemistry 2007
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Table 1 Association constants K,/M of receptors 1-4 with maleate and
fumrate anions

Anion Receptor K/M* R

Maleate* 1 (6.85+0.03) x 10° 0.9974
2 (1.14 £0.02) x 10* 0.9958
3 (7.57 £ 0.03) x 10° 0.9943
4 (6.12 +0.02) x 10° 0.9927

Fumrate® 1 (1.43 £0.03) x 10° 0.9943
2 (1.52 £ 0.02) x 10° 0.9988
3 (1.47 +£0.03) x 10° 0.9947
4 (1.38 £ 0.02) x 10° 0.9957

“The data were calculated from UV-vis titrations in DMSO. ? The data
values of R were obtained by the results of nonlinear curve fitting. ¢ The
anions were used as their tetrabutylammonium salts.

fragment by maleate is responsible for the drastic color change, as
a result of a charge transfer interaction between the nitrogen atom
of the thiourea unit and the electron deficient 4-nitronaphthyl
moiety. Such a deprotonation was related to the acidity of the H-
bond donor site.”> The deprotonation of receptor 1 with maleate
was corroborated by '"H NMR titration experiments carried out
in DMSO-d¢ (Fig. 3). It was found that the proton signal of
N-H, (0 = 10.14 ppm), which is closer to the 4-nitronaphthyl
group (signals of N-H protons were assigned by referring to
the 2D NOSEY spectrum of 1) (¢f. SI-2, see ESI{), underwent
downfield shifts with increasing maleate concentration. The N-—
H, peak disappeared after addition of 1.0 equivalent of maleate,
whilst a new signal was observed at 6 = 20.16 ppm. This suggests
the formation of a [HM]~ (M = maleate anion) species.”® The
monodeprotonation is also signaled by the significant upfield shift
of the protons of the naphthyl group.* Such an effect derives from

10.911
10.104

F—u.
F—

10.5 10.0 9.5 9.0 8.5 8.0 7.5 ppm
T T T
j\‘k 20.5 20.0 19.5
C
( )I T T T T T T L
10.5 10.0 9.5 9.0 8.5 8.0 7.5 ppm

Fig.3 '"HNMR (400 Hz) spectra of sensor 1 (10 mM) in DMSO-d, upon
addition of various quantities of maleate: (a) 0 eq.; (b) 0.5 eq.; (c) 1.0 eq.

the through-bond propagation onto the naphthyl framework of the
electronic charge generated on N—H deprotonation. In addition,
the other signals of thioureas (N-H) were also found to undergo
downfield shifts when maleate was added. The results implied that
once the complex is formed by the receptor 1 with maleate, the
monodeprotonation of the receptor occurs. To provide support
for the supposition, the intermolecular N-H-O hydrogen bonded
distances were calculated at the HF/6-31G (d) level using ab
initio calculations (Fig. 4). Four protons of thioureas are directed
toward anion ligands but each hydrogen-bond distance is different
as shown in Table 2. Among them, only the proton (H,) that
is connected to the 4-nitronaphthyl group has a much shorter
distance to the carboxylic group than a typical hydrogen-bond
distance, which ranges between 1.86 and 2.16 A.'S

In contrast, a similar experiment was carried out with fumarate
anion and a different UV-vis spectral behavior was observed.
Upon addition of fumarate anion, the intensity of the absorption
band at 385 nm was slightly increased while the band at 521 nm
was gradually decreased and blue-shifted to 472 nm, and a tailing
absorption at 400 nm appeared (Fig. 5). The blue shift was proba-
bly due to recognition of fumarate, the anion induced twisting of
the two thiourea moieties out of the plane of the 4-nitronaphthyl
and 4-trifluoromethylphenyl chromophores, respectively. During
the process, the most pronounced effect is the fumarate anion
induced color change from dark-blue to bright-yellow (Fig. 2).
The dramatic color change might be the first reported example
for the recognition of fumarate by a colorimetric sensor. In order
to investigate the notion that N-H deprotonation effects were or

0 . )
0 0.5 1
[1)[1}+fumarate]
[fumarate] p M
100

0.4
0.2
E 0
0 ]
300 400 500 600 700
‘Wavekngth (nm)

Fig. 5 A series of spectra taken over the course of the titration of a
5 x 10> M DMSO solution in 1 with a standard solution of fumarate
at 25 °C. The titration profile (insert) indicates the formation of a 1 : 1
complex.
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Fig. 4 Optimized geometries from ab initio HF/6-31G(D) calculations.
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Table 2 Receptor distances” of NH - - - L™ hydrogen bonds from ab initio HF/6-31G(D) calculations

0=_}=0
H H
N4 )N
S NH3 Hi{N. S
NH, H2N
I ‘ 1 R=CF,
ON 2 R=NO, R
3 R=CN
4 R=H
Receptor Compound H(l)---L- H(2)---L- H@3)---L- H@4)---L-
Maleate? 1 1.9555(01) 1.8585(02) 2.1555(03) 0.9715(04)
2 1.9385(01) 1.8385(02) 2.1595(03) 0.9715(04)
3 1.9455(01) 1.8475(02) 2.1575(03) 0.9715(04)
4 1.9625(01) 1.8755(02) 2.1465(03) 0.9705(04)
Fumrate® 1 1.7805(01) 1.8765(02) 1.7815(03) 1.9145(04)
2 1.7635(01) 1.8815(02) 1.7875(03) 1.8885(04)
3 1.7705(01) 1.8935(02) 1.7865(03) 1.8845(04)
4 1.7935(01) 1.9435(02) 1.7805(03) 1.8805(04)

“The unit of computed distances is A. * Four oxygen atoms (O1, 02, O3 and 04) of the guest form hydrogen bonds with the receptors where Ol is

hydrogen-bonded to H1 and O2 to H2 and O3 to H3 and O4 to H4.

were not contributing to the anion-induced effects, the '"H NMR
spectral analyses were carried out in DMSO-d,. A notable feature
of these titrations is that the proton signals of thioureas underwent
less downfield shifts when 1 formed a complex with fumarate. After
the addition of 1 equivalent of fumarate, the signal of N-H, was
found to shift from 10.14 to 10.83 ppm (Fig. 6). This relative
small downfield shift indicates that the complex is formed through
multiple hydrogen bonds and is inconsistent with a deprotonation
process between receptor and fumarate. This rationale was also
supported by the ab initio calculation that showed the proton
(H,) that is connected to the 4-nitronaphthyl group has a typical
hydrogen-bond distance to the carboxylic group (Table 2). Judging
from the UV-vis titrations, the binding of fumarate allowed the
Job’s plot method' (as shown in the inset of Fig. 5) to be used in
the determination of the binding stoichiometry, which was found
to be a 1 : 1 host-guest complexation. The association constant
was calculated and is shown in Table 1. The comparison of the

?
1. |

12.8 211.0 10.8 ,

o M

Fig. 6 'HNMR (400 Hz) spectra of 1 (10 mM) in DMSO-ds upon
addition of various quantities of fumarate: (a) 0 eq.; (b) 0.5 eq.; (¢) 1.0 eq.

UV-vis absorption spectra of the complex 1 upon addition of
either maleate or fumarate anions is shown in Fig. 7. Apparently,
the receptor 1 has demonstrated higher sensitivity and selectivity
recognition for maleate over fumarate in DMSO.

24 r
2 L

1.6

s N :

300 400 500 600 700
Wavelength (nm)

Abs
-

Fig. 7 UV-vis spectra change of 1 operated in DMSO (5.0 x 10°M)
after addition of 2.0 equivalents of anions: (a) 1 only; (b) 1 + fumarate;
(c) 1 + maleate.

In order to investigate how the different substituents on
the phenyl ring of the other branch of the thiourea group
can influence the anion binding and sensing properties, the 4-
trifluoromethylphenyl group was replaced by a more electron
withdrawing group, a 4-nitrophenyl group; the receptor 2 was
examined. Among the sensors illustrated in Scheme 1, compound
2 is expected to show the strongest binding with maleate, due to
the enhanced acidity of the thiourea protons. With progressive
addition of maleate to receptor 2, the intensity of the absorption
peak at 360 nm was gradually decreased and a new band at 523 nm
concomitantly evolved and reached its limiting value after the
addition of 2.0 equivalents of maleate. A clear isobestic point at
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423 nm was observed (Fig. 9). Such a significant change of the
UV-vis spectra of receptor 2 upon titration with maleate can be
attributed to the deprotonation of the thiourea proton, similar
to that mentioned above. The monodeprotonated receptor L,~
(2 = L,H), is responsible for the absorption at 523 nm. This
was similarly confirmed by the reaction of adding strong base
[n-Bu,N]JOH (cf. SI-3, see ESIT) and also corroborated by 'H
NMR titration of receptor 2 with maleate in which the peak of
[HM]~ (M = maleate anion) appeared at 20.22 ppm (cf. SI-4, see
ESI+). These changes are accompanied by a different color change
from a blue solution to a violet color (Fig. 8). Judging from the
UV-vis titrations, the Job’s plot method showed the formation of
a 1 : 1 stoichiochemistry complex of 2 with maleate (as shown
in the inset of Fig. 9). The association constant was calculated"'
and listed in Table 1. To elucidate the interaction between the
maleate anion and the receptor 2, the ab initio calculation of the
[2 - maleate] complex was taken. It clearly shows only the proton
(H,) has a much shorter distance to the carboxylic group than a
typical hydrogen-bond distance (Table 2). Based on these results
it can be concluded that both the N-H, monodeprotonation on
the 4-nitronaphthyl thiourea unit and the hydrogen-bond induced
n-delocalization on the other 4-nitrophenyl thiourea moiety are
believed to be responsible for signaling the binding event.

Fig. 8 Color changes of complex 2 upon addition of various anions in
DMSO: (a) 2 only; (b) 2 + 2.0 equiv. of maleate; (c) 2 + 2.0 equiv. of
fumarate.
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Fig. 9 A series of spectra taken over the course of the titration of a
5 x 10° M DMSO solution in 2 with a standard solution of maleate
at 25 °C. The titration profile (insert) indicates the formation of a 1 : 1
complex.

On the contrary, upon addition of different concentrations of
fumarate to the solution of receptor 2, the initial weak shoulder
peak at 552 nm was blue-shifted to 527 nm with a small decrease

in the intensity of the peak at 360 nm (cf. SI-5, see ESI{). However,
in this process, no noticeable color change was observed and
the solution remained blue (Fig. 8). Thus, it indicates that the
receptor 2 is weakly binding or not interacting significantly with
fumarate in this solvent medium. The interaction of receptor 2 with
fumarate was corroborated by 'H NMR titration experiments.
It was found that when receptor 2 formed a complex with
fumarate, the proton signal of N—H, underwent downfield shifts
with increasing fumarate concentration from 10.28 to 11.50 ppm
(cf. SI-6, see ESIT). By the same token, this relative small downfield
shift indicates the formation of weak hydrogen bonding instead
of deprotonation between fumarate and receptor. This is also
supported by the ab initio calculation (Table 2). Since receptor 2
has a unique color change and higher selectivity for maleate than
fumarate, it can act as an optical chemosensor for recognition of
maleate versus fumatate. The different color observed with maleate
and fumarate can be related to the receptor stereochemistry
that gives rise to different geometries depending on the anion
stereochemistry. Thus, the maleate anion with its cis configuration
perfectly fits into the complex inducing a conformation change
in the receptor. By contrast, the fumarate anion with a trans
disposition of carboxylate moieties does not induce changes in
the ligand conformation and only a small increase of the UV-vis
absorption is observed. The proposed conformational structure
for the complex formed between receptor 2 and the maleate anion
is shown in Fig. 10. Besides that, the basicity of the anion may also
play an important role for recognition. Since the maleate dianion
is more basic than the fumarate dianion (maleic acid, pK,, : 5.0,
pK., : 18.8; fumaric acid, pK,, : 9.0, pK,, : 11.0 in DMSO),'
thus the deprotonation of N-H, will occur preferentially for the
maleate anion.

o

oM

Fig. 10 Possible binding model of 2 with maleate anion.

A weaker or a non-electron-withdrawing substituent on the
phenyl moiety will decrease the acidity of the thiourea protons.
This is illustrated by the receptor 3 (R = CN) and the receptor
4 (R = H). The UV-vis absorption spectral profiles of 3 and
4 with addition of maleate anion are similar to that of 1 with
maleate anion (cf. SI-7 and SI-8, see ESIT). It appeared that both
the receptors 3 and 4 have the same propensity; deprotonation
of the NH group occurred upon addition of maleate anion. This
is similarly proved by the titration of 3 and 4 with [#-Bu,N]JOH
and by '"H NMR titration experiments, respectively. During the
titration process, the color of the solution changes from an initial
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Fig. 11 Color changes of complex 3 upon addition of various anions in
DMSO: (a) 3 only; (b) 3 + 2.0 equiv. of maleate; (c) 3 + 2.0 equiv. of
fumarate.

blue-green color to a purple color (Fig. 11). An apparent 1 : 1
binding constant of each receptor was determined and listed in
Table 1.

Consistent with the result of receptor 2, titration of 3 or 4
with fumarate anion also gave an unnoticeable color change.
The color of the solution still remains the original blue-green
color (Fig. 11). The weak hydrogen-bonding between 3 or 4 with
fumarate was corroborated by the '"H NMR titration experiments
and the hydrogen-bonded distances were reflected in the ab initio
calculations (Table 2). Due to the unique color change and higher
selectivity for maleate than fumarate anion of 3 and 4, they can
be used as optical chemosensors for recognition of maleate versus
fumarate.

The binding of 1-4 receptors with three aromatic isomeric dicar-
boxylate anions (ortho/meta/para-phthalate) were also studied.
Unfortunately, no distinct color change was observed (cf. S1-
12-S1-14, see ESIt). Therefore, the chromogenic reagents 1-4
cannot be used for discrimination between these three aromatic
isomers.

Conclusions

In conclusion, a class of easily prepared sensitive colorimetric
receptors was synthesized, and the recognition of isomeric dicar-
boxylate anions was also studied. Among them, receptors 14
show good sensitivity and selectivity for discrimination of maleate
versus fumarate by drastic color changes. Thus, receptors 1-4
can be used as optical chemosensors for recognition of maleate
versus fumarate anion. Among them, the receptor 1 has also a
unique color change for recognition of fumarate, accordingly it
can be used for detection of the fumarate anion. It was also found
that the performance of the sensor is highly dependent on the
substituent on the phenyl ring; a stronger electron-withdrawing
group (i.e. NO, > CN > CF; > H) resulted in a sensor with
a higher binding constant with maleate. From the results of the
titrations with [#-Bu,NJOH, 'H NMR titration experiments and
the ab initio calculations, it was clearly demonstrated that a NH
deprotonation occurred for the receptors in the presence of the
maleate anion and on the other hand, only a multiple hydrogen-
bonded complex was formed in the presence of the fumarate anion.
Further work will continue to develop the practical colorimetric
sensors for recognition of isomeric dicarboxylates that are effective
in aqueous solution.

Experimental
General

The chemical reagents were purchased from Acros or Aldrich
Corporation and utilized as received, unless indicated otherwise.
All solvents were purified by standard procedures. Melting points
were measured on a Yanaco MP-S3 melting-point apparatus. The
infrared spectra were performed on a Perkin Elmer System 2000
FT-IR spectrophotometer. UV-Vis spectra were measured on a
Cary 300 spectrometer. All NMR spectra were measured on a
Bruker spectrometer at 400 ('H) and 100 MHz (*C) with DMSO-
d, as solvent. High-resolution mass spectra were measured with a
Finnigan/Thermo Quest MAT 95XL instrument.

Preparation of tetrabutylammonium salts

To a stirred solution of a dicarboxylic acid (2.5 mmol) in dry
methanol (5 mL), 2.0 equiv. of a 1.0 M solution of tetrabutylam-
monium hydroxide in methanol (5 mL) was added. The resulting
mixture was stirred for 2 h at room temperature. The solvent
was evaporated in vacuo and dried over P,O;. The resulting
tetrabutylammonium salt was stored under anhydrous conditions
before use.

1-(2-Aminoethylamino)-4-(4-nitronaphthylthiourelyene-ethene-
amino)anthraquinone (6)

To a stirred solution of 1,4-di-(2-aminoethylamino)anthra-
quinone® (0.30 g, 0.90 mmol) in THF (50 mL), 4-nitrona-
phthylisothiocyanate (0.14 g, 0.60 mmol) in THF (50 mL) was
added at room temperature. The resulting mixture was stirred
and heated to reflux for 18 h. After cooling to room temperature,
the solution was concentrated in vacuum. The crude product was
washed with CH,Cl, several times to afford the pure 6. Yield:
0.22 g (42%), as a blue solid. mp: 125-128 °C. 'H NMR (400 MHz,
DMSO-dy): 6 3.73-3.76 (m, 8H), 7.64-7.72 (m, 2H), 7.74-7.84 (m,
4H), 8.09 (d, 2H, J = 8.4 Hz), 8.22-8.32 (m, 6H), 8.42 (d, 2H,
J =8.4Hz), 10.93 (br s, 2H). "C NMR (DMSO-d,): 6 30.8, 40.7,
44.2,108.8, 122.5, 122.8, 123.8, 124.7, 125.5, 125.8, 127.6, 129.4,
130.1,132.8,134.1, 141.1, 143.5,146.3, 181.2, 182.1. FT-IR (KBr):
3293, 3068, 2930, 2853, 2331, 1560, 1506, 1311, 1265, 1168, 1045,
1025, 830, 769, 718, 601 cm~'. UV (DMSO): 372 nm (¢ = 10 270),
596 nm (¢ = 17200), 641 nm (¢ = 19 175). HRMS (FAB) calcd for
CyHNgO,S [M*] 554.1736; found 554.1731.

1-(4-Nitronaphthylthiourelyene-ethene-amino)-4-(4-trifluoro-
methylphenyl-thiourelyene-ethene-amino)anthraquinone (1)

To a stirred solution of 6 (0.30 g, 0.54 mmol) in THF (50 mL), 4-
trifluoromethylphenylisothiocyanate (0.22 g, 1.08 mmol) in THF
(50 mL) was added at room temperature. The resulting mixture
was stirred and heated to reflux for 22 h. After cooling to room
temperature, the solution was concentrated in vacuum. The crude
product was washed with CH,Cl, several times to afford the pure
1. Yield: 0.15 g (37%), mp: 195-196 °C. '"H NMR (400 MHz,
DMSO-dy): 6 3.70-3.82 (m, 8H), 7.63-7.67 (m, 2H), 7.70-7.76 (m,
2H), 7.80-7.83 (m, 4H), 8.08 (d, 2H, J = 8.4 Hz), 8.26-8.30 (m,
6H), 8.40 (d, 2H, J = 8.8 Hz), 10.10 (br s, 2H), 10.90 (br s, 2H). *C
NMR (DMSO-d¢): 6 40.4, 44.0, 108.6, 122.1, 122.6, 123.6, 124.5,
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125.3,125.6,127.3,129.2,129.7, 132.4, 133.7, 140.6, 143.1, 146.1,
180.7, 181.8. FT-IR (KBr): 3269, 2332, 1518, 1323, 1267, 1166,
1065, 1021, 831, 767, 729, 669 cm~'. UV (DMSO): 521 nm (¢ =
21344), 596 nm (¢ = 10253), 643 nm (¢ = 10 626). HRMS (FAB)
calcd for Cy;H;F5N;0,S, [M*] 757.1744; found 757.1756.

1-(4-Nitronaphthylthiourelyene-ethene-amino)-4-(4-
nitrophenylthiourelyene-ethene-amino)anthraquinone (2)

A similar procedure to the synthesis of 1 was carried out using
4-nitrophenylisothiocyanate in place of 4-trifluoromethylphenyl-
isothiocyanate. Yield: 0.16 g (41%), mp: 197-199 °C. '"H NMR
(400 MHz, DMSO-dy): 6 3.74-3.76 (m, 8H), 7.69-7.71 (m, 2H),
7.75-7.82 (m, 7H), 8.09-8.15 (m, 4H), 8.25-8.31 (m, 3H), 8.54
(br s, 2H), 10.28 (br s, 2H), 10.91 (br s, 2H). *C NMR (DMSO-
de): 0 40.6, 40.8, 44.0, 108.9, 109.0, 114.7, 120.9, 122.4, 123.9,
124.7,125.9, 127.6, 129.9, 132.6, 134.0, 142.1, 143.4, 146.2, 180.8,
181.0, 181.1, 182.2. FT-IR (KBr): 3263, 3053, 2935, 2858, 2341,
1639, 1593, 1568, 1506, 1322, 1250 cm™'. UV (DMSO): 360 nm
(e = 24925), 596 nm (¢ = 15195), 643 nm (¢ = 17 544). HRMS
(FAB) calcd for C;4H;gNgOgS, [M*] 734.1730; found 734.1719.

1-(4-Nitronaphthylthiourelyene-ethene-amino)-4-(4-
cyanophenylthiourelyene-ethene-amino)anthraquinone(3)

A similar procedure to the synthesis of 1 was carried
out using 4-cyanophenylisothiocyanate in place of 4-trifluoro-
methylphenylisothiocyanate. Yield: 0.15 g (36%), mp: 197-198 °C.
'"H NMR (400 MHz, DMSO-d,): 6 3.73-3.76 (m, 8H), 7.66-7.68
(m, 2H), 7.75-7.82 (m, 6H), 8.11 (d, 2H, J = 8.4 Hz), 8.26-8.30
(m, 6H), 8.42 (d, 2H, J = 8.8 Hz), 10.14 (br s, 2H), 10.91 (br s,
2H). "C NMR (DMSO-dy): 6 39.6, 39.8, 44.0, 108.8, 122.5, 122.8,
123.8,124.7,125.5, 125.8, 127.6, 129.4, 130.1, 132.8, 134.1, 141.1,
143.5, 146.3, 181.2, 182.1. FT-IR (KBr): 3295, 3064, 2928, 2854,
2335, 1570, 1510, 1310, 1264, 1170 cm™'. UV (DMSO): 524 nm
(e = 10320), 596 nm (¢ = 11160), 643 nm (¢ = 13 540). HRMS
(FAB) calcd for C;;H3NgO,S, [M*] 714.8153; found 714.8157.

1-(4-Nitronaphthylthiourelyene-ethene-amino)-4-(phenyl-
thiourelyene-ethene-amino)anthraquinone (4)

A similar procedure to the synthesis of 1 was carried out
using phthylisothiocyanate in place of 4-trifluoromethylphenyl-
isothiocyanate. Yield: 0.23 g (59%), mp: 206-207 °C. '"H NMR
(400 MHz, DMSO-dy): 0 3.72-3.75 (m, 8H), 7.60-7.64 (m, 1H),
7.67-7.73 (m, 2H), 7.76-7.86 (m, 6H), 8.10 (d, 2H, J = 8.4 Hz),
8.26-8.34 (m, 6H), 8.41 (d, 2H, J = 8.4 Hz), 10.13 (br s, 2H),
10.92 (br s, 2H). "C NMR (DMSO-dy): J 30.9, 40.8, 44.3, 108.9,
122.4,122.9,123.9, 124.8, 125.6, 125.9, 127.7, 129.5, 130.0, 132.7,
134.0, 141.0, 143.4, 146.4, 181.1, 182.2. FT-IR (KBr): 3293, 3068,
2930, 2853, 2330, 1639, 1568, 1506, 1311, 1265, 1168, 1045, 1025,
830 cm™'. UV (DMSO): 382 nm (¢ = 10438), 523 nm (¢ = 8768),
596 nm (e = 17290), 643 nm (¢ = 19 294). HRMS (FAB) calcd for
CyH3 N;0,S, [M*] 689.1789; found 689.1792.
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Approaches to the preparation of enantioenriched materials via catalytic methods that destroy
stereogenic elements of a molecule are discussed. Although these processes often decrease overall
molecular complexity, there are several notable advantages including material recycling,
enantiodivergence and convergence, and increased substrate scope. Examples are accompanied by
discussion of the critical design elements required for the success of these methods.
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An alternative approach to the production of enantioenriched
materials is to begin with a racemic mixture and subsequently
eliminate the intrinsic stereochemistry from a portion or all of this
mixture. The scope of this approach to enantioselective catalysis
is as wide as the number of chiral molecules in existence. While
inherently a complexity minimizing process, this approach has
proven to be valuable in the synthesis of chiral building blocks
and more complex synthetic targets.

In 2005, we defined the term “stereoablation” in the context
of an enantioconvergent reaction." Our initial definition was
“the conversion of a chiral molecule to an achiral molecule,”
based on the Oxford English Dictionary definition for ablation:
“the action or process of carrying away or removing; removal.”?
Upon further consideration of the importance of such methods
in enantioselective chemical transformations, we have seen fit to
expand the scope of this definition to include reactions where
an existing stereocenter in a molecule is destroyed, but the
intermediate molecule need not be wholly achiral.® This revised
definition thereby includes many other important advances. To
date, few stereoablative strategies have been exploited for enan-
tioselective catalysis, although notable exceptions include metal
n-allyl alkylations* and many dynamic kinetic resolutions.® In this
Emerging Area highlight, recent examples of novel approaches to
asymmetric catalytic methods for stereoablation will be discussed.
We hope to demonstrate that this is an important, though
underutilized, method of asymmetric synthesis.®

When considering catalytic enantioselective stereoablative reac-
tions, two possible regimes arise: one in which the stereoablative
step is the enantioselective step (Fig. 1b), and one in which
stereoablation precedes the enantioselective step (Fig. 1c). In the
first case, a catalyst must selectively react with one enantiomer or
enantiotopic group of the substrate to provide enantioenrichment.
In the second case, a nonselective stereoablation is required before
the enantioselective step.

Kinetic resolution is of the former type, selectively transforming
one enantiomer of a racemic mixture to product. In addition
to making enantiomer isolation a trivial process, stereoablative
approaches often have the added capability of converting the
achiral product back into a racemic starting material mixture
by a relatively straightforward procedure. Recycling this material
minimizes the waste common to many kinetic resolutions due to
discard of the undesired enantiomer.

Recently, the Stoltz laboratory has reported an oxidative
kinetic resolution (OKR) of secondary alcohols (Scheme 1).7-1
Utilizing molecular oxygen as the terminal oxidant, [Pd(nbd)Cl,]
(nbd = norbornadiene) and (—)-sparteine catalyze the oxidation
of alcohol (+)-1 to achiral ketone 2, leaving unreacted alcohol (—)-
1 of high ee. Selective stereoablation by -hydride elimination of a
Pd-alkoxide to form product ketone has been shown to be enan-
tiodetermining by extensive mechanistic’*® and computational”
studies. To date, a wide variety of secondary alcohols have been
successfully resolved with this catalyst system.

sallen

[Pd(nbd)Cl,] (5 mol%)
OH (-)-sparteine (12 mol%)

02(1 atm), CHCI,

652003 (0.4 equiv)

3AMS, 23 °C
(2)-1 48 h, 60% conv. (-=)-1
8=31 99% ee

Scheme 1  Stoltz’s oxidative kinetic resolution of secondary alcohols.

Additionally, ketone 4, obtained in the resolution of alcohol (4)-
3, can be recycled by reduction to racemic (+)-3 in quantitative
yield, allowing greater than 50% overall yield of the enantioen-
riched alcohol after a second resolution (Scheme 2).

OH  [Pd(nbd)Cl,] (5 mol%) o] OH
(-)-sparteine (20 mol%)
Y
SO Mrvrag SO AMO®
PhMe, 80 °C

(2)-3 4 (-)-3

1stcycle: 5.0 g 55% conversion 1st: 2.7 g 1si: 2.2 g, 99% ee
2nd cycle: 2.7 g 55% conversion 2nd:14g 2nd: 1.2 g, 99% ee
8=47 _
. total: 3.4 g, 99% ee
NaBH,, MeOH (89% yield) 68% total yield

Scheme 2 Stoltz’s stereoablative kinetic resolution with recycle.

When other stereocenters are present in the alcohol, enan-
tioenriched ketones can be obtained. In the Stoltz synthesis of
(+)-amurensinine (7), racemic alcohol (£)-5 was resolved success-
fully using the [(sparteine)PdCl,] catalyst system (Scheme 3)."* In
addition to highly enantioenriched alcohol (—)-5, diketone (—)-6a
was obtained in 79% ee. This diketone presumably arises from
overoxidation of the initial ketone product ((+)-6b, R = H,) in the
presence of O,. In fact, the monoketone (+)-6b could be isolated
with 77% ee at shorter reaction times, albeit with lower ee of
alcohol (—)-5. Importantly, the products (—)-6a and (+)-6b have
the opposite configuration at C(5), potentially providing access
to (—)-amurensinine. In general, OKR of alcohols with multiple
stereocenters can provide enantioenriched product ketones as
well as alcohols, opening the door to enantiodivergent synthetic
strategies.

OTIPS  oue
[(sparteine)PdCl,] (20 mol%)

<o O ‘O OMe  (-)rspartsine (20 mol%) U
—_—
(o]
o 0, (1 atm), Cs,CO4 £ - 46% yield
3 2-methyl-2-butene (-+6a R=0 79% ee
H CHCl;, 3AMS "
47% yield
(=5 ()5 >69% ee
OTIPS e §>47
Q s
¢ e Q
< N
7 Me
( )-5 (+)-Amurensinine (7)

Scheme 3 OKR in the Stoltz synthesis of (+)-amurensinine.

Oxidative resolution of sulfoxides has also been demonstrated.
Unlike alcohol oxidation, in which C-H bond cleavage is
stereoablative, in sulfoxide oxidation S-O bond formation leads
to stereoablation. Of particular note is an example by Jackson and
coworkers. It was found that a racemic mixture of sulfoxides was
effectively resolved with a vanadium catalyst and diiodide ligand
(R)-9 (Scheme 4)."> The high selectivity in sulfoxide oxidative
kinetic resolution led them to investigate a tandem enantioselective
sulfide oxidation followed by sulfoxide resolution. Treatment
of sulfide 11 with their oxidative conditions provided sulfoxide
(R)-8 in 70% yield and >99.5% ee, along with achiral sulfone 10.
The combined effect of the two processes allows the synthesis of
highly enantioenriched sulfoxides with higher yields than a typical
kinetic resolution. Additionally, coupling two enantioselective
reactions has the potential to bring poorly selective methods into
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o~ (R19" | o- o

L+ (15moi%) i “s”f
/@’ ™ [VO(acac),] (1 mol%) /@’ 5 /@
P
H;0; (1.2 equiv)
(+)-8 CHCly, 0 ° (R)-8 10
s=28 41% yield
98% ee
o=
s (R)-9(1.5 mol%) & 0\‘5'/0
—_— -
H30, (1.2 equiv)
11 CHCl, 0°C (R)-8 10
70% yield
>99.5% ee
Scheme 4 Jackson’s oxidation of sulfoxides and sulfides.

the synthetically useful range because of the enhanced yield and
product enantiopurity relative to the individual steps.

An unusual example of stereoablative kinetic resolution has
been reported by Noyori ez al.'* Hydrogenation of allylic alcohols
with chiral catalyst [((S)-BINAP)Ru(OAc),] results in kinetic res-
olution by symmetrizing one enantiomer of substrate (Scheme 5).
This reductive kinetic resolution (RKR) is capable of resolving
racemic alcohols such as (+)-12 with exceptionally high selectivity
factors, providing achiral alcohol 13 as the byproduct. Although
(R)-12 is obtained in high ee, there is currently no simple, direct
method for recycling 13 back to (4)-12. Nonetheless, this RKR
process provides a complementary method to the previously
described OKR, using a reductive gas instead of an oxidative gas.

OH
[(s)- BINAP)Ru(OAch]
(
O Hz (1 alm) @ ©

(212 ”e°_ (R)-12
25 48% yield
96% ee

Scheme 5 Noyori’s reductive kinetic resolution.

In addition to byproduct recycling, greater than 50% yield
in a stereoablative process can be achieved by performing a
desymmetrization. Such reactions utilize substrates that contain
two enantiotopic functional groups, one of which selectively
reacts with a chiral catalyst. Stoltz and Ferreira have reported
a desymmetrization of meso diol 14 using their Pd-catalyzed
oxidation conditions to obtain ketoalcohol (+)-15 in 72% yield
with 95% ee (Scheme 6).”

9 [panba)C] (5 mol%) 2
@ (=)-sparteine (20 mol%) @ 72% yield
y 05 (1 atm), 3AMS . va%-ee
o PhMe, 80 °C F
14 (+)-15

Scheme 6 Stoltz’s desymmetrization of meso diol 14.

Catalytic enantioselective processes have also been employed
in the desymmetrization of epoxides. Andersson and Sodergren
have reported the use of chiral diamine 17 in the rearrangement of
epoxides to allylic alcohols.”* Treatment of cyclohexene oxide (16)
with 5 mol% 17 in the presence of LDA as the stoichiometric
base provided (R)-2-cyclohexenol (12) in 96% ee (Scheme 7).
Selective removal of one of the enantiotopic protons in the starting
material accompanies destruction of one of the stereocenters of the
epoxide in the elimination step. While there have been several other

NH

5 Lﬁh’“"o OH

(5 mol%) 91% yield
LDA (2 equiv) 96% ee
THF/DBU (95:5)
16 0°C,24h (R}12

Scheme 7 Andersson’s epoxide desymmetrization.

examples of catalytic asymmetric epoxide desymmetrization, this
system has the largest reported substrate scope, with five allylic
alcohols formed with good to excellent ee.

A second type of stereoablative enantioselective catalysis con-
sists of stereoablation followed by enantioselective bond forma-
tion. In these enantioconvergent processes, both enantiomers of a
racemic mixture are converted to an achiral intermediate, which
is converted subsequently to an enantioenriched product in a
separate process (Fig. 1¢). It is critical to avoid kinetic resolution in
the stereoablative step in order to ensure good yield in a reasonable
time.

A prominent type of enantioconvergent catalysis is dynamic
kinetic resolution (DKR) of racemic alcohols. A particularly
elegant system was developed by Béckvall er al, wherein an
achiral metal catalyst (18) capable of rapid stereomutation via the
corresponding ketone was coupled with selective acylating enzyme
CALB (Scheme 8)."* The rates of these two simultaneous reactions
are critical to the success of the process. The rate of stereomutation
must be considerably greater than the rate of acylation in order
to maintain an optimal 1 : 1 mixture of alcohol enantiomers for
the enzymatic resolution. While kinetic resolution by acylation is
a common approach to obtaining enantioenriched alcohols, the
pairing of the stereoablative Ru catalyst and the acylation enzyme
increases the overall efficiency of the reaction, as it allows yields
greater than 50%. However, systems such as this are rare because
the two concurrent catalytic reactions must tolerate one another.

[o]
OH O’lk
H CALB H
_—
isopropenyl acetate
KOt-Bu (5 mol%)
NayCOs, PhM:
(R)}-1 kin:iic ra%o.lutr':n L g
Ph 92% yield
Ph
Psﬁh >99% ee
oc’Hu‘Cl stereomutation
via ketone
13 o
(5 mol%)

(S)-1 (5)-19

Scheme 8 Bickvall’s dynamic kinetic resolution of alcohols.

To avoid catalyst incompatibility, it is desirable to identify
a single catalyst system capable of both the stereoablative step
and enantioselective bond-forming step. In the realm of alcohol
oxidation, Williams and Adair recently reported a deracemiza-
tion of secondary alcohols utilizing a bifunctional Ru catalyst
(Scheme 9).'* This system uses a single catalyst to perform a
nonselective stereoablative oxidation followed by an enantiose-
lective reduction. Exposure of racemic alcohol mixture (£)-20
to a catalyst formed in situ from [RuCl,(benzene)],, phosphine 21,
and (R,R)-DPEN (22) with cyclohexanone as a hydrogen acceptor
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[RuCl,(benzene)], (1 mol%)

OH (R)-21 (2 mol%), (R,R)-22 (2 mol%) o
cyclohexanone (2.4 equiv)
then (£)-20
bec (£)-20 cyclohexanone (0.6 equiv) g 23
+-BuOK (8 mol%), THF
60°C, 24 h
OH
Hz (10 bar) /@ACBH" OO P, H,NIpn
o PAr,
20°C, 16 h l OO HN PR
(S)-20
94% yield (R)-xylyl-BINAP (21)  (R,R)-DPEN (22)
99% ee Ar = 3,5-xylyl

Scheme 9 Williams' deracemization of benzylic alcohols.

produces achiral ketone 23. Pressurization of the reaction with H,
promotes enantioselective hydrogenation to the enantioenriched
alcohol (S)-20. While the demonstrated substrate scope of this
reaction is still limited, the system overcomes the shortcoming
of low yields of kinetic resolution processes, providing benzylic
alcohols in 82-97% yield. The unique ability of the Ru catalyst to
operate via two distinct mechanisms is critical to the success of this
method. According to the principle of microscopic reversibility,
the nonselective transfer dehydrogenation must also be nonselec-
tive in the reverse reaction, and therefore cannot complete the
deracemization. However, introduction of an atmosphere of H,
opens a different, highly selective mechanistic pathway leading to
alcohols of high ee.

Recently, Stoltz et al. established that racemic mixtures of
allyl B-ketoesters are efficiently converted to enantioenriched o-
quaternary cycloalkanones in an enantioconvergent process medi-
ated by Pd and phosphinooxazoline (PHOX) ligands (Scheme 10).!
The mechanism is presumed to proceed through a Pd-enolate (26)
formed by deallylation and stereoablative loss of CO, from (+)-24.
No significant kinetic resolution of the racemic starting materials
was observed, and, coupled with the high chemical yield and
enantioselectivity, these reactions represent an efficient method for
the generation of enantioenriched building blocks for synthesis."”

0, —~
1 N P
PhsP N~) “pd’

/£ d
0 .0 %Bu o VX o
e (S)-+-BUPHOX (25) e
@iﬂ)‘\o/\% (6.25 mol%) O‘ Me NP
—_— —
o
(£)-24 P 26 (5)-27
Et;0, 25 °C, 10 h % piold
92% ee

Scheme 10 Stoltz’s stereoablative enantioconvergent allylation.

An interesting extension of this enantioconvergent method is
the combination of a reactive allyl enol carbonate moiety with
a latent allyl B-ketoester (28, Scheme 11). In the course of this
reaction, a new stereocenter is first generated via decomposition
of the allyl enol carbonate to reveal a Pd-enolate which undergoes
enantioselective allylation. It is important that the catalyst be able
to effectively overcome the inherent stereochemical preference of
the substrate since the starting material is a racemic mixture. If
the catalyst is unable to overcome the substrate preference, then
a poor product d.r. will result. Notably, in this reaction, a 7 : 3
d.r. was obtained with Ph;P as ligand, while an enhanced d.r. of
4 : 1 was observed with (S)--BuPHOX (25) as ligand. In the second
step of this double-allylation reaction, the newly revealed ketone in
29 activates the allyl ester toward decarboxylation and formation

: QL.
I
“\/\OJLO 0 PhaP N\__) o o
(S)-25 g
07 (tomom) N o ~F
_—
[Pd(dba)s] (4 mol%)
(2928 THF, 40 °C pr
N ) P
Pd . @
o R s H P
i : A
(-)-31
30 76% yield
92% ee, 4:1d.r.

Scheme 11  Stoltz’s cascade asymmetric allylation generating two quater-
nary stereocenters.

of Pd-enolate 30. Catalyst control over the configuration of the
second stereocenter leads to a Horeau type enhancement'® of the
overall ee of the product. In this case, product (—)-31 forms in
92% ee.

A second stereoablative reaction has been reported with the Pd—
PHOX catalyst system. In this case, the putative Pd-enolate (26) is
trapped with an alternate electrophile: a proton (Scheme 12).”
Again, the enantiopure catalyst is involved in both the bond-
breaking and bond-forming steps, although the exact mechanistic
course of the reaction remains unclear.? The divergent reactivity of
the enolate intermediate toward different electrophiles highlights
the effectiveness and convenience of these stereoablative reactions.
While the stereoablative step in both reactions is likely identical,
two different structural motifs (o-quaternary and o-tertiary
ketones) are both available from a common starting material.**

.
0 N
IJ N, P
PhP N pd

o) o
(S)-t-BuPHOX (25) Me
/\/ (12 5 mol%) O‘ Me .H
[Pd(OAc)zl
(x)-24 Hco H TAlS 26 (5)-32
dioxane 40°C, 10 h 88% yield
94% ee

Scheme 12 Stoltz’s stereoablative enantioconvergent protonation.

Catalyst design in catalytic enantioconvergent processes is
especially important in cases such as the enantioselective decar-
boxylative allylation and protonation reactions described above.
Since the catalyst is intimately involved in both the stereoablative
(C-C bond-breaking) and enantioselective (C—C or C-H bond-
forming) steps, it is critical that the first step be insensitive to
substrate stereochemistry.

Analogous enolate methods are known in which stoichiometric
reagents are used in the stereoablative step.”? Importantly, kinetic
resolution of the starting material is avoided by employing an
achiral reagent (e.g., sec-BuLi) for this process. Among these is the
asymmetric Li-enolate protonation method of Vedejs and Kruger,
wherein a catalytic amount of a chiral amine (34) coupled with
slow addition of stoichiometric phenylacetic acid derivative 35
leads to amide (R)-33 in high ee (Scheme 13).%

A unique, metal-free approach to stereoablation was developed
by Hénin and Muzart er al** In this work, a light initiated
Norrish Type II fragmentation is employed to eliminate the
stereocenter present in tetralone 36 and access intermediate
enol 37 (Scheme 14). Subsequently, amino alcohol 38 mediates
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1. sec-BulLi, -78 °C

2. ¢
NHMe
N(FPr)a N(FPr)z
(5 mnl%)
MeQ T ™ meo

(£)-33 & ”"’" (R)-33
94% yield
.'35 92% ee
(2 equiv added over 1 h)

Scheme 13 Vedejs' enantioselective enolate protonation.

; NHi-Pr

o hv(ass nm) o
Me CH4 H
-4u "c 1 h 38 oe | Me
O‘ omm ™
(£)-36 (60% canverslon) (R)-32
Norrish Type Il 40% yield
Fragmentation 89% ee

Scheme 14 Muzart’s photolytic stereoablative process.

tautomerization to the enantioenriched product (R)-32. Other
amino alcohols provide higher levels of conversion and yield at
the cost of enantioselectivity.

A recent report of a stereoablative enantioconvergent pro-
cess for cross-coupling was detailed by Fu et al. in 2005. In
the reaction, a racemic o-bromo amide or benzylic bromide
is treated with catalytic Ni, enantiopure (i-Pr)-Pybox ligand,
and an alkylzinc reagent to create an enantioenriched tertiary
stereocenter (Scheme 15).2 Although the mechanistic details have
not been fully elucidated, it has been hypothesized that the racemic
bromide (39) initially decomposes to a radical intermediate (40),
negating the stereochemistry of the starting material. Subsequent
combination of the carbon-centered radical with the Ni catalyst
and Negishi-type coupling provides (—)-42 and completes the
catalytic cycle.

Br NiL, Hex
[NIBrydiglyme]
\@j (10 mol%) \@ Hex-ZnBr \CES
S EEEE— —P
(S +Pr)-Pybox [
(429 {13 mol%) )42
89% yield
96% ee

Scheme 15 Fu’s enantioconvergent Negishi coupling.

Asafinal example, Trost and Ariza have reported an intermolec-
ular system where both the electrophilic and nucleophilic partners
are racemic (43 and 44, Scheme 16).% Tt is proposed that (+)-43
is converted to an achiral n'-allyl ligand bound to Pd (45), which
is subsequently attacked by deprotonated azlactone 46, forming
product 47 with excellent enantio- and diastereocontrol. The
remarkable stereochemical control in this work is made possible
by two separate stereoablative steps.

OAc — —_
PdL,
¢
_ * 0
(R,R)-Trost Ligand
()-43 (7.5 mol%) 45
i = 4 » 7, . [¢]
o [n®-C3HsPdCI]; o- N~{
(2.5 mol%) Ph
EtyN, CH;CN 47
)\(U\ 0 8 ZTo 91% yield
N= n={ 95% ee
Ph Ph >19:1dr
(2)-44 L 46 |

Scheme 16 Trost’s doubly-stereoconvergent allylic alkylation.

Conclusions

Although to date the primary focus during the development of
enantioselective catalysis has been the creation of new stereocen-
ters on prochiral substrates, asymmetric catalysis is not limited
to the selective construction of new stereocenters. The selective
destruction of stereogenic elements is also a viable, and increas-
ingly important, technique that is beginning to show its utility
in synthetic applications. This approach has several advantages
including easily recycled byproducts, easily accessible racemic or
meso starting materials, entries into enantioconvergent catalytic
processes, and opportunities for enantiodivergent synthesis. As
these new methods become more prominent and are further
developed by the synthetic community they will surely play a
pivotal role in the construction of enantiopure materials.
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We present herein our recent efforts towards the synthesis of epoxydiynes which represent an unusual

structural feature of the neocarzinostatin chromophore. A number of different routes to these
epoxydiynes have been explored with varying success. Ultimately a concise and convergent approach
was developed, which involved the addition of an allenyl zinc bromide to propargylic
ketones/aldehydes followed by epoxide formation. This new protocol enabled us to synthesise a fully

elaborated epoxydiyne which will find application for our studies towards the total synthesis of the

NCS chromophore.

Introduction

The chromoprotein neocarzinostatin (NCS) was the first isolated
member of the so-called ‘enediyne’ class of antibiotics, and was
found to exhibit broad-spectrum antitumor activity (Fig. 1).
NCS was isolated in 1965 by Ishida e al. from the bacterium
Streptomyces carzinostaticus." NCS is made up of a 1 : 1 non-
covalent complex of an extraordinary reactive nine-membered
ring epoxydiyne chromophore? (NCS chrom) tightly bound to
a protein known as apo-NCS (K = 0.1 nM).* The antitumour
activity solely arises from the chromophore* which acts as a
DNA-cleaving agent initiated by radical hydrogen abstraction of a
deoxyribose residue.®* The apoprotein protects, carries and delivers
the chromophore.* SMANCS, a polymer-conjugated NCS variant
has been approved for a variety of cancers in Japan and has
shown some impressive results against solid tumours.” Since the
disclosure of its structure in 1985, NCS has been the subject of
intensive synthetic investigations® and to date two successful total
syntheses have been reported by Myers and Hirama. The aim
of this paper is to report our current efforts to establish a general
method for the synthesis of epoxydiynes and towards the total
synthesis of the NCS chromophore.

Results and discussion

Our strategy towards the NCS chrom has been to consider two
fragments, a cyclopentenone and an epoxydiyne, with the aim
of joining the two by an initial Michael addition of the free
alkyne followed by an aldol cyclisation to form the 9-membered
ring (Scheme 1).!' We have previously reported a route to the
cyclopentenone” and also on model studies of the Michael-aldol
sequence.'t We report here on our efforts towards the challenging
epoxydiyne fragment, discuss the different approaches we took,

“Department of Chemistry, University College London, 20 Gordon St,
London, UK. E-mail: s.caddick@ucl.ac.uk; Fax: +44 (0)207 679 7463;
Tel: +44 (0)207 679 4694

*Department of Chemistry, University of Sussex, Falmer, Brighton, UK

T Electronic supplementary information (ESI) available: Experimental
data. See DOI: 10.1039/b711196g

Scheme 1  Our retrosynthetic approach.

the problems we encountered and ultimately the solution we found
which crucially enabled the incorporation of the key C-8 acetal.

Our preliminary approach relied on the preparation of
enediynes with the correct stereochemistry ready for the introduc-
tion of the epoxide ring using a Sharpless asymmetric epoxidation
(SAE). The first investigated and most convenient route to such
enediynes involved a dehydration strategy. The alcohol 2 was
thus prepared using the protocol developed by Hirama et al*
Dehydration of 2 via base-mediated elimination of the mesylate
led to 3 in a disappointing 38% yield with an E : Z ratio of 2 : 1.
Alternatively, dehydration of 2 and concomitant introduction of
the acetal functionality via a zinc-mediated acetalisation at high
temperature led to the separable enediynes 4 in poor yield but with
good diastereoselectivity (E : Z/10 : 1) (Scheme 2).
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Scheme 2 Enediyne synthesis via dehydration.

Despite many efforts to optimise the conditions of the dehydra-
tion reaction, we were unable to increase the yield and the selec-
tivity and hence sought an alternative route. Hirama et al. have
reported an efficient synthesis of an enediyne and ultimately an
epoxydiyne involving a magnesium-mediated carbometalation.!®
We decided to try to use this approach toward our key fragment
which would crucially incorporate the C-8 carbon. Copper-
mediated coupling of the iodo-alkyne 5 was achieved using
protected propargyl alcohols affording 6, 7, and 8 in yields ranging
from 25% to 78% (Scheme 3). Unfortunately, the addition of
ethynyl Grignard failed to give the corresponding E-enediyne 9
in each case and only starting material was recovered, revealing
this reaction to be highly substrate dependent.

OH
HO,,,
OH OR | |
HO,, —
; Cul, pyrr;Iidine Ethan%ggr, THF,
[ —
I 5 8 OR

6R=TBS 78%
7 R =TBDPS 54%
8R=Bn 25%

Scheme 3 Attempted enediyne synthesis via carbometalation approach.

We decided to investigate a variety of other olefination strategies.
Initially attempted was the addition of the phosphonate reagent
11 to the propargyl ketone 12 through a Horner—Wadsworth—
Emmons (HWE) reaction (Scheme 4)."* 11 was prepared in one
step from 10 and subjected to 12'% under HWE conditions.
Unfortunately none of the product 13 could be isolated and only
degradation of the starting material was observed. We attributed
these results to the instability of the deprotonated phosphonate
perhaps via cumulene formation.

A second olefination strategy was examined and involved the
reaction of alkynyl ketone 12 with the commercially available

TBSO TBSO
| | (MeO)3P, 140 °C | |
59%
MeO.
Br P8
MeO™ I
(0]
10 11
/FO 11, n-BuLior
o KHMDS, THF,
-78°C
o X >
/ or 11, n-Bu,OTf,
/ i-PraEtN, DCM
™S

Scheme 4 Attempted enediyne synthesis via Horner—Wadsworth—
Emmons methodology.

bromomethyltriphenylphosphonium salt (Scheme 5). This reac-
tion proceeded in good yield but unfortunately gave exclusively
the Z-vinyl bromide 14. The stereochemistry of this process was
confirmed by '"H NMR studies in which no NOE enhancement
between H-5 and H-13 was observed. This is in contrast to the
enynes reported below in which these hydrogens are on the same
side of the double bond and do result in an NOE enhancement.
Despite this we decided to examine a possible isomerisation
strategy and hence installed the second acetylenic moiety via a
Sonogashira coupling which led to the isolation of the Z-enediyne
15 in 54% yield. This methodology provides an expeditious access
to Z-enediynes including C-8. We then attempted a photochemical
isomerisation of 15 under the conditions reported by Trost et al.*®
Unfortunately, no isomerisation to generate 16 was observed and
the starting material was recovered in good yield.

OTBS
[0} 6} = /
BrCH,PPhBr, =
Pd(dba)s, PPhs,
On. KHMDS, THF, 0. 2
' 78°C Br  cul, EtN, THF
—_— —_—
/ 71% Hs 54%
™s o, ™s o

100% Z-isomer

(PhSe)z, CGHG:
hv (254 nm)

N

15
No nOe enhancement

Scheme 5 Attempted enediyne synthesis via Wittig-Sonogashira
approach.

Although the aforementioned strategy failed to deliver the
E-diyne stereochemical relationship, it did highlight the potential
utility of the vinyl halides. Motivated by the pioneering studies
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of Piers et al' in which stereocontrolled conjugate addition
of sodium iodide to alkynes was achieved we devised a related
strategy. Thus we conceived that it may be possible to make
appropriate functionalised Z-iodo-alkenes via acid-catalysed ad-
dition of iodide to an appropriately substituted acetylenic ester. If
successful this strategy would complement the approach described
by Bruckner er al'’ who made the enol-triflate ester as key
intermediate through the use of the chlorinated Comins’ reagent.
The acetylenic ester 19 was thus made to apply this methodology.
This was prepared from the commercially available D-mannitol
derivative 17 in 60% overall yield via oxidative cleavage of the
diol, Corey—Fuchs homologation via dibromoalkene 18 and finally
in situ methyl chloroformate trapping (Scheme 6).'® After extensive
optimisation studies, we found that treatment of 19 with sodium
iodide (1.5 equiv.) and acetic acid (1.6 equiv.) in acetonitrile at
high temperature led exclusively to the desired iodo-alkenyloate
20 in excellent yield. The stereochemistry was confirmed by NOE
enhancement between H-5 and H-13.

e

1) NalO,, DCM ..

n-BuLi, THF, J
-78 °C then
Br cico,me
— _—

OH 2) CBry, PPh, g 60% overall
DCM
CO,Me
18
19
,—7LO fo) nOe
o, Nal, CH3CO,H, m 4%
' CH3CN, 115 °C Ou.. 13 Hs
I 95% " CoMe
COzMe
19 20

100% Z-isomer

Scheme 6 Z-Iodo-alkenyloate ester synthesis via stereocontrolled halide
addition.

From this iodide 20, the first acetylenic moiety was installed via
Sonogashira coupling® to afford the known enyne 21 (Scheme 7).
NOE experiments (enhancement between H-5 and H-13, 5%)
confirmed that no isomerisation of the double bond occurred
under the conditions of the reaction. Subsequent ester reduction
with DIBAL gave the allylic alcohol 22 in a quantitative yield.
22 was treated under SAE conditions® and despite extensive
investigation of the parameters we were unable to isolate the epoxy-
alcohol 23. In order to examine the impact of the trimethylsilyl
group, we effected desilylation of 22 with TBAF to the allylic
alcohol 24. Attempted epoxidation of 24 under SAE conditions
at —6 °C using sub-stoichiometric amount of titanium-tartrate
catalyst (0.2 equiv.)* provided the epoxy-alcohol 25 in good yield.
Thus it was clear that the silyl group was hindering the epoxidation.

We then turned our efforts towards the introduction of the
second acetylenic moiety. Oxidation of 25 with Dess—Martin
periodinane® led to the highly silica-sensitive epoxy-aldehyde
26. The dibromoalkene 27 was then prepared by an optimised
modification of the Corey-Fuchs procedure® and using this
approach we could avoid bromination of the terminal alkyne

TMSA, CH3CN,
Pd(PPh3)4, Cul, O

Hs DIBAL, Et,0,
Et;N

-78°C
CoMe  98%

Qi

I CO,Me 9%

TBAF, THF,

O Ti(-PrOy4) (0.2 equiv.)

OH TBHP, MS4A,
// DCM, -6 °C, 96h
81%

Scheme 7 Synthesis of alkynyl epoxy-alcohol via SAE.

or epoxide opening (Scheme 8). The conversion of 27 to the
epoxydiyne 28 turned out to be problematic and despite our
best efforts, 28 could not be cleanly isolated. We also attempted
to use other methods to generate the second alkyne via Shioiri
homologation,* Seyferth-Gilbert* or Ohira* methodologies but
none of them afforded 28. We reasoned that the nucleophilic
reagents may be causing epoxide ring opening of 27.

CBr4, PPh3,

Et;N, DCM,

-78°C
—_—
53% overall

DBU or TBAF
or NaHMDS

27

Scheme 8 Attempted synthesis of diyne epoxide via Corey-Fuchs or
related methodology.

As these attempts to synthesise epoxydiynes had failed to
deliver an effective strategy we decided to examine approaches
circumventing an SAE approach. It has been recently reported
that allenyl zinc bromide 32 can condense with selected aldehydes
and ketones via a Darzens-like sequence to yield halohydrin
intermediates which readily cyclise to propargylic epoxides in good
overall yield.”” We decided to attempt to extend this method to
the synthesis of epoxydiynes and investigate the stereochemical
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outcome.”® Treatment of the propargyl chloride 31 with zinc
bromide (2 equiv.) followed by LDA (2 equiv.) at low temperature
was assumed to afford the organozinc reagent 32. Addition of 2-
octynal gave two chlorohydrin diastereoisomers 33 and 34 whose
isolation could not be achieved due to their instability. Subsequent
desilylation of the crude mixture with KF in DMF followed by
cyclisation with DBU led to the diastereoisomeric epoxydiynes 35
and 36 as a mixture in a 5 : 3 ratio (Scheme 9). The major product
was confirmed as trans due to its smaller coupling constant
(2.0 Hz).” This methodology constitutes a convenient route to
epoxydiynes.

TMSCI, n-BuLi 1) ZnBry (2 equiv.)
THF, -78 °C THF, -20°C
— TMS—— R — e
(o] Cl 2)LDA (2 equiv.),
30 31 -78°C
H — —
© ™S ™S
7 o, 7
Cl ZnBr nCaHys
>, —_—
H T™s /) /) cl
32 nCsHqq nCsHy1
— 33 34 _
(+/-) anti (+/-) syn
5:3
) KF, DMF/HyOcat H, / O

2) DBU, DCM // \\

42% over 3 steps
nCSHH nCsHq4

(+/-) trans 35
5:3
3J(Ha-Hp)= 3.8 Hz

(+/) cis 36

3J(Ha-Hp)= 2.0 Hz

Scheme 9 Synthesis of epoxydiynes via addition of allenyl zinc bromide.

The stereochemical outcome is in agreement with a model
in which the major stereoisomer is generated from a transition
state minimising the steric interaction between the alkyne and
the chlorine atom.?”® The stereospecific cyclisation via a Sy2
mechanism then leads to the epoxide products. With this early
success we decided to examine the application of this methodology
to more elaborate epoxydiynes, especially those relevant to the
synthesis of NCS chrom. Such studies would require the extension
of the method to include a ketone as the electrophile. We
postulated that propargylic ketone 12 should preferentially lead
to an epoxydiyne with a frans configuration due to the increase
steric demand at the a-position. Thus the favoured transition state
in this case avoids the steric clash between the chloride and the
acetal group (Scheme 10).

Also from literature precedent,* we anticipated that the chiral
centre (R C-13) at the a-position would guide the addition of
the allenyl zinc reagent 32 to the Si face of 12 to favour the
formation of the alcohol with the required R-stereochemistry (as
drawn in Scheme 11). This can be rationalised by proceeding via

A(O A(O
Qn Q-

—0, —0,
cl™ A H 7

: ZnBr
s

TMS  Favoured

: ,// \\ZnBr

TMS  Disfavoured

Scheme 10 Chelate-type transition state for diastereoselectivity.

a P-chelation transition state involving the zinc or non-chelation
Felkin—Anh transition state (Scheme 11).

Cl ZnBr

H ™S 7(
32

Addition on

Si face Nu H | I

TMS
B-chelation involving Zn or
non-chelation Felkin-Ahn

Scheme 11 Proposed transition state for the stereoselective addition of
the allenyl zinc reagent.

Addition of 12 to 32 clearly led to one major chlorohydrin 37
from crude NMR. Desilylation and concomitant cyclisation were
achieved with KF in DMF affording a mixture of diastereoiso-
meric epoxydiynes from which only 38 was cleanly isolable in
moderate yield (Scheme 12). Confirmation of the stereochemical
outcome in this reaction is explained below.

+°
O 32, THF, -78 °C O
o >

Vi

™S T™S
12 o 37 -

KF, DMF/H,0

45%

VA © A
38

Scheme 12
ketones.

Diastereoselective synthesis of epoxydiynes from propargyl

We then extended this methodology to the synthesis of epoxy-
diynes in which one alkyne retained a protecting group. Thus the
protocol was applied to the appropriate TES and TBS-protected
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propargyl chlorides. In each case, one major chlorohydrin was seen
from crude NMR analysis but the isolation of the chlorohydrin
could not be achieved due to its instability. Subsequent treatment
of the crude mixture in each case with K,COj; in methanol at low
temperature led to selective TMS-removal and ring closure afford-
ing a mixture of epoxydiynes from which the major product, 39
and 40 respectively, was cleanly isolable in good yield (Scheme 13).
The other diastereoisomers were present in complex mixtures
thus preventing the determination of reliable diastereoisomeric
ratios. However for the major products, the stereochemistry was
confirmed as the compounds were correlated with those reported
by Hirama® and Myers.'™ In the latter case the completion of the
synthesis of the NCS chrom by Myers from compound 40 unam-
biguously confirmed the stereochemistry. Furthermore compari-
son of the ap, of 39 and 40 with the literature values suggested that
no racemisation of the ketone 12 occurred under the conditions of
the addition. The synthesis of Myers’ key NCS chrom intermediate
40 by this method has thus been reduced from 9 steps from the
commercially available D-mannitol derivative 17, to just 5 steps
from the same starting material using this new methodology.

Cl ZnBr

A

THF, -78°C

2) K,CO3, MeOH,

Vi -10°C

T™S

12 39 R=TES 62%
40 R=TBS 61%

Scheme 13 Diastereoselective synthesis of unsymmetrical epoxydiynes
from propargyl ketones.

The removal of the TES group from 39 with TBAF gave 38,
providing confirmation of the stereochemical outcome of this
initial example.

As mentioned above our general strategy towards the NCS
chrom demands the inclusion of C-8 on the epoxydiyne synthon.
To do this the allenyl zinc methodology required an appropriately
substituted propargylic chloride. 42 was thus prepared from the
commercially available propargyloxytrimethylsilane. Functional-
isation using diethylphenyl orthoformate with ethyl magnesium
bromide to include C-8 followed by immediate desilylation
afforded the propargyl acetal 41 in good yield after distillation.*
Mesylation immediately followed by substitution with tetra-
butylammonium chloride gave the functionalised propargylic
chloride 42 in good yield and of sufficient purity after a simple
work-up (Scheme 14). We had considerable concerns about the
application of the zinc methodology to a substrate containing two
leaving groups and considered that decomposition via cumulene
formation might be problematic.

Gratifyingly however, formation of the allenyl zinc reagent 43
appeared to occur without problem and its addition to 12 led to the
chlorohydrins 44 and 45 as a mixture in a 10 : 1 ratio (Scheme 15).
In this particular case, the chlorohydrins could be isolated. Traces
of the two other diastereoisomers were also visible by NMR but
only in negligible quantities. Subsequent treatment of this mixture
with KF in DMF led to the separable epoxydiynes 46 and 47 in a
trans : cis/10 : 1 ratio from which our key target 46 was isolated

cl
OTMS OH 4y Mscl, EtaN,
1) PhOCH(OER),, Et,0, 0°C
_EMgBLTHE || I

2) K,CO3, MeOH 2) CHCI3, BuygNCl,
8 0
70% eo” Nogt 0 C Et0” “OEt
41 80% 42

ZnBr,, LDA,
THF, -20 °C

OEt

OEt

KF/DMF/H,0

cis 47
66% 10:1 7%

trans 46

Scheme 15 Diastereoselective synthesis of epoxydiynes including C-8.

in 66% over two steps. The cis/trans geometry of the epoxydiynes
was confirmed with a 3% NOE enhancement observed between
H-5 and H-13 in the case of the major compound. These data
allowed us to confirm the stereochemistry of the intermediate
chlorohydrins.

We then attempted to further improve the diastereoselectivity
of the transformation by increasing the steric bulk at the o-
position to the ketone 49. Therefore the C-13/C-14 diol moiety
of 49 was protected as its cyclohexylidene ketal prior coupling to
the organozinc 43 (Scheme 16). The propargylic ketone 49 was
prepared from the readily available b-mannitol derivative 48. In
this sequence, the oxidation with PDC proved to be difficult and
the use of periodinane turned out to be much more efficient. The
formation of chlorohydrins 50 and 51 proceeded with a good
diastereoselective ratio although it was surprisingly lower than
the dimethylacetal case previously discussed. Subsequent desilyla-
tion with concomitant cyclisation afforded the diastereoisomeric
epoxydiynes 52 and 53 in a 5 : 1 ratio from which the required
product was isolated in 53% overall yield.

Conclusions

The development of a general strategy for a synthesis of epoxy-
diynes has proven to be extremely difficult due to the formation of
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48 49

EtO
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Scheme 16 Diastereoslective synthesis of epoxydiynes from propargyl
ketone 49.

unstable intermediates which could not be processed to the fully
elaborated epoxydiyne. After considerable investigations, we fi-
nally found that the addition of allenyl zinc bromide to propargylic
ketones provides an expeditious entry to stereochemically pure
epoxydiynes. For our particular strategy the ability to introduce
the C-8 portion required for NCS chrom is particularly useful.
It is noteworthy that the present protocol provides a very simple
synthetic route to other functionalised epoxydiynes which have
previously found use in the synthesis of NCS chrom. Studies are
underway to complete the total synthesis of the NCS chrom using
this methodology.

Experimental Section
General remarks

Optical rotations were measured on a PolaAr 2000 polarimeter
at the sodium D line (589 nm) in the solvent and concentration
indicated. Infrared spectra were recorded on a SHIMADZU
FT-IR 8700 spectrometer. Data were presented as frequency of
absorption (cm™"'). Proton and carbon NMR were measured on a
Bruker AMX300, a Bruker AMX400 or a Bruker AVANCES500
spectrometer. Chemical shifts are expressed in parts per million
(0) and are referenced to the residual solvent peak (CHCl;, 7.26
and C,DsH, 7.15). The following abbreviations are used: s, singlet;
d, doublet; t, triplet; q, quartet and br, broad. Coupling constants
are recorded in Hertz. “C NMR chemical shift were referenced

to resonances of the NMR solvent. Flash chromatography was
carried out on silica gel (3270 um). Thin layer chromatography
was performed on aluminium plates pre-coated with Merck silica
gel 60 F,s, and was visualised by exposure to UV and/or exposure
to potassium permanganate or anisaldehyde followed by heating.
All reactions were performed in flame-dried round bottom flasks
and under positive pressure of argon unless otherwise noted.
Commercial reagents and solvents were used as received with
some exceptions. THF, Et,0, CH;CN and DCM were distilled
through an alumina column from an anhydrous engineering
apparatus. Triethylamine was distilled from calcium hydride at
760 Torr. Lithium diisopropylamide (1 M in THF-hexanes) was
freshly prepared by the addition of n-butyllithium (freshly titrated)
respectively to a solution of freshly distilled diisopropylamine in
THF. The molarity of n-Butyllithium was determined by titration
using dry [(18)-endo]-(—)-borneol and fluorene as indicator. ZnBr,
99.999% was purchased from Aldrich. Trimethyl phosphite was
distilled prior to use. Ti(1v) isopropoxide was distilled under
reduced pressure at 10° Mbar and stored in a drybox. D-(—)-
diethyl tartrate was distilled under reduced pressure at 10~ Mbar
and stored under argon.

2-Ethynyl-3-hept-1-ynyl-oxirane (35 and 36)

To ZnBr, (0.306 g, 1.36 mmol) in THF (1 mL) at —20 °C was
added 31 (0.100 g, 0.68 mmol), then the mixture cooled to —78 °C
and freshly prepared LDA (1.36 mmol) in THF (3 mL) was
added. The mixture was stirred for 1 h then 2-octynal (0.093 g,
0.75 mmol) was added. The stirring was continued for 1 h at
—78 °C and the reaction was warmed to —30 °C and stirred for
45 min then a saturated aqueous solution of NH,CIl was added
to quench and the reaction mixture was partitioned between H,O
(20 mL) and Et,O (50 mL). The aqueous layer was then washed
with Et,0 (2 x 50 mL) and the combined organic extracts washed
with H,O (20 mL), brine (20 mL), dried over magnesium sulfate.
Concentration in vacuo gave the crude chlorohydrin to which DMF
(3.5 mL) was added followed by addition of KF (2.73 mmol,
0.158 g) in one portion. The reaction mixture was stirred for 1 h
then H,O (1 mL) was added to quench. The mixture was extracted
with Et,O (20 mL), washed with brine (2 x 10 mL), dried over
magnesium sulfate, filtered and concentrated in vacuo. Column
chromatography eluting with CHCl; (50%)-PE afforded the crude
desilylated chlorohydrin.

To the crude chlorohydrin in DCM (2.5 mL) was added DBU
(3.4 mmol, 0.519 g) and the reaction mixture was stirred for
2 h. The mixture was poured on silica gel previously neutralised
with DBU (0.1%) in PE. Column chromatography eluting with
CHCI; (30%)-PE resulted in the inseparable diastereoisomeric
epoxydiynes 35 and 36 (42%, trans : cis: 5 : 3). Repeated column
chromatography allowed a small amount of each diastereoisomer
to be isolated for analysis. v, (film)/cm~"' 3298, 2956, 2933, 2871,
2860, 2237, 2171, 1460, 1398, 1315; trans-epoxydiyne (major): 'H
NMR (300 MHz, CDCl;) 64 3.50 (dt, 1H, J 2.0, 1.7), 3.43 (dd,
1H, J 2.0, 1.7), 2.33 (d, 1H, J 1.7), 2.19 (td, 2H, J 7.1, 1.7), 1.50
(m, 2H), 1.32 (m, 4H), 0.89 (t, 3H, J 7.3); “C NMR (75 MHz,
CDCl;) d¢ 86.0 (C), 79.0 (C), 74.9 (C), 72.4 (CH), 47.3 (CH), 46.7
(CH), 30.9 (CH,), 27.8 (CH,), 22.1 (CH,), 18.6 (CH,), 13.9 (CH5);
cis-epoxydiyne (minor): '"H NMR (300 MHz, CDCl;) 0, 3.54 (dt,
1H, J 3.8, 1.7), 3.50 (dd, 1H, J 3.8, 1.7), 2.43 (d, 1H, J 1.7), 2.26
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(td, 2H, J 7.1, 1.7), 1.54 (m, 2H), 1.38 (m, 2H), 1.31 (m, 2H),
0.89 (t, 3H, J 7.3); *C NMR (75 MHz, CDCL) é.. 87.7 (C), 78.2
(C), 77.2 (C), 73.9 (CH), 46.6 (CH), 46.1 (CH), 30.8 (CH,), 27.9
(CH,), 22.1 (CH,), 18.7 (CH,), 13.9 (CH,); HRMS (M + H)" calc.
for C,,H,,0 163.11228, found m/z 163.11190.

(R)-4-((2S,3R)-2,3-Diethynyloxiran-2-yl)-2,2-dimethyl-1,3-
dioxolane (38)

Method A: To ZnBr, (0.225 g, 1.0 mmol) in THF (1 ml) at —20 °C
was added 31 (0.073 g, 0.5 mmol), then the mixture cooled to
—78 °C and freshly prepared LDA (1 mmol) in THF (2 ml) was
added. The mixture was stirred for 1 h then 12 (0.113 g, 0.5 mmol)
was added. After stirring for a further 2 h at —78 °C, NH,Cl,,,, was
added to quench, and once the mixture had warmed to RT it was
separated between H,O (20 ml) and Et,O (50 ml). The aqueous
layer was then washed with Et,O (2 x 50 ml) and the combined
organic extracts washed with water (20 ml), brine (20 ml), and
dried (MgSO,). Concentration in vacuo, followed by purification
via column chromatography [Et,O (15%) in PE] gave the crude
halohydrin (115 mg).

To the crude halohydrin (0.050 g) in DMF (1.0 ml) was added
KF (0.028 g, 0.48 mmol) followed by H,O (1 drop). The reaction
mixture was stirred for 22 h then NH,Cl,,,, was added to quench,
and it was separated between H,O (20 ml) and Et,O (50 ml). The
aqueous layer was then washed with Et,O (2 x 50 ml) and the com-
bined organic extracts washed with water (20 ml), brine (20 ml),
and dried (MgSO,). Concentration in vacuo, followed by purifi-
cation via column chromatography [Et,O (20%) in PE] gave 38
(0.018 mg, 45%) as a white solid (mp 78-79 °C). [a]¥ +16.0 (¢ 0.1,
CHCly); Vi (film)/cm~" 3300 (s), 2991 (m), 2120 (w), 1383 (m),
1074 (s); "H NMR (300 MHz; CDCl;) 6 1.36 (3 H, s, OCHj;), 1.47
(3H,s,0CH;),2.47(1H,d,J2.0,HCCCH),2.51 (1 H,s, CCCH),
3.65(1 H,d, J2.0),4.06-26 (3H, m, CH,CH, CH,CH); *C NMR
(75 MHz; CDCl;) ¢ 25.1 (CH;), 26.0 (CHj;), 49.1 (CH), 57.6 (C),
66.4 (CH,), 74.9 (C), 75.6 (CH), 75.7 (C), 76.8 (CH), 77.3 (CH),
111.1 (C). m/z (DCi) 193 (M + H)*, 17%), 177 (100), 135 (95).

Method B: To 39 (0.090 g, 0.29 mmol) in THF (1.5 ml) at
—78 °C was added a 1 M solution of TBAF in THF (0.58 ml,
0.58 mmol). After stirring for 10 min the reaction mixture was
quenched with NH,Cl,,, then allowed to warm to RT. The
aqueous layer was then washed with Et,O (2 x 10 ml) and the
combined organic extracts washed with brine (5 ml), and dried
(MgS0,). Concentration in vacuo, followed by purification via
column chromatography [Et,O (20%) in PE] gave 38 (0.024 g,
55%). Data matched that given above.

[3-(2,2-Dimethyl[1,3]dioxolan-4-yl)-3-ethynyl-
oxiranylethynyl]triethylsilane* (39)

To ZnBr, (477 mg, 2.1 mmol) in THF (2 mL) at —20 °C
was added the TES-protected propargyl chloride (see supporting
informationt) (200 mg, 1.1 mmol) then the reaction was cooled
to =78 °C. A freshly prepared 1 M solution of LDA in THF
(2.12 mL, 2.1 mmol) was added dropwise and the reaction was
stirred for 1 h. The ketone 12 (240 mg, 1.06 mmol) was then
added quickly. Stirring was continued for 2 h at —78 °C and the
reaction quenched with a saturated aqueous solution of NH,Cl
(10 mL). The resulting mixture was allowed to warm to rt,

extracted with ether (20 mL), washed with brine (2 x 10 mL),
dried over magnesium sulfate, filtered and concentrated in vacuo.
Column chromatography eluting with Et,O (20%)-PE afforded
the crude chlorohydrin.

To the crude chlorohydrin in methanol (5 mL) at —10 °C was
added K,CO; (585 mg, 4.2 mmol). The stirring was continued for
4 h until completion and then a saturated aqueous solution of
NH,CI (10 mL) was added. The reaction mixture was extracted
with Et,O (2 x 30 mL), washed with brine (2 x 10 mL), dried
over magnesium sulfate, filtered and concentrated in vacuo. Flash
chromatography eluting with Et,O (10%)-PE resulted in a pure
epoxydiyne 39 (201 mg, 62%). [a]; +63 (¢ 1.0 in CHCl;), 'H NMR
(300 MHz, CDCl;) 0y 4.21 (dd, 1H, J 8.6, 6.7),4.10 (dd, 1H, J 8.6,
6.2),4.05(t, 1H, J 6.4),3.63 (s, 1H), 2.47 (s, 1H), 1.47 (s, 3H), 1.35
(s, 3H), 0.99 (t,9H, J 7.8), 0.61 (q, 6H, J 7.8); “C NMR (75 MHz,
CDCl;) 6 110.9 (C), 99.4 (C), 90.2 (C), 77.1 (C), 75.7 (CH), 75.4
(CH), 66.8 (CH,), 57.8 (C), 49.8 (CH), 26.0 (CHs), 25.1 (CH5;), 7.3
(3 x CH;), 4.0 (3 x CH,); HRMS (M + H)* calc. for C,;H,s0;Si
307.1729, found m/z 307.1725.

tert-Butyl-[3-(2,2-dimethyl[1,3]dioxolan-4-yl)-3-
ethynyloxiranylethynyl]dimethylsilane (40)

To ZnBr, (238 mg, 1.06 mmol) in THF (2 mL) at —20 °C
was added the TBS-protected propargyl chloride (see supporting
informationt) (100 mg, 0.53 mmol) then the reaction was cooled
to —78 °C. A freshly prepared 1 M solution of LDA in THF
(1.06 mL, 1.06 mmol) was added dropwise and the reaction
was stirred for 1 h. The ketone 12 (119 mg, 0.53 mmol) was
then added quickly. Stirring was continued for 2 h at —78 °C
and the reaction quenched with saturated aqueous solution of
NH,CI (10 mL). The resulting mixture was allowed to warm to
rt, extracted with Et,O (20 mL), washed with brine (2 x 10 mL),
dried over magnesium sulfate, filtered and concentrated in vacuo.
Column chromatography eluting with Et,O (20%)-PE afforded
the crude chlorohydrin.

To the crude chlorohydrin in methanol (5 mL) at —10 °C was
added K,CO; (293 mg, 2.12 mmol). The stirring was continued
for 4 h until completion and then a saturated aqueous solution of
NH,CI (10 mL) was added. The reaction mixture was extracted
with Et,O (2 x 30 mL), washed with brine (2 x 10 mL), dried
over magnesium sulfate, filtered and concentrated in vacuo. Flash
chromatography eluting with Et,O (5%)-PE resulted in the pure
epoxydiyne 40 (99 mg, 61%). [a]Z +74 (¢ 1.0 in C;H,), '"H NMR
(400 MHz, C;Dy) 0y 3.99 (dd, 1H, J 8.8, 6.2), 3.79 (dd, 1H, J 8.8,
6.6), 3.64 (t, 1H, J 6.6), 3.47 (s, 1H), 1.98 (s, 1H), 1.37 (s, 3H),
1.19 (s, 3H), 1.03 (s, 9H), 0.15 (s, 3H), 0.14 (s, 3H); “C NMR
(100 MHz, C¢Dy) 6 110.7 (C), 100.5 (C), 90.6 (C), 78.1 (C), 76.7
(CH), 75.4 (CH), 66.8 (CH.,), 58.1 (C), 50.1 (CH), 26.2 (4 x CH,),
25.4 (CH;), 16.7 (C), —4.8 (2 x CH;); HRMS (M + H)" calc. for
C;H,0;S1 307.1729, found m/z 307.1729.

4-Chloro-3-(2,2-dimethyl[1,3]dioxolan-4-yl)-7,7-diethoxy-1-
trimethylsilanylhepta-1,5-diyn-3-ol (44 and 45)

To ZnBr, (255 mg, 1.1 mmol) in THF (2 mL) at —20 °C was
added 42 (100 mg, 0.6 mmol) then the reaction was cooled to
—78 °C. A freshly prepared 1 M solution of LDA in THF
(1.1 mL, 1.1 mmol) was added dropwise and the reaction was
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stirred for 1 h. The ketone 12 (118 mg, 0.5 mmol) was then
added quickly. Stirring was continued for 2 h at —78 °C and
the reaction quenched with a saturated aqueous solution of
NH,CI (5 mL). The resulting mixture was allowed to warm
to rt, extracted with Et,O (20 mL), washed with brine (2 x
10 mL), dried over magnesium sulfate, filtered and concentrated
in vacuo. Column chromatography eluting with Et,0 (20%)-PE
afforded the inseparable diastereoisomeric chlorohydrins 44 and
45 (363 mg, anti : syn 10 : 1, 60%) as a clear yellow oil. v,,, (cm™)
3400, 2976, 2929, 2895, 2354, 2173, 1450; '"H NMR (500 MHz,
CDCl;) oy 5.34 (d, 1H, J 1.3, syn), 5.32 (d, 1H, J 1.4, anti), 4.93
(d, 1H, J 1.4,syn),4.90 (d, 1H, J 1.4, anti), 4.33 (dd, 1H, J 6.8, 5.8,
anti), 4.32 (dd, 1H, J 6.8, 5.8, syn), 4.21 (dd, 1H, J 8.5, 5.8, anti),
4.16 (dd, 1H, J 8.5, 6.8, anti), 3.727 (dq, 1H, J 9.5, 7.1, anti), 3.722
(dq, 1H, J 9.5, 7.1, syn), 3.59 (dq, 1H, J 9.5, 7.1, anti), 3.58 (dq,
1H,J9.5,7.1,syn), 2.86 (s, 1H, anti), 2.84 (s, 1 H, syn), 1.44 (s, 3H),
1.32(s,3H), 1.22(t, 3H, J 7.2), 1.21 (t, 3H, J 7.2), 0.17 (s, 9H); “*C
NMR (125 MHz, CDCL) 6 110.4(C,,4), 110.3 (C,,,), 101.5 (Ci)s
101.3 (Cyn), 93.6 (Cyy), 92.7 (Cini), 90.99 (CH,,), 90.95 (CH,,,),
84.1 (Cona), 83.3 (Cypn), 80.3 (Cyyn), 78.9 (Cini), 77.6 (CHyi), 76.3
(CH,y,), 74.9 (Cina), 74.3 (Cyyn), 66.8 (CHayyni), 66.3 (CHayyy), 60.9
(CHay), 60.8 (CHay), 60.8 (CHay,), 60.9 (CHay), 55.0 (CH,y),
53.7(Cyn), 26.2 (CHaung), 26.1 (CHagy), 25.2 (CHjpng), 25.1 (CHagy),
14.914 (CHa,), 14.912 (CHsyy), —0.53 (3 x CHayny), —0.57 (3 %
CH,,,,); HRMS (M + NH,)" calc. for C,yH;,05C1420.1968, found
m/z 420.1970.

4-|3-(3,3-Diethoxyprop-1-ynyl)-2-ethynyloxiranyl]-2,2-
dimethyl[1,3]dioxolane (46 and 47)

To ZnBr, (255 mg, 1.1 mmol) in THF (2 mL) at —20 °C was
added 42 (100 mg, 0.6 mmol) then the reaction was cooled to
—78 °C. A freshly prepared 1 M solution of LDA in THF
(1.1 mL, 1.1 mmol) was added dropwise and the reaction was
stirred for 1 h. The ketone 12 (118 mg, 0.5 mmol) was then
added quickly. Stirring was continued for 2 h at —78 °C and the
reaction quenched with a saturated aqueous solution of NH,Cl
(5mL). The resulting mixture was allowed to warm to rt, extracted
with Et,O (20 mL), washed with brine (2 x 10 mL), dried over
magnesium sulfate, filtered and concentrated in vacuo to give the
crude diastereoisomeric chlorohydrins.

To the crude chlorohydrins in DMF (3 ml) was added KF
(263 mg, 4.5 mmol). The reaction mixture was stirred overnight
and both ether (40 mL) and a saturated aqueous solution of NH,Cl
(30 mL) were added. The aqueous layer was extracted with Et,O
(2 x 15 mL) and the combined organic extracts washed with
water (2 x 20 mL), brine (20 mL), dried over magnesium sulfate
and concentrated in vacuo. Column chromatography eluting with
Et,0 (20%)-PE afforded the trans-epoxydiyne 46 (97 mg, 66%) and
the cis epoxydiyne 47 (10 mg, 7%). Vo, (cm™) 3201, 2926, 2854,
2195, 2160, 1399, 1273, 1210, 1087; HRMS (M + NH,)* calc.
for C,4H,,Os5 312.1805, found m/z 312.1805; trans-epoxydiyne:
[aly +30.2 (¢ 0.51 in CHCL;); '"H NMR (500 MHz, CDCl;) 5 5.29
(1H,d,J 1.1),4.18 (1H, dd, J 10.8, 8.9),4.065 (1H, dd, J 10.8, 5.9),
4.062 (1H, dd, J 8.9,5.9), 3.75 (1H, dq, J 9.6, 7.0), 3.73 (1H, dq, J
9.6,7.0),3.68 (1H,dd,J 1.1),3.57(2H, dq, / 9.4,7.0),2.47 (1H, s),
1.42 (3H, ), 1.32(3H, s), 1.25(3H, t, J 7.0), 1.20 (3H, t, J 7.0); “C
NMR (125 MHz, CDCl;) §. 111.0 (C), 91.0 (CH), 81.8 (C), 78.8
(C), 77.0 (©), 75.6 (CH), 75.4 (CH), 66.7 (CH,), 61.1 (CH,), 61.0

(CH,), 57.7 (C), 49.1 (CH), 25.9 (CH;), 25.0 (CHs), 15.2 (CHs),
15.0 (CH,); cis-epoxydiyne: [a]Z —61.2 (¢ 1.0 in CHCL;); '"H NMR
(500 MHz, CDCl;) 0y 5.20 (1H, d, J 1.1),4.12 (1H, dd, J 8.7, 6.3),
4.11 (1H, dd, J 8.75, 6.3), 3.98 (1H, t, J 6.2), 3.71 (1H, d, J 1.1),
3.64 (1H, dq, J 9.5, 7.0), 3.63 (1H, dq, J 9.5, 7.0), 3.51 (1H, dq, J
9.5,7.0), 3.50 (1H, dq, J 9.5, 7.0), 2.38 (1H, s), 1.42 (3H, s), 1.32
(3H,s), 1.14(3H, 1, J 7.0), 1.13 3H, t, J 7.0); *C NMR (125 MHz,
CDCl,) 6c 110.6 (C), 90.8 (CH), 82.4 (C), 77.7 (C), 77.5 (C), 75.1
(CH), 73.8 (CH), 66.5 (CH,), 60.8 (CH,), 60.7 (CH,), 55.6 (C),
51.4 (CH), 25.9 (CHs;), 25.1 (CH,), 14.8 (2 x CHj).

1-(1,4-Dioxaspiro[4.5]dec-2-yl)-3-trimethylsilanylprop-2-yn-1-ol

To a solution of 1,2-5,6-di-O-cyclohexylidene-D-mannitol 48
(25.0 g, 73 mmol) in MeCN-H,O (145 mL : 95 mL) was added
portionwise sodium periodate (31 g, 146 mmol) over 20 min and
the reaction mixture was stirred for 2 h. The reaction mixture
was extracted with ether, dried over magnesium sulfate and
concentrated in vacuo in a cold bath (35 °C). Meanwhile to a
solution of trimethylsilylacetylene (24 mL, 175 mmol) in THF
(900 mL) was added freshly made lithium hexamethyldisilazide
(192 mL, 192 mmol) at —78 °C. The reaction mixture was
stirred for 30 min and a solution of D-glyceraldehyde acetonide
(24.8 g, 146 mmol) in THF (250 mL) was added over a period
of 30 min. The reaction was stirred for 30 min and quenched by
the addition of saturated aqueous NH,Cl (150 mL). The reaction
mixture was concentrated in vacuo to a volume of approximately
300 mL and diluted with EtOAc (300 mL). The mixture was
washed with H,O (250 mL), saturated aqueous NH,CI (250 mL)
and the aqueous layer was extracted with EtOAc (150 mL),
dried over magnesium sulfate, filtered and concentrated in vacuo.
Flash column chromatography in EtOAc (20%)-PE afforded the
inseparable diastereomeric propargylicalcohols (1: 1,22.7 g, 58%)
as a pale yellow oil. v,,, (cm™) 3431, 2932, 2903, 2853, 2173; 'H
NMR (300 MHz; CDCl;) dy 4.35-3.71 (m, 4H), 2.40 (1H, d,
J 3.9), 2.25 (1H, d, J 4.8, other diastereoisomer), 1.51-1.29 (m,
10H), 0.01 (s, 9H); ®*C NMR (75 MHz; CDCl;)d. 111.4(C), 111.0
(C), 102.6 (C), 102.5 (C), 91.8 (C), 91.7 (C), 78.7 (CH), 77.7 (CH),
66.1 (CH,), 65.3 (CH,), 65.0 (CH), 63.1 (CH), 36.8 (CH,), 36.2
(CH,), 35.1 (CH,), 35.0 (CH,), 25.4 (CH,), 25.3 (CH,), 24.2 (2 x
CH,), 24.0 (2 x CH,), 0.0 (6 x (CH;)); HRMS (M + H)" calc. for
C,H,,0;S1 269.1567, found m/z 269.1570.

1-(1,4-Dioxaspiro[4.5]dec-2-yl)-3-trimethylsilanylpropynone (49)

Method A: To pyridinium dichromate (2.8 g, 7.5 mmol) and
crushed 3 A molecular sieves (1.7 g) in DCM (7 mL) was added
dropwise a solution of the diastereomeric mixture of 1-(1,4-
dioxaspiro[4.5]dec-2-yl)-3-trimethylsilanylprop-2-yn-1-ol (1.0 g,
3.7 mmol) in DCM (3.5 mL) and the reaction mixture was stirred
for 4 h. Celite (2 g) was added and the suspension was stirred for
30 min. The reaction mixture was then filtered and washed with
ether (20 mL). The filtrate was washed with saturated aqueous
potassium hydrogen sulfate (3 x 5 mL), saturated aqueous
NaHCO; (5 mL) and brine (2 x 10 mL), then filtered through
a plug of magnesium sulfate and concentrated in vacuo. Flash
column chromatography eluting with Et,O (10%)-PE afforded
the ynone 49 (0.405 g, 38%).
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Method B: To a solution of the diastereomeric mixture of 1-(1,4-
dioxaspiro[4.5]dec-2-yl)-3-trimethylsilanylprop-2-yn-1-ol (5.0 g,
18.6 mmol) in DCM (93 mL) at 0 °C was added Dess—Martin
periodinane (15.5 g, 37.2 mmol) in one portion. The stirring was
continued at RT for 12 h and the reaction mixture was poured into
a mixture of a saturated aqueous solution of sodium thiosulfate
(10 mL) and a saturated aqueous solution of NaHCO; (10 mL).
Then Et,0 (150 mL) was added and the mixture stirred for 30 min.
The mixture was extracted with Et,O, washed with brine, dried
over magnesium sulfate and concentrated in vacuo. Flash column
chromatography eluting with Et,O (10%)-PE afforded the pure
ynone 49 (4.6 g, 94%). V., (cm™) 2932, 2862, 2150, 1677, 1399,
1372; "H NMR (300 MHz, CDCl;) dy 4.33 (1H, dd, J 7.3, 4.6),
4.05 (1H, dd, J 8.6, 7.3), 3.97 ((1H, dd, J 8.6, 4.6), 1.74-1.36 (m,
10H), 0.07 (s, 9H, CH;); “C NMR (75 MHz, CDCl;) J. 187.0
(C=0), 113.4 (C), 104.4 (C), 100.6 (C), 81.5 (CH), 67.5 (CH,),
36.5 (CH,), 35.9 (CH,), 25.9 (CH,), 24.8 (CH,), 24.7 (CH,), 0.0
(3 x CH;), HRMS (M + H)* calc. for C,,H,,0;S1267.1411, found
m/z267.1413.

4-Choro-3-(1,4-dioxaspiro[4.5]dec-2-yl)-7,7-diethoxy-1-
trimethylsilanylhepta-1,5-diyn-3-ol (50 and 51)

To ZnBr, (2.2 g, 9.8 mmol) in THF (9 mL) at —20 °C was added
42 (0.8 g, 4.7 mmol) then the reaction was cooled to —78 °C. A
freshly prepared 1 M solution of LDA in THF (9.3 mL, 9.3 mmol)
was added dropwise and the reaction was stirred for 1 h, thus
forming 43 in situ. The ketone 49 (1.2 g, 4.6 mmol) was then
added quickly. Stirring was continued for 3 h at —78 °C and
the reaction was poured into mixture of a solution of saturated
aqueous solution of NH,Cl (4 mL) and H,O (50 mL), then diluted
with Et,O (150 mL). The resulting mixture was filtered through
Celite, extracted with Et,O (50 mL), washed with brine (2 x
30 mL), dried over magnesium sulfate, filtered and concentrated
in vacuo. Column chromatography eluting with Et,O (20%)-PE
afforded the inseparable diastereomeric chlorohydrins 50 and 51
(1.4 g, anti : syn: 5: 1, 59%) as a clear yellow oil. v,,,, (cm™") 3402,
2932, 2895, 2866, 2252, 2173, 1446; "H NMR (400 MHz, CDCl;)
oy 5.34(d, IH, J 1.3, syn), 5.32 (d, 1H, J 1.4, anti), 4.96 (d, |H, J
1.3,syn),4.93(d, 1H, J 1.4, anti), 4.32(dd, 1H, J 6.8, 5.9, anti), 4.30
(dd, 1H,J 6.8,5.9,syn),4.20(dd, 1H, J 8.5, 5.9, anti), 4.19 (dd, 1 H,
J8.5,5.9,syn), 4.16 (dd, 1H, J 8.5, 6.8, anti), 4.14 (dd, 1H, J 8.5,
6.8, syn), 3.77-3.67 (m, 2H), 3.53-3.64 (m, 2H, CH,), 2.94 (s, |H,
syn), 2.86 (s, IH, anti), 1.72-1.65 (m, 2H), 1.62-1.49 (m, 6H), 1.42—
1.32 (m, 2H), 1.23 (t, 3H, J 7.0, syn), 1.22 (t, 3H, J 7.1, syn), 1.22
(t,3H, J 7.1, anti), 1.21 (t, 3H, J 7.1, anti), 0.16 (s, 9H); *C NMR
(100 MHz, CDCl;) dc 111.0 (C,,4), 110.9 (Cy,), 101.8 (C,,4), 101.5
(Cyn)> 93.7(Cyn), 92.7 (C o), 91.1 (CH,pp5), 91.0 (CHyy,) 84.2 (Co),
835 (Csyn)a 804 (Cs}/n)a 791 (Cami)a 772 (CHumi)’ 761 (CH%Vn)s 752
(Cani), 74.6 (Cyyp), 66.6 (CHyy), 66.1 (CHayy), 61.0 (CHygng), 60.97
(CHayn), 60.94 (CHay,,,) 60.8 (CHayng), 55.3 (CH,e), 53.9 (Cy0), 35.9
(CH,), 34.9 (CH,), 25.10 (CH,), 23.8 (CH,), 23.7 (CH,), 15.0 (2 x
CHiuni 4 yn)> —0.3 (3 x CHagyp), —0.4 (3 x CHs,i); HRMS (M +
NH,)* calc. for C,,H;5ClO5Si 460.2281, found m/z 460.2279.

2-[3-(3,3-Diethoxyprop-1-ynyl)-2-ethynyloxiranyl]-1,4-
dioxaspiro[4.5]decane (52 and 53)

To ZnBr, (2.2 g, 9.8 mmol) in THF (9 mL) at —20 °C was added
42 (0.8 g, 4.7 mmol) then the reaction was cooled to —78 °C. A

freshly prepared 1 M solution of LDA in THF (9.3 mL, 9.3 mmol)
was added dropwise and the reaction was stirred for 1 h. The
ketone 49 (1.2 g, 4.6 mmol) was then added quickly. Stirring was
continued for 3 h at —78 °C and the reaction was poured into a
solution of saturated aqueous solution of NH,CI (4 mL) and H,O
(50 mL) and diluted with Et,O (150 mL). The resulting mixture
was filtered through Celite, extracted with Et,O (50 mL), washed
with brine (2 x 30 mL), dried over magnesium sulfate, filtered
and concentrated in vacuo to give the crude diastereoisomeric
chlorohydrins.

To the crude chlorohydrins in DMF (3 mL) was added KF
(263 mg, 4.53 mmol). The reaction mixture was stirred overnight
and both Et,O (40 mL) and saturated aqueous solution of NH,Cl
(30 mL) were added. The aqueous layer was extracted with Et,O
(2 x 15 mL) and the combined organic extracts washed with H,O
(2 x 20 mL), brine (20 mL), dried over magnesium sulfate and
concentrated in vacuo. Column chromatography eluting with Et,O
(20%)-PE afforded the trans-epoxydiyne 52 (814 mg, 53%) and
the cis-epoxydiyne 53 (153 mg, 10%). vy, (cm™") 3205, 2940, 2841,
2180,2160; HRMS (M + NH,)* calc. for C,iH,,O5 352.2118, found
m/z 352.2118; trans-epoxydiyne: [a]Z +30.2 (¢ 0.508 in CHCL,);
"H NMR (500 MHz, CDCl;) 6,; 5.30 (d, 1H, J 0.9), 4.19 (dd, 1H,
J11.0,9.2), 4.065 (dd, 1H, J 10.8, 5.9), 4.062 (dd, 1H, J 8.9, 5.9),
3.757 (dq, 1H, J 9.5, 7.0), 3.750 (dq, 1H, J 9.5, 7.0), 3.71 (dd, 1H,
J0.9), 3.58 (dq, 2H, J 9.4, 7.0), 2.48 (s, IH), 1.42 (s, 3H), 1.32 (s,
3H), 1.219(t, 3H, J 7.0), 1.214 (t, 3H, J 7.0); *'C NMR (125 MHz,
CDCl;) dc 111.6 (C), 91.0 (C), 81.6 (C), 78.8 (C), 77.0 (C), 75.5
(CH), 75.0 (CH), 66.3 (CH,) 61.0 (CH,), 60.9 (CH,), 57.8 (C), 49.0
(CH), 35.4(CH,), 34.4 (CH,), 24.8 (CH,), 23.7 (CH,), 23.5 (CH,),
14.932 (CH,), 14.931 (CH,); cis-epoxydiyne: [a]5 —61.2 (¢ 1.0 in
CHCly); '"H NMR (500 MHz, CDCl;) oy 5.27 (1H, d, J 0.9), 4.17
(1H, dd, J 8.7, 6.5), 4.16 (1H, dd, J 8.7, 6.5), 4.04 (1H, t, J 6.5),
3.78 (1H, d, J 0.9), 3.71 (1H, dq, J 9.4, 7.1), 3.70 (1H, dq, J 9.4,
7.1),3.57(1H,dq,J9.4,7.1),3.56 (1H,dq, J 9.4,7.1),2.38 (1H, s),
1.42 (3H,s), 1.32(3H, s), 1.21 (3H, t, J 7.1), 1.20 (3H, t, J 7.1); °C
NMR (125 MHz, CDCl;) é 111.3 (C), 90.9 (CH), 82.4 (C), 77.9
(C), 77.7 (C), 74.7 (CH), 73.8 (CH), 66.2 (CH,), 61.0 (CH,), 60.9
(CH,), 55.8 (C), 51.6 (CH), 35.5 (CH,), 34.7 (CH,), 25.0 (CH,),
23.7 (CH,), 23.6 (CH,), 14.915 (CH,), 14.914 (CH,).
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Formation of RNA/dendrimer complexes between various RNA molecules and PAMAM dendrimers
was studied using atomic force microscopy. Our results demonstrate that effective construction of stable
nanoscale and uniform RNA/dendrimer complexes depends critically on the size of the RNA molecule,
the dendrimer generation and the charge ratio between the dendrimer and the RNA. Larger RNA
molecules, higher generations of dendrimers and larger dendrimer-to-RNA charge ratios lead to the
formation of stable, uniform nanoscale RNA/dendrimer complexes. These findings provide new

insights in developing dendrimer systems for RNA delivery.

Introduction

RNA molecules are emerging as attractive therapeutic agents
for the treatment of various diseases such as persistent can-
cers, neurodegenerative disorders and emerging global viral
pandemic diseases." However, the successful use of in vitro-
synthesized RNA for therapeutic purposes depends critically
on efficient means of RNA delivery. Very recently, we stud-
ied the use of polyamidoamine (PAMAM) dendrimers as self-
assembling RNA delivery systems.® We demonstrated that PA-
MAM dendrimers and RNA molecules formed spontaneously
self-assembled RNA /dendrimer complexes.*® We also established
that higher generation PAMAM dendrimers are efficient vectors
for siRNA delivery.®

PAMAM dendrimers have been extensively studied as DNA
delivery systems since the seminal studies by Szoka ef al® and
Baker et al™ In dendrimer-mediated DNA delivery, the very
first crucial issue on which efficient delivery depends is the
formation of the DNA/dendrimer self-assembled complexes. The
DNA/dendrimer complexes must be compact and small (around
100 nm) in order to ensure efficient cellular uptake by endocytosis
and to protect DNA from enzymatic degradation. A similar
situation may occur in the case of dendrimer-mediated RNA
delivery, on which ongoing studies are still in a very preliminary
stage. o114

In our search for dendrimer systems for efficient delivery of
various RNA molecules, we need to acquire more insight into
the construction of stable uniform nanoscale RNA/dendrimer
complexes, the very first crucial parameter. Although various as-
pects of the formation of nanometric DNA/dendrimer complexes

“College of Chemistry and Molecular Sciences, Wuhan University, Wuhan,
430072, P. R. China

*Département de Chimie, CNRS UMR 6114, 163 avenue de Luminy, 13288,
Marseille cedex 09, France. E-mail: ling.peng@univmed.fr; Fax: +33 491
829301, Tel: +33 4918291 54

‘Laboratoire de Chimie Bactérienne, CNRS UPR 9043, 31 chemin Joseph
Aiguier, 13402, Marseille cedex 20, France

T Electronic supplementary information (ESI) available: Tables S1 and S2.
See DOI: 10.1039/b711242d

have been described in the literature,’?* few efforts have been
made so far with RNA/dendrimer complexes.*®*2* We therefore
studied various RNA/dendrimer complexes using atomic force
microscopy (AFM), a useful technique to investigate nanoscale
complexes at high resolution. These studies, together with the
results obtained by gel mobility shift assay and transmission
electron microscopy (TEM), showed that the construction of
uniform, stable nanoscale RNA/dendrimer complexes depends
critically on the dendrimer-to-RNA charge ratio (the N/P ratio),
the size of the RNA molecule and the dendrimer generation. We
present herein the results of these studies. The RNA molecules used
in our study are the small interfering RNA (siRNA, 21 bp), the
Candida ribozyme (Ca.L-11, 368 nt, a self-splicing group I intron
from the 26S rRNA of the opportunistic fungal pathogen Candida
albicans),” and the poly(rU) (>2000 nt, an important compo-
nent of the polyribonucleotide immunomodulators),” whereas
the dendrimers are the PAMAM dendrimers developed in our
laboratories, G, (n: the dendrimer generation number), having a
triethanolamine core and a generation number ranging from 1
to 7 (Scheme 1).” PAMAM dendrimers with a triethanolamine
core are expected to have a more flexible structure because the
branching units start away from the central amine with a distance
of 10 successive bonds, whereas those of the commercial PAMAM
dendrimers with an NH; or ethylenediamine core start at the
central amine of the core.*” Most importantly, we have recently
demonstrated that the triethanolamine core PAMAM dendrimers
efficiently inhibit the Candida ribozymes and deliver siRNA for
gene silencing as well.*’

Results and discussion
1. Synthesis

Synthesis of dendrimers G, has already been described in our
previous work.%” We report herein the detailed synthesis of all
the dendrimers G, (Scheme 1) using an improved procedure
for the preparation of the tri-nitrile derivative 1, which is the
starting material necessary for the building of the core for
dendrimer growth. In our previous work, 1 was obtained in a
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Scheme 1 Synthesis of PAMAM dendrimers with triethanolamine as the core.

yield of approximately 70% by Michael addition of acrylonitrile
to triethanolamine, requiring a four-day reaction time. Now, we
are able to isolate this tri-nitrile derivative 1 in an 81% yield
while reducing significantly the reaction time to 16 hours at room
temperature by employing the procedure described by Newkome
et al.,*® namely, using a catalytic amount of aqueous 3.6 M KOH
in dioxane as solvent (Scheme 1).

From generations 1 to 7, the dendrimer growth was achieved
using a conventional procedure involving a two-step iterative
synthesis: (a) amidation of the terminal ester with ethylenediamine
to generate the amine-terminated dendrimers, followed by (b)
branching double alkylation of the terminal NH, groups with
methyl acrylate, to generate the ester-terminated dendrimers.*”?
The synthetic procedure for preparation of PAMAM dendrimers
is well established and affords the corresponding products in nearly
quantitative yields.

The dendrimer structures were further confirmed by FT-IR and
NMR. The half-generation dendrimers with the ester-terminated
groups display the characteristic IR peaks for a carbonyl group at
1730-1750 cm™"'. When the ester-terminated half-generation den-
drimers were converted to the amine-terminated full-generation
dendrimers, the methyl ester groups were transformed to the cor-
responding amide groups. This process could be monitored clearly
by FT-IR, with the corresponding carbonyl signals being shifted
from 1740 to 1650 cm™'. The "H-NMR data corroborated well
with the FT-IR data to confirm the structure of the dendrimers:
the characteristic methyl ester peak, which appeared in all the

NMR spectra of the ester-terminated dendrimers, was absent in
the spectra of all the amine-terminated dendrimers.

The molecular weights of dendrimers from generations 1 to
3 could be determined by mass spectroscopy,”” while those
of dendrimers with higher generation could only be estimated
by GPC analysis using commercial PAMAM dendrimers as
references (Table 1). The obtained molecular weights were in good
agreement with the theoretical values.

2. AFM study of free RNA molecules and free dendrimers

We first studied AFM images of free RNA molecules such as
siRNA, ribozyme Ca.L-11 and poly(rU). None of these RNA
molecules were observed on the unmodified free mica surface

Table 1 General information on dendrimers synthesized and used in the
study

Generation End group number MW« MW*
G, 1 6 1177 1177¢
G, 2 12 2547 2483
G; 3 24 5287 5143
G, 4 48 10767 11587
Gs 5 96 21727 18893
Gg 6 192 43648 49265
G, 7 384 87489 86342

“From theoretical calculation. ® From GPC estimation. ¢ From ESI MS
measurement.
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Fig. 1 AFM 3D images of the siRNA/G, complexes at various N/P ratios from 0.1 to 10 at a final siRNA concentration of 0.0125 mg L-'. From left

to right, the N/P ratios are respectively 0.1, 0.2, 1, 5 and 10.

(data not shown). This is because both RNA and mica are
negatively charged. Therefore, RNA molecules could not be stably
immobilized on the bare mica due to the electrostatic repulsion,
and were washed out by water during sample preparation.

We then studied PAMAM dendrimers. With dendrimer
molecules G, to G;, dendrimer aggregates could be observed at
concentrations over 0.7 mg L', while no obvious nanoparticles
were detected for the pure dendrimers at lower concentrations
(data not shown). This finding is consistent with the literature
report:* dendrimers firstly form a film on the mica surface in
order to maintain lower surface tension; then, with increasing
concentration of dendrimers, excess dendrimer molecules aggre-
gate on the surface of the dendrimer film to form the globular
nanoparticles.

In order to avoid any interference which might result from free
dendrimers or free RNA, we used dendrimers at low concentra-
tions and an unmodified free mica surface for our AFM study of
the RNA/dendrimer complexes.

3. AFM study of the RNA/dendrimer complexes

Charge ratio between RNA and dendrimer. Our previous results
showed that the charge ratio N/P between the dendrimer G, and
siRNA is an important factor contributing to the formation of
stable sSiIRNA/dendrimer complexes and the efficient delivery of
siRNA.® We therefore studied the siIRNA/G, complexes at various
N/P charge ratios by AFM. At an N/P ratio of 0.1, AFM studies
showed no nanoscale siRNA/G, complexes but yielded only a
perforated film. Very few small nanoscale and irregular spherical
particles (D ~35 nm) were detected at N/P ratios of 0.2 and 1
(Fig. 1 and Table S17), whereas significant numbers of uniform
siRNA/G, nanoparticles were clearly visible at N/P ratios of S and
10 (Fig. 1). At an N/P ratio of 10, the siRNA/G, complexes were
well-defined compact uniform spheroids (Fig. 1 and Fig. 2). The
finding that the formation of stable siRNA /G, complexes depends
strongly on the dendrimer/RNA charge ratio is consistent with
the results obtained by gel electrophoresis (Fig. 3c): the higher
the charge ratio of dendrimer to RNA is, the more stable the
RNA/dendrimer complexes are.*

Dendrimer generation. We also investigated the effects of
the dendrimer generation on the effective construction of
nanoscale RNA/dendrimer complexes. The AFM images of
siRNA/dendrimer complexes are shown in Fig. 4 at an N/P
ratio of 10 using dendrimers ranging from generations 1 to 7.
As we can see in Fig. 4, few siRNA/dendrimer particles were
observed with G, to G;, while nanoscale particles started to appear
with G4 and Gs, and remarkably numerous siRNA/dendrimer
nanoparticles were formed with G and G,. From generations G,

50nm

Fig. 2 AFM 3D image of a single spherical particle formed with
siRNA/G; complexes at an N/P ratio of 10 at a final siRNA concentration
of 0.0125 mg L.

(c)

Fig.3 Gel retardation of siRNA with different dendrimers (a) G,, (b) Gy,
and (¢) G; at various N/P ratios: 10:1,5:1,2.5:1,1:1,1:5and 1 : 10
(from left to right).

to G,, the siRNA/dendrimer nanoparticles became increasingly
uniform, well-defined and compact (Fig. 4), which suggests that
the dendrimers of higher generations are more apt to form
nanoscale siRNA/dendrimer complexes. This is also in agreement
with the results obtained by an RNA mobility shift assay (Fig. 3):
no complete gel retardation was observed for the siRNA with G, at
an N/P ratio even up to 10, while G, started to retard significantly
the siRNA mobility at charge ratios N/P > 2.5, and G; almost
completely prevented the siRNA shift in the gels at a charge ratio
of N/P = 2.5. The above data can also explain why G, is an
efficient siRNA delivery vector, since G; forms much more stable
nanoparticles with siRNA, which can effectively protect siRNA
from enzymatic degradation and facilitate the endocytic uptake of
the siRNA/dendrimer complexes by the cell.®

RNA size. In order to study the influence of RNA size for the
construction of the RNA/dendrimer complexes, we also studied
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Fig.4 AFM images of the siRNA/dendrimer complexes at an N/P ratio of 10 with dendrimers ranging from G, to G,. The siRNA/dendrimer complexes

were prepared at a final siRNA concentration of 0.0125 mg L.

the RNA/G; complexes using the Candida ribozyme Ca.L-11
and poly(rU). The Candida ribozyme Ca.L-11 has a length of
368 nt, while the poly(rU) is a larger RNA molecule with more
than 2000 nt. With N/P ratios ranging from 0.1 to 10, both
Ca.L-11 and poly(rU) formed increasingly uniform and compact
nanoparticles with G, (Fig. 5(a) and (b)). At the low N/P ratio
of 0.1, G; condensed the ribozyme Ca.L-11 into a few very small
but collapsed nanoparticles (Fig. 5(a)). Interestingly, G; formed
well-defined globular nanoparticles with poly(rU), even at the low
N/P ratio of 0.1 (Fig. 5(b)). These results indicate that strong
cooperative effect and synergic interactions occurred between
RNA and the dendrimers, and that these interactions intensified
with the increasing size of the RNA molecule, resulting in the
formation of more uniform, stable and compact RNA/G, parti-
cles. Therefore, the formation of the nanoscale RNA/dendrimer
complexes depends critically on both the N/P ratio and the size

NP 0.1
(a)é '

3000 nm

0.2 1 5
}
» | (’O
0

(b)

0 0 0

0 0 0

3000 nm nm nm 3000 nm

of the RNA molecules. With larger RNA molecules, the RNA
molecules and dendrimers interweave more efficiently, leading to
more cooperative interaction and therefore easier construction of
nanoscale RNA/dendrimer complexes. The AFM data obtained
with the Candida ribozyme agreed with the results obtained by
the gel mobility shift assays,” and also confirmed our previous
finding that RNA/dendrimers with a higher N/P ratio inhibit the
ribozyme activity more efficiently.”

Further studies on dendrimer generation dependence using
the ribozyme Ca.L-11 and poly(rU) yielded some intriguing
results, different from those observed with siRNA (Fig. 4);
both Ca.L-11 and poly(rU) formed spherical nanoparticles with
dendrimers G, to G, at an N/P ratio of 10 (Fig. 6). For the lower
generation dendrimers, the RNA molecules and the dendrimers
were loosely condensed and less compacted, resulting in larger
nanoparticles (Fig. 6, Table S2t). With increasing dendrimer

10

3000 nm

Fig.5 AFM 3D images of the RNA/G, complexes at various N/P ratios from 0.1 to 10 using (a) the Candida ribozyme Ca.L-11, and (b) poly(rU) at a
final RNA concentration of 0.0125 mg L~". From left to right, the N/P ratios are respectively 0.1, 0.2, 1, 5 and 10.

G1 G2 Gs

Ga Gs e G7

Fig. 6 AFM images of the RNA/dendrimer complexes at the N/P ratio of 10 with dendrimers ranging from G, to G, and the RNA molecules being
(a) the Candida ribozyme, Ca.L-11, and (b) poly(rU). The RNA/dendrimer complexes were prepared at a final RNA concentration of 0.0125 mg L',
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generation, the RNA/dendrimer complexes were more densely
compacted due to the cooperative effect and stronger interactions.
This is further confirmed by the TEM on the RNA/dendrimer
complexes (Fig. 7). As shown in Fig. 6, Ca.L-11 and G, assembled
only loosely in various sizes, while increasingly condensed and
uniform nanoparticles were formed with G, and G,. All the
above results indicate also that both the RNA molecular sizes
and the dendrimer generation are crucial for the construc-
tion of nanoscale RNA/dendrimer complexes. The higher the
dendrimer generation is, the stronger the synergic interactions
between dendrimers and RNA molecules will be, and consequently
the more efficient the formation of the uniform and compact
nanoscale RNA/dendrimer complexes will become. This finding
is in agreement with the results obtained with DNA/dendrimer
complexes: dendrimers of higher generations bind more tightly to
longer DNA segments.*!

(b) (c)
(a) ® Py
£ 4 L ]

..

. -

200 nm 200 nm

200 nm

Fig. 7 TEM images of the Ca.L-11 RNA/dendrimer complexes:
(a) RNA/Gy, (b) RNA/Gy, and (c¢) RNA/G; complexes at an N/P ratio
of 10.

Conclusions

The results presented in this study show that effective construction
of uniform, stable nanoscale RNA/dendrimer complexes depends
strongly on the charge ratio between dendrimer and RNA, the size
of the RNA molecules and the generation of the dendrimers. The
charge ratio is one of the most important factors which need to
be taken into account in the construction of RNA/dendrimer
particles. At the high N/P ratio of 10, G, formed the most
homogeneous spherical particles with various RNA molecules.
With small RNA molecules such as siRNA (21 bp), only den-
drimers of high generations can form stable, uniform and well-
defined nanoscale siRNA/dendrimer particles. With larger RNA
molecules such as the ribozyme Ca.L-11 (368 nt) and poly(rU)
(>2000 nt), dendrimers from generations 1 to 7 readily form
nanoparticles with RNA. This is the direct consequence of the
strong electrostatic interaction occurring in the RNA/dendrimer
complexes as well as of the cooperative and amplification effects
exhibited by both RNA and dendrimer macromolecules. The
results obtained in this work imply that higher generation den-
drimers are required for better interaction and efficient delivery
of the smaller siRNA molecules, which correlates well with our
previous findings,® whereas lower generation dendrimers may be
sufficient to provide strong interaction with”® and efficient delivery
of larger RNA molecules such as the Candida ribozyme and
poly(rU). On the basis of these findings, the present work provides
useful instruction and adds new perspectives to the development
of efficient dendrimer systems for the delivery of various RNA
molecules. We are working actively in this direction.

Experimental
Materials and methods

siRNA was purchased from Proligo LLS (Colorado,
USA). The antisense sequence of siRNA is 5-
UCGAAGUACUCA GCGUAA GdTdT-3, and the sense
sequence is 3-dTdT AGCUUCAUG AGU CGCAUU C-5'.
The Candida ribozyme Ca.L-11 was synthesized and purified
as previously described.”® Poly(rU) (>2000 nt) was purchased
from Sigma. All other reagents and solvents of analytical grade
were obtained from commercial sources and used without
any further purification. Water (>18.0 MQ cm) was obtained
from a Lab water Pro Plus system (Labconco, USA) and used
freshly for the preparation of dendrimer and RNA solutions.
All the tips, tubes and buffer solutions for RNA experiments
were sterilized to prevent RNA from degradation by RNase
digestion. AFM studies were performed on a Picoscan atomic
force microscope (Molecular Imaging, USA) in MAC Mode
(Magnetic AC Mode) using commercial Type II MAClevers
probes (Molecular Imaging, USA) with a spring constant of 2.8 N
m~' and resonance frequency of 75 kHz. Measurements were
carried out at 25 °C. Unless otherwise stated, data processing
was limited to first- or second-order flattening using the Picoscan
4.19 SPM software program (Molecular Imaging, USA). The
diameters of the particles in all the tables were obtained by
performing Gaussian fitting on fifty measurements with Origin
7.0 at a confidence level of 0.95.

Dendrimer synthesis

Scheme 1 summarizes the synthesis of triethanolamine-derived
PAMAM dendrimers from generation 1 to 7. To a solution of tri-
ester 2in CH;OH was added a large excess of ethylenediamine, and
the reaction was stirred at room temperature for 1 day. The mixture
was concentrated in vacuo to give the full-generation dendrimer
G,. To a solution of G, in CH;OH was added methyl acrylate.
The reaction mixture was stirred in dark at room temperature
for 5 days. The reaction solution was concentrated in vacuo to
afford the next half-generation dendrimers Gys. To a solution
of Gys in CH;OH was added a large excess of ethylenediamine,
and the reaction was stirred at room temperature for 1 day. The
mixture was concentrated in vacuo to give the full-generation
dendrimer G,. The iterative steps afford dendrimers from G, to
G,. Each generation of dendrimer was purified by precipitating
the dendrimer from its MeOH solution with either ether (for
amine-terminated dendrimers) or petroleum ether (for ester-
terminated dendrimers). The precipitate was then dried in vacuo.
This purification process was repeated more than three times
for each dendrimer. Higher generation dendrimers were further
subjected to dialysis.

G,. 'HNMR (300 MHz, D,0O): 6 3.55 (t, 6H, J = 5.7 Hz),
342 (t,6H, J = 5.4 Hz), 3.02-3.24 (m, 18H), 2.41-2.75 (m, 30H),
2.47(t,6H,J = 6.6 Hz), 2.34 (t, 6H, J = 5.7 Hz), 2.27 (t, 12H, J =
6.9 Hz); *C NMR (75 MHz, D,0):6 174.5, 173.3, 68.6, 67.1, 53.5,
51.8,49.7,49.4,42.3,42.2,42.1, 40.4, 37.5, 36.8, 33.5; IR (cm™'):
v 1643.0; MS (ESI): Calcd. for C5;H,;sN;,O,,: 1176.8 (M + H)*,
1198.8 (M + Na)*, Found: 1176.7 (M + H)*, 1198.7 (M + Na)*.
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G,s. According to the same procedure described for the
synthesis of G5, G5 was obtained from G,. "H NMR (300 MHz,
CDCl;): 6 3.67-3.71 (m, 6H), 3.60-3.66 (m, 42H), 3.21-3.33 (m,
18H),2.77-2.84 (m, 12H), 2.68-2.77 (m, 30H), 2.49-2.63 (m, 18H),
2.32-2.44 (m, 42H); *C NMR (75 MHz, CDCl): 6 172.4, 172.3,
171.7, 68.0, 53.3, 52.6, 52.0, 50.4, 50.2, 49.7, 37.7, 36.5, 34.5, 33.3;
IR (cm™"): v 1736.1, 1651.3; MS (ESI): Calcd. for CooH,7/NyOs:
1105.6 (M + 2H)**, Found: 1105.5 (M + 2H)*".

G,. According to the same procedure described for the
synthesis of G,, G, was obtained from G,s. "H NMR (300 MHz,
D,0): 0 3.59 (m, 6H), 3.45 (m, 6H), 3.05-3.25 (m, 42H), 2.55-
2.75 (m, 66H), 2.42-2.55 (m, 18H), 2.18-2.41 (m, 42H); "C NMR
(150 MHz, D,0): 0 175.1, 174.7, 173.9, 68.3, 66.7, 53.0, 51.3, 50.1,
49.1, 42.7, 41.8, 39.9, 36.8, 36.2, 32.9, 32.7; IR (cm™"): v 1642.5;
MS (ESI): Calcd. for C;;HysNy; O, 1273.9 (M + 2H)*, 849.6
M + 3H)*, 637.5 (M + 4H)*", Found: 1274.1 (M + 2H)**, 849.6
(M + 3H)*, 637.5 (M + 4H)*".

G,s. According to the same procedure described for the
synthesis of Gys, G,5 was obtained from G,. "H NMR (300 MHz,
CDCl,): 0 3.60-3.73 (m, 84H), 3.20-3.35 (m, 42H), 2.77-2.88 (b,
12H),2.68-2.77 (m, 78H), 2.49-2.67 (m, 42H), 2.33-2.46 (m, 90H);
BCNMR (75 MHz, CDCl,): 6 172.7, 172.0, 68.2, 53.5, 52.8, 52.3,
52.2,50.4,49.9,37.9, 34.6, 33.5,33.4; IR (cm™'): v 1735.9, 1647.6;
MS (ESI): Caled. for Cy;H;9 N304, 1538.2 (M + 3H)**, 1153.9
(M + 4H)*, Found: 1538.7 (M + 3H)*, 1154.2 (M + 4H)**.

G;. According to the same procedure described for the
synthesis of G,, G; was obtained from G,s. '"H NMR (300 MHz,
D,0): 6 3.58 (m, 6H), 3.45 (m, 6H), 3.02-3.25 (m, 90H), 2.53-2.80
(m, 114H), 2.40-2.53 (m, 42H), 2.18-2.40 (m, 90H); “C NMR
(75 MHz, D,0): 0 174.6, 174.2, 68.4, 67.0, 53.5, 51.8, 50.6, 49.6,
49.4,43.2,42.4,40.4, 37.4, 33.5, 33.3; IR (cm™'): v 1645.5; MS
(ESI): Calcd. for Cy;HygsNo Oyt 1331.9 (M + 3H + Na)**, 1065.7
(M + 4H + Na)**, Found: 1331.8 (M + 3H + Na)**, 1065.6 (M +
4H + Na)*.

G;s. According to the same procedure described for the
synthesis of Gy s, G35 was obtained from G;. '"H NMR (300 MHz,
CDCl): 6 3.62-3.76 (m, 156H), 3.16-3.38 (m, 90H), 2.62-2.98
(m, 186H), 2.48-2.62 (m, 90H), 2.24-2.48 (m, 186H); *C NMR
(150 MHz, CDCly): 0 173.1, 172.4, 68.2, 53.0, 52.5, 52.3, 51.7,
50.2, 49.8, 49.3, 37.6, 37.2, 33.9, 32.8, 32.7; IR (cm™'): v 1733.8,
1646.1.

G,. According to the same procedure described for the synthe-
sis of G,, G, was obtained from G;s. '"HNMR (300 MHz, D,0): ¢
3.52-3.62 (m, 6H), 3.40-3.50 (m, 6H), 3.03-3.27 (m, 186H), 2.53—
2.77 (m, 282H), 2.40-2.53 (m, 90H), 2.15-2.40 (m, 186H); *C
NMR (150 MHz, D,0):6 175.1, 174.6, 68.2, 66.8, 53.0, 51.3, 50.1,
49.1,44.4,41.5,40.4, 39.8, 36.8, 32.8, 32.7; IR (cm™'): v 1644.2.

G,s. According to the same procedure described for the
synthesis of Gy s, G45s was obtained from G,. '"H NMR (300 MHz,
CDCl): 0 3.60-3.76 (m, 300H), 3.20-3.38 (m, 186H), 2.70-2.84
(m, 378H), 2.51-2.62 (m, 186H), 2.29-2.48 (m, 378H); “"C NMR
(75 MHz, CDCl,): 0 173.24, 173.17, 172.6, 53.1, 52.4, 51.9, 51.7,
51.5,50.4, 50.0, 49.5, 37.4, 34.0, 32.9; IR (cm'): v 1732.2, 1647.3.

Gs. According to the same procedure described for the
synthesis of G,, G5 was obtained from G,s. "H NMR (300 MHz,

D,0): 5 3.03-3.14 (m, 378H), 2.58-2.70 (m, 378H), 2.38-2.56 (m,
378H), 2.15-2.30 (m, 378H); *C NMR (150 MHz, D,0): § 175.3,
174.8, 51.5, 50.2, 49.3, 41.5, 40.5, 39.9, 36.9, 33.0, 32.8; IR (cm™"):
v 1643.7.

Gss. According to the same procedure described for the
synthesis of G5, Gss was obtained from Gs. '"H NMR (300 MHz,
CDCl;): 0 3.60-3.72 (m, 588H), 3.20-3.38 (m, 378H), 2.68-2.84
(m, 762H), 2.50-2.62 (m, 378H), 2.30-2.48 (m, 762H); *C NMR
(75 MHz, CDCl,): 6 173.3, 172.6, 53.2, 52.5, 51.9, 51.8, 50.4, 50.0,
49.5,37.4,34.0,32.9; IR (cm™): v 1732.5, 1645.8.

Gg. According to the same procedure described for the
synthesis of G;, G4 was obtained from Gss. "H NMR (300 MHz,
D,0): 6 3.00-3.14 (m, 762H), 2.58-2.70 (m, 762H), 2.40-2.56 (m,
762H), 2.20-2.28 (m, 762H); “C NMR (150 MHz, D,0): 6 175.2,
174.7,51.4,50.2,49.3,49.2,42.2,41.8, 39.9, 36.9, 32.9, 32.8, 32.7;
IR (cm™): v 1646.4.

Ggs. According to the same procedure described for the
synthesis of G5, G¢s was obtained from G,. '"H NMR (300 MHz,
CDCl;): 0 3.58-3.80 (m, 1156H), 3.18-3.36 (m, 762H), 2.68-2.84
(m, 1530H), 2.50-2.64 (m, 762H), 2.28-2.48 (m, 1530H); *C NMR
(75 MHz, CDCl,): 6 173.3, 172.6, 53.2, 52.5, 51.9, 50.0, 49.5, 37.4,
34.0,32.9; IR (cm™"): v 1735.1, 1647.1.

G;. According to the same procedure described for the
synthesis of G;, G; was obtained from Ggs. '"H NMR (300 MHz,
D,0): 6 3.00-3.10 (m, 1530H), 2.57-2.72 (m, 1530H), 2.37-2.54
(m, 1530H), 2.14-2.28 (m, 1530H); "C NMR (150 MHz, D,0): 6
175.3, 174.8, 51.5, 50.2, 49.3, 41.5, 40.5, 39.9, 36.9, 33.0, 32.8; IR
(cm™): v 1642.5.

GPC analysis

GPC experiments were performed on an Alliance Waters HPLC
system equipped with Waters 515 HPLC pump, 2414 refractive
index detector (Waters Corp.), 2487 dual wavelength UV ab-
sorbance detector (Waters Corp.), and Polymer Standards Service
Novema NOAO0830103E2 (300 x 8 mm, 10 pm) columns. An
Elite guard column was used to protect the column. The column
temperature was maintained at 30 °C. The temperature of the
refractive index detector was maintained as well at 30 °C. The
isocratic mobile phase was 0.3 M formic acid and 0.1 M sodium
chloride, pH 1.90, at a flow rate of 1.0 mL min~'. Sample
concentration was 1.0 mg mL~" with an injection volume of
20 uL. The molecular weight of the dendrimer was determined
with Empower Pro software (Waters Corp.) using commercial
ethylenediamine-core PAMAM dendrimers from generation 1 to
7 (Aldrich) as references.*

AFM imaging of dendrimers

The dendrimer solutions were prepared to an appropriate con-
centration. The dendrimer concentrations were 8.6 x 107*, 8.6 x
103, 8.6 x 1072, 7.0 x 107" and 7.0 mg L' for dendrimers from
G, to G;. 5 uL of each solution were deposited on freshly cleaved
mica and kept for 5 minutes, allowing the dendrimer to adsorb on
the mica surface. The adsorption process was carried out under a
humid atmosphere in order to avoid the sample being dried. The
mica surface was then rinsed with water, dried under a nitrogen
flow, and subjected immediately to AFM study.
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AFM imaging of RNA molecules

The AFM studies of various RNA molecules on free mica were
undertaken under the same conditions as those described above
for dendrimers. The final concentration of RNA solutions was
0.0125mg L.

AFM imaging of RNA/dendrimer complexes

In the AFM experiments, the concentration of the RNA solution
was 0.025 mg L' for all the RNA molecules, while those of
dendrimers G, to G; were 1.7 x 1073, 3.4 x 1072, 1.7 x 1072,
8.6 x 10* and 1.7 x 107" mg L™". 5 uLL of the RNA solution
(0.025 mg L") was mixed with 5 pL of the dendrimer solution,
and the mixed solution was kept at 25 °C for 30 minutes. Then,
5 uL of the obtained solution was deposited on freshly cleaved
mica and kept under a humid atmosphere for 5 minutes, allowing
the RNA/dendrimer complexes to adsorb on to the mica surface.
The mica surface was then rinsed with water, dried under a
nitrogen flow and subjected to AFM study immediately. The
size of the RNA/dendrimer complexes was measured by cross-
section analysis using the Picoscan 4.19 SPM software program
(Molecular Imaging, USA).

Agarose gel analysis of RNA/dendrimer complexes

The dendrimers were prepared to an appropriate concentration in
50 mM Tris-HCI buffer (pH 7.6), mixed with the correspond-
ing siRNA or ribozyme RNA solution at various N/P ratios
(= [total end amines in dendrimer]/[phosphates in RNA]) and
then incubated at 37 °C for 30 minutes. The final concentra-
tion of RNA was adjusted to 25 mg L' (100 ng per well).
RNA/dendrimer complexes were analyzed by electrophoretic
mobility shift assays in 1.2% agarose gel in standard TAE buffer.
The RNA bands were stained by ethidium bromide and then
detected by a Kodak 290 digital camera.®

Transmission electron microscopic study on the RNA /dendrimer
complexes

TEM studies were performed with a JEM-1230 transmission
electron microscope. 10 uL of an RNA solution (5 mg L™! RNA)
were mixed with 10 pL of a dendrimer solution (34 mg L")
in 50 mM Tris-HCI buffer and kept at room temperature for
30 minutes, allowing the formation and equilibration of the
RNA/dendrimer complexes. 4 pL of the obtained mixture was
dropped on to a standard carbon-coated copper TEM grid, and
allowed to dry in air (I h at 30 °C, ambient pressure). The
grid was then stained with uranyl acetate (2% in water, pH 4.5)
for 3 minutes, air-dried for 20 minutes, and TEM imaging was
performed immediately.
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In this paper the development of a fluorescent activity based probe, Bodipy-VAD-Fmk, for
visualization of yeast peptide N-glycanase is described. The activity based probe is used to assess the
efficacy of known and new chitobiose-based electrophilic traps to bind yeast peptide N-glycanase.

Introduction

The majority of proteins in eukaryotes are synthesized by mem-
brane bound ribosomes on the endoplasmic reticulum (ER). The
newly synthesized proteins are inserted into the lumen of the ER
via a specialized structure referred to as the translocon. In a co-
translational process, oligosaccharyl transferase may glycosylate
asparagine residues within the Asn-X-Ser/Thr (X cannot be
Pro) consensus sequence.! The resulting Glc;Man,GIlcNHAC,
glycan is deglycosylated to GlcManyGIcNHAc, which is then
recognized by calnexin and calrectulin. These chaperones retain
glycoproteins in the ER until they are folded properly. Properly
folded proteins progress through the ER and Golgi. A series of
deglycosylation/glycosylation events transform the high mannose
N-glycan into complex-type N-glycans. These glycans in turn help
in guiding the glycoprotein to its final destination, such as the cell
surface or the endocytic pathway.

The MangGIcNAc, glycan of misfolded N-linked glycoproteins
is recognized by EDEM, a lectin-like protein of the endoplasmic
reticulum associated degradation pathway, resulting in dislocation
of misfolded proteins from the ER to the cytosol. Upon arrival
the misfolded proteins are ubiquitinated and are then directed to
the proteasome for degradation.?

In this pathway, the amidase peptide N-glycanase (PNGase) is
responsible for deglycosylation of most N-glycosylated proteins.?
PNGase contains the characteristic catalytic Cys, His, Asp triad
responsible for the cleavage of the B-aspartyl-glucosamine bond.
PNGase can associate with the proteasome as well as with ER-
bound proteins, suggesting that PNGase has multiple modes
of action.* For fundamental studies on the role of PNGase
in vivo, specific inhibitors can be beneficial. However, only few
such inhibitors are available to date and little is known about
their efficacy and selectivity. PNGase activity can be blocked by
either commercially available broad spectrum caspase inhibitor
Z-VAD(OMe)-Fmk 2 or haloacetamidyl chitobiose inhibitor 3
(Fig. 1).8

In the search for new inhibitors, a sensitive and straightforward
assay would be of great use. The N-glycanase activity assay
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currently in use entails the deglycosylation of RNase B by
PNGase, followed by SDS-PAGE and visualization of diges-
tion products with Coomassie blue. Before use as a substrate,
commercially available RNase B requires further purification
and denaturation.® Our group recently published an activity-
based fluorescent proteasome probe, which enables direct in-
gel detection of proteasome activity.” We reasoned that the
availability of a fluorescent analogue of 2, such as Bodipy TMR-
Ahx-Val-Ala-Asp(OMe)-fluoromethyl ketone 1 (B-VAD-Fmk).?
would allow straightforward screening of potential irreversible N-
glycanase inhibitors in an analogous fashion. We here report the
validity of this reasoning by the application of B-VAD-Fmk 1 in
the identification of the two new chitobiose-based N-glycanase
inhibitors, 4 and 5 (Fig. 1).

Results and discussion

The synthesis of B-VAD-Fmk 1 is depicted in Scheme 1. Boc-
Asp-OBn 6 was converted to the fluoromethyl ketone via a
modified procedure of the patented method by Palmer.” Hence,

3690 | Org. Biomol. Chem., 2007, 5, 3690-3697

This journal is © The Royal Society of Chemistry 2007





o

o]

=1
o

H
BocHN BocHN BocHN F

(e}
6 70 8 (@]

e} (o}
H
BocHN \/\/\)J\ N
s O

o)
] o y 9 o~
1 - BOCHN\/\/\)J\ N
N \.)J\N F
H I H
o = o)
10

Scheme 1  Reagents and conditions: (a) (i) Mel, K,CO,, DMF; (ii) 10%
Pd/C, H,, EtOAc, quant.; (b) (i) CDI, THEF, 1 h; (ii) monobenzyl
fluoromalonate magnesium enolate, THF; (iii) 10% Pd/C, H,, EtOAc,
68%:; (c) (1) 4 M HCl-dioxane, 45 min; (i) 9, HCTU, DiPEA, DMF 68%;
(d) (i) TFA-H,O (95 : 5, v/v), 30 min; (ii) Bodipy TMR-OSu, DiPEA,
16 h, 41%.

Boc-Asp-OBn 6 was converted to the methyl ester, and ensuing
reduction of the benzyl ester gave Boc-Asp(OMe)OH 7. Treat-
ment of the resulting acid with 1,1’-carbodiimidazole followed
by reaction with the magnesium enolate of the monobenzyl-
fluoromalonate and hydrogenation gave fluoromethylketone 8. Re-
moval of the Boc protective group in 8 and condensation of the re-
sulting free amine with peptide 9 (see ESIT) was followed by N-Boc
deprotection and treatment with Bodipy TMR-OSu to give target
compound 1. B-VAD-Fmk 1 was obtained as a diastereomeric mix-
ture due to epimerization of the alanine a-carbon during the block
coupling.

With B-VAD-Fmk 1 in hand, our attention was focused on the
synthesis of reference compound 3 and epoxysuccinate inhibitor
4 (Scheme 2). Known donor 11 was condensed with acceptor
12 under the agency of Ph,SO-Tf,O giving disaccharide 13."
Removal of the phthaloyl group and subsequent acetylation
afforded protected chitobiose 14. Reduction of the azido group
followed by coupling with either chloroacetic anhydride or epoxy-
succinate monoethylester afforded the protected inhibitors 15 and
16. Removal of protective groups furnished epoxide inhibitor 4.
In the case of inhibitor 3 partial reduction of the chloroacetamide

moiety was observed.
PW&W P”%
— /ﬁ/
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BnO
HO O, N3
BnO
NPhth
12

B"O/%/Bno/%/ \[(\cs

NHAc NHAc

l :

Fluoromethyl ketone 5 was synthesized as follows (Scheme 3).
C-glycoside 17, prepared according to the literature procedure,'
was treated with acidic methanol, followed by reaction with
benzaldehyde dimethylacetal to give after benzylation of the 3-OH
protected C-glycoside 18. Reaction of the ethylene moiety in 18
with mCPBA afforded the desired epoxide 19 as a diastereomeric
mixture. Regioselective opening of the epoxide in 19 with tetra-
butylammonium dihydrogen trifluoride furnished fluorohydrin 20.
Acetylation or benzoylation of the resulting alcohol followed
by opening of the benzylidene to the C6 position afforded
acceptors 23 and 24, respectively. Condensation of donor 11 with
either acceptor 23 or 24 by treatment with Ph,SO-Tf,0 gave
disaccharides 25 and 26. Deprotection of the amine functionalities
in 25 and 26, ensuing acetylation of the resulting free amines and
O-deacetylation furnished fluorohydrin 27. During the removal
of the phthaloyl protective groups of benzoylated disaccharide
26, O to N benzoyl migration was observed. This problem was
however overcome by synthesizing acetyl protected 25. Oxidation
of 27 afforded fully protected fluoromethyl ketone 28. Global
deprotection gave inhibitor 5 in a reasonable yield.

With probe 1 and inhibitors 2-5 in hand, we focused our
attention on their biological evaluation. First, the capability of
B-VAD-Fmk 1 to label PNGase was examined. To this end,
purified recombinant yeast peptide N-glycanase (YPngl) was
incubated with various concentrations of 1 for 1 h. Direct in-
gel visualization with a fluorescent scanner revealed that probe 1
labeled yeast peptide N-glycanase in a concentration-dependent
manner. From this image (Fig. 2(A)) it can be seen that the
saturation of the enzyme is reached at a concentration between 1
and 5 uM. Moreover, heat inactivated enzyme was not labeled by
B-VAD-Fmk 1 suggesting that probe 1 labeled YPngl specifically
(Fig. 2(A), (B)). The sensitivity was tested by labeling a serial
dilution of YPngl with 1 (0.5 uM). The labeling proved to be
very sensitive since as little as 0.9 ng of purified YPngl could
be detected (Fig. 2(C)). The specificity of B-VAD-Fmk 1 was
further investigated by incubating the probe with an Escherichia
coli (E. coli) cell extract expressing YPngl. Exclusive labeling of
YPngl by probe 1 was observed by in-gel visualization. We next
investigated the binding site of 1. The reported X-ray structure
of YPngl co-crystallized with Z-VAD-Fmk 2 showed that Z-
VAD-Fmk 2 binds to the catalytic Cys residue 191 of the active
site of YPngl.”? Tt is therefore reasonable to assume that 1,

&w%

NHAc

c | | d

P"m%»v && v%a

Scheme 2 Reagents and conditions: (a) 12, Ph,SO, TTBP, Tf,O, DCM, —60 to 0 °C, 85%; (b) (i) (H,NCH,),-n-BuOH (1 : 10), 90 °C; (ii) Ac,O, pyr, 81%;
(c) (1) Lindlar’s cat. H,, DMF; (ii) (CICH,CO),0, Et;N, DMF; (iii) MeOH, p-TsOH, 16 h, 47%; (d) (i) Lindlar’s cat. H,; (ii) epoxysuccinate monoethylester,
HCTU, Et;N, DMF, 39%; (e) 5% TFA-DCM, 70%; (f) 20% Pd(OH),/C, H,, MeOH 3: 14%, 4: 67%.
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just as lead-compound 2 binds to the same site. To verify this,
catalytically inactive YPng(C191A) was expressed in E. coli.
Incubation of YPng(CI91A) with 1 followed by visualization
revealed, as expected, no significant labeling of YPng(C191A)
(Fig. 2(D), (E)).

Having assessed the active-site dependent labeling-ability of 1,
its application in the identification of the inhibitory potential of
irreversible inhibitors was investigated. A solution of YPngl and
BSA was incubated with serial dilutions of the known active-
site binding inhibitors 2 and 3, followed by incubation with
1. Remarkably, labeling of YPngl was still observed at 1 mM
inhibitor concentration when the experiment was conducted in
the presence of 5 mM DTT. In addition, non-specific labeling
of BSA was detected, suggesting that reduction of disulfide
bonds by DTT caused non-specific labeling by B-VAD-Fmk 1
(Fig. 2(F)). Therefore a similar competition assay was conducted
without DTT. Non-specific labeling was minimized allowing us
determine the concentration at which 50% of enzyme activity
was inhibited (apparent ICs)) by quantification of the data with
imaging software. The apparent IC, of 2 was determined at 22 +
5 uM and the ICy, of haloacetamide 3 was 1.6 &+ 0.5 uM. We
are aware that our assay is not ideally suited for an accurate
determination of ICs, values and is not suitable at all for the
establishment of k; values. Such detailed kinetic studies are
executed best by making use of a substrate-based assay such as
those reported by Ito and Ploegh.>® We believe, however, that
our assay is highly useful for the rapid identification of potential
YPngl inhibitors, and to give a first impression of its potency.

In order to further illustrate this point, the inhibitory activity
of potential chitobiose inhibitors 4 and 5 was examined via the
competition assay. The apparent IC;, of epoxysuccinate 4 proved
to be 1.6 & 0.5 uM. To our surprise, fluoromethyl ketone 5 proved
to be a poor inhibitor of YPngl. Disaccharide 5 was preincubated
with YPngl for 2 h allowing 5 to react with the active site of the
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enzyme. Next, unreacted active sites were labeled by treatment
with 1 for 30 min. Even after preincubation, fluoromethyl ketone
5 inhibits YPngl in the high micromolar range (Fig. 2 (G)).

Conclusions

In summary, we have described the synthesis of -VAD-Fmk 1 and
have demonstrated its ability to covalently bind to the active site
Cys191 of recombinant yeast peptide N-glycanase. f-VAD-Fmk
1 can now be used in an enzyme inhibitory assay that allows the
rapid identification of potential YPngl inhibitors as we validated
for two known inhibitors (2 and 3) and two new chitobiose-based
inhibitors (4 and 5). Current research is focused on the design of
new inhibitors, both with respect to nature of the electrophilic trap
and the length of the oligosaccharide position.

Experimental

All general experimental details, the synthesis of peptide 9,
monobenzyl fluoromalonate magnesium enolate, disaccharides
13 and 14 and acceptors 23 and 24, the silver stained gels of
YPng labeling in E. coli cell extracts and inhibitor-dose-response
curves are available in the ESI.¥ TTBP (tert-butylpyrimidine),
Bodipy TMR-OSu, tetrabutylammonium dihydrogen trifluoride
(TBA-H,F;) and epoxisuccinate monoethyl ester were synthesized
as described.”"

N-tert-Butoxycarbonylaspartyl(OMe) fluoromethyl ketone (8)

Boc-Asp-OBn 6 (1.6 g, 5 mmol) was treated with iodomethane
(0.622 mL, 10 mmol, 2 equiv.) and K,CO; (0.69 g, 5 mmol) in
DME. After 16 h stirring, the reaction was diluted with EtOAc,
washed with 1 M HCI, NaHCO; (sat. aq.), brine, dried (MgSO,)
and concentrated in vacuo. The resulting Boc-Asp(OMe)OBn

Conc. (M) 0.5 0.5
DTT (5 mM) + %
F pra— <— BSA
— e ¢ PNGase

[Inhibitor] pM 0 0.5 1 5 10 50 100 500 1000
G 2 T — — ——
0 0.05 01 0.5 1 5 10 50 100
3 P—- N — —
0 0.05 0.1 0.5 1 5 10 50 100
A g —— — — —
0 0.5 1 2 5 10 20 50 100

5 i p— — Gn— G— S— S— — |

Fig. 2 (A) Fluorescent in-gel detection of YPngl by labeling with the indicated concentration of 1. “PS” represents the molecular marker (prestained
marker purchased from Fermentas). “M” represents the dual color marker. “—" represents heat-inactivated YPngl, incubated with 50 uM 1 for 2 h at
37 °C. (B) Silver stained gel of labeled YPngl. (C) Determination of the sensitivity of probe 1 by incubating 1 (0.5 pM) with various amounts of YPngl.
(D) Labeling of catalytically inactive YPng(C191A) (1 mg mL") with a serial dilution of 1 in E. coli cell extracts. (E) Labeling of YPngl (1 mg mL™")
with 1 in E. coli cell extracts. (F) Non-specific labeling of BSA by f-VAD-Fmk 1 in the presence of 5 mM DTT. (G) Competition assay. The indicated
amount of inhibitors 2—4 in the presence of 1 (0.5 uM) was incubated with YPngl (100 ng) and BSA (9 pug) in PBS (20 mM sodium phosphate, 150 mM
NaCl, pH = 7.2) for 1 h. Fluoromethyl ketone 5 was preincubated with YPngl for 2 h followed by incubation with 1 for 30 min.
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was dissolved in EtOAc before being reduced under the agency
of palladium (10%) on charcoal under H, atmosphere. TLC-
analysis showed complete reduction of the benzyl ester after 3 h.
Filtration and ensuing concentration afforded Boc-Asp(OMe)OH
7 (1.36 g, 5 mmol) which was co-evaporated with toluene and
dissolved in THF (25 mL). The solution was cooled to 0 °C,
carbodiimidazole (851 mg, 5.25 mmol) was added and the reaction
was stirred for 1 h at 0 °C. The mixture was cooled to —20 °C
before monobenzyl fluoromalonate magnesium enolate (see ESIt)
(6.25 mmol, 1.5 equiv.) was added dropwise. After 45 min stirring
at —20 °C and 3.5 h additional stirring at room temperature, the
reaction was poured into 1 M HCI, extracted with EtOAc, washed
with NaHCO; (sat. aq.), brine, dried (Na,SO,) and concentrated
in vacuo. The residue was redissolved in EtOAc, a catalytic amount
of activated palladium (10%) on charcoal was added and the
mixture was stirred overnight under H, atmosphere. Filtration
over Celite, concentration under reduced pressure followed by
silica gel column chromatography (Tol — 5% EtOAc-Tol) gave
title compound 8 in 68% yield (0.893 g, 3.4 mmol). '"H NMR
(600 MHz, CDCl;) 6/ppm 5.54 (d, J = 7.9 Hz, 1H, NH), 5.23
(dd, J = 47.0, 16.4 Hz, 1H, CH,F), 5.12 (dd, J = 47.3, 16.5 Hz,
1H, CH,F), 4.63 (td, J = 9.2, 5.2, 5.2 Hz, 1H, H-0), 3.70 (s, 3H,
CH; OMe), 3.08 (dd, J = 17.3, 4.1 Hz, 1H), 2.84 (dd, J = 17.3,
4.5 Hz, 1H, H-B), 1.46 (s, 9H, CH; tBu). *C NMR (150 MHz,
CDCl;) 6/ppm 203.17 (d, J = 16.4 Hz, C=0 ketone), 171.69
(C=0 COOtBu), 155.19 (C=0 Boc), 84.14 (d, J = 183.4 Hz,
CH,F), 80.76 (C, tBu), 53.49 (CH-0), 52.21 (CH; OMe), 35.36
(CH,-B), 28.20 (CH; tBu). [a]p® —5.6 (¢ = 1.26, CHCL,). FT-
IR: v, (neat)/cm~' 3362.2,2980.0, 1706.0, 1505.8, 1438.7, 1393.8,
1367.6,1247.6,1159.8,1055.4,1000.0, 861.3, 780.3, 631.8. HRMS:
(M — Boc + H*) calc. for C¢gH,, FNO; 164.07175, found 164.07166.

Bodipy-Ahx-Val-Ala-Asp(OMe) fluoromethyl ketone (1)

Fluoromethyl ketone 8 (40 mg, 0.15 mmol, 1.25 equiv.) was
dissolved in 4 M HCI in dioxane (2 mL). After 45 min, TLC
analysis showed complete conversion to a very polar product.
The solution was concentrated in vacuo, co-evaporated thrice with
toluene and dissolved in DMF (2 mL) before Boc-Ahx-Val-Ala-
OH 9 (48 mg, 0.12 mmol), HCTU (62 mg, 0.15 mmol, 1.25 equiv.)
and diisopropylethylamine (52 puL, 0.30 mmol, 2.5 equiv.) were
added. LC/MS analysis showed complete consumption after 2 h.
The reaction was diluted with CH,Cl,, washed with NaHCO,
(sat. aq.), 1 M HCI, brine, dried (Na,SO,) and concentrated.
Purification by silica gel chromatography (CH,Cl, — 1% MeOH-
CH,Cl,) gave peptide 10 (68%, 45 mg, 82 umol). LC/MS: R,
7.10 min; linear gradient 10 — 90% B in 13.5 min; m/z = 547.2
(M + H)*,447.2(M — Boc + H)*. Intermediate 10 was dissolved in
TFA-H,O (2 mL, 95 : 5 v/v), stirred for 30 min and concentrated
under reduced pressure. Residual traces of TFA were removed
by co-evaporation with toluene. Subsequently, the free amine
was dissolved in DMF, treated with Bodipy-TMR-OSu (41 mg,
82 umol, 1 equiv.) and diisopropylethylamine (36 pnL, 0.2 mmol,
2.5 equiv.) and stirred overnight. The solution was diluted with
CH,Cl,, washed with 1 M HClI, dried (Na,SO,) and concentrated.
RP-HPLC yielded Bodipy TMR-Ahx-Val-Ala-Asp(OMe)-Fmk 1
as a diastereomeric mixture (41%, 28.3 mg, 34 pmol). LC/MS: R,
8.15 min; linear gradient 10 — 90% B in 13.5 min; m/z = 827.4
(M +H)*, 807.3(M — F)*. RP-HPLC: R, 2.8 cv (column volume =

250 x 10.00 mm, particle size is 5); linear gradient 45 — 48.5%
in 3 cv. Silica gel chromatography (CHCl; — 3% MeOH-CHCI;)
gave both diastereomers. Diastereomer 1: '"H NMR (600 MHz,
CDCl;) 6/ppm 7.97-7.77 (m, 2H), 7.69-7.44 (m, 2H), 7.01-6.93
(m, 2H), 6.61-6.47 (m, 1H), 6.11-5.94 (m, 1H), 5.23-4.76 (m, 2H),
4.47-4.40 (m, 1H), 3.86 (s, 1H), 3.66 (s, 1H), 3.31-3.19 (m, 1H),
3.14-3.05 (m, 1H), 2.98-2.67 (m, 4H), 2.53 (s, 3H), 2.33-2.26 (m,
2H), 2.21 (s, 1H), 2.17-1.93 (m, 4H), 1.49-1.08 (m, 1H), 1.00-0.78
(m, 9H). Diasterecomer 2: 'H NMR (600 MHz, CDCl;) 6/ppm
7.90-7.84 (m, 2H), 7.14-7.05 (m, 1H), 6.98-6.94 (m, 2H), 6.61—
6.52 (m, 1H), 6.16-5.96 (m, 1H), 5.16 (dd, J = 46.2, 16.0 Hz, 1H),
5.02(dd, J =47.0,16.3 Hz, 1H), 4.89-4.84 (m, 1H), 4.46-4.36 (m,
1H), 4.14 (td, J = 15.0, 6.9, 6.9 Hz, 1H), 3.86 (s, 1H), 3.68 (s, 3H),
3.36-3.22 (m, 1H), 3.14-2.66 (m, 5H), 2.55 (s, 3H), 2.36-2.24 (m,
2H), 2.22 (s, 1H), 2.14-1.96 (m, 3H), 1.47-1.07 (m, 1H), 1.01-0.69
(m, 9H). FT-IR: v, (neat)/cm™" 3267.9, 2940.0, 1602.3, 1526.8,
1461.8, 1435.9, 1293.8, 1255.0, 1232.7, 1199.7, 1176.9, 1135.2,
1056.5, 995.8, 942.1, 836.6, 799.1, 721.9, 662.6, 609.8.

N-(0-(2-Acetamido-3-O-benzyl-2-deoxy-f-D-glucopyranosyl)-
(1—4)-2-acetamido-3,6-di- O-benzyl-2-deoxy-f-D-
glucopyranosyl)chloroacetamide (15)

Azide 14 (225 mg, 0.3 mmol) was dissolved in DMF (2 mL),
Lindlar’s catalyst (50 mg) was added and the solution was
stirred overnight under H, atmosphere. Subsequently, the mixture
was purged with argon gas after which chloroacetic anhydride
(77 mg, 0.45 mmol, 1.5 equiv.) and Et;N (71 pL, 0.51 mmol,
1.7 equiv.) were added. The solution was stirred overnight, filtered,
concentrated in vacuo and redissolved in MeOH (2 mL). p-
Toluenesulfonic acid (6 mg, 30 umol) was added. TLC analysis
showed complete conversion to a polar product after overnight
stirring. The reaction was quenched with Et;N (0.1 mL), concen-
trated and applied to silica gel chromatography (CH,Cl, — 2%
MeOH-CH,Cl,) affording title compound 15 in 47% (109 mg,
0.14 mmol). '"H NMR (500 MHz, MeOD) ¢/ppm 7.41-7.23 (m,
15H, H arom), 5.06 (d, J = 11.6, CH, Bn), 5.02 (d, / = 10.4 Hz,
IH, H-1) 4.90 (d, J = 11.5 Hz, 1H, CH, Bn), 4.72-4.58 (m, 5H,
4 x CH, Bn, H-1'), 4.12 (t, / = 9.2, 9.2 Hz, 1H, H-4), 4.02 (d,
J = 6.3 Hz, 1H, CH,Cl), 3.99 (t, J = 10.0, 10.0 Hz, 1H, H-2),
3.83-3.75 (m, 4H, H-2', H-6, H-62'), 3.64 (dd, / = 9.9,9.1 Hz, IH,
H-3), 3.56-3.46 (m, 2H, H-3', H-5), 3.42 (dd, J = 9.7, 8.8 Hz, |H,
H-6b'), 3.21 (ddd, J =9.5,7.1, 2.1 Hz, |H, H-5"), 1.90 (s, 3H, CH;
NHACc), 1.90 (s, 3H, CH; NHAc). "C NMR (125 MHz, MeOD)
o/ppm 173.75 (C=0), 173.52 (C=0), 169.85 (C=0), 140.29 (C,
Bn), 139.67 (C, Bn), 139.51 (C, Bn), 129.64-128.57 (CH arom),
101.14 (C-1"), 83.87 (C-3"), 83.00 (C-3), 80.48 (C-1), 78.72 (C-5),
78.35 (C-5), 77.00 (CH, Bn), 75.83 (CH, Bn), 75.75 (C-4), 74.36
(CH, Bn), 72.67 (C-4'), 69.40 (C-6), 62.96 (C-6'), 57.30 (C-2), 54.92
(C-2),43.10(CH,Cl),23.17(CH; NHAC), 22.82 (CH; NHAC). FT-
IR: v, (neat)/cm~" 3277.8, 1651.8, 1557.8, 1455.5, 1372.5, 1312.7,
1050.9, 737.6, 696.0. [a]p> —2.4 (¢ = 0.74, MeOH). HRMS: (M +
H"*) calc. for C3yH,yCIN;O;, 770.30501, found 770.30547.

N-(0O-(2-Acetamido-2-deoxy-p-p-glucopyranosyl)-(1— 4)-2-
acetamido-2-deoxy-f-D-glucopyranosyl)chloroacetamide (3)

Partially deprotected chloroacetamide 15 (30 mg, 39 umol) was
dissolved in MeOH (1 mL). 20% Pd(OH), on activated charcoal
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(20 mg) was added. The resulting suspension was stirred under H,
atmosphere. After 4 h, the mixture was filtered and concentrated in
vacuo. The crude product was acetylated by treatment with acetic
anhydride (1 mL) and pyridine (2 mL). After stirring overnight,
the reaction was concentrated and purified by silica gel chro-
matography (CH,Cl, — 2% MeOH-CH,Cl,). Fully acetylated
haloacetamide was deprotected by stirring it under the agency of
30% NaOMe in MeOH (0.1 mL) in methanol (1 mL) until TLC
showed complete conversion. Neutralization by amberlite IR-120
H* followed by concentration and purification over HW-40 gel
filtration (1% AcOH-H,0) afforded title compound 3 as a white
solid (14%, 2.69 mg, 5.4 umol). '"H NMR (600 MHz, D,0) é/ppm
5.09(d, J =9.7Hz, IH, H-1),4.60 (d, / = 8.5 Hz, IH, H-1), 4.15
(d, J = 14.3 Hz, 1H, CH,CI), 4.11 (d, J = 14.3 Hz, 1H, CH,Cl),
3.96-3.44 (m, 12H), 2.07 (s, 3H, CH; NHAc), 2.00 (s, 3H, CH;
NHACc). "CNMR (150 MHz, D,O)é/ppm 174.31 (C=0), 174.06
(C=0), 169.91 (C=0), 100.83 (C-1"), 78.21, 78.19 (C-1), 75.77,
75.33, 72.85, 71.98, 69.12, 59.95 (C-6 or C-6'), 59.31 (C-6 or C-
6), 55.01 (C-2), 53.12 (C-2), 41.46 (CH,Cl), 21.53 (CH; NHA«o),
21.35 (CH; NHACc).

(25,35)-3-N-(O0-(2-Acetamido-3-O-benzyl-4,6- O-benzylidene-2-
deoxy-p-p-glucopyranosyl)-(1— 4)-2-acetamido-3,6-di- O-benzyl-
2-deoxy-fp-p-glucopyranosylcarbamoyl)oxirane-2-carboxylic acid
ethyl ester (16)

Azide 14 (225 mg, 0.3 mmol) was dissolved in DMF (2 mL),
Lindlar’s catalyst (50 mg) was added and the solution was stirred
overnight under H, atmosphere. Subsequently, the mixture was
purged with argon gas after which epoxisuccinate monoethyl ester
(115 mg, 0.72 mmol, 2.4 equiv.), HCTU (323 mg, 0.78 mmol,
2.6 equiv.), Et;N (0.216 mL, 1.56 mmol, 5.2 equiv.) were added.
After stirring overnight, the reaction was concentrated in vacuo,
diluted with CH,Cl,, washed with aqueous 1 M HCI, NaHCO;,
(sat. aq.) and brine, dried (Na,SO,) and evaporate to dryness. Silica
gel chromatography (CH,Cl, — 2% MeOH-CH,Cl,) furnished
title compound 16 in 39% (110 mg, 0.119 mmol). '"H NMR
(500 MHz, DMF) 6/ppm 8.72 (d, J = 9.0 Hz, 1H, NH), 8.24
(d, J = 8.7 Hz, 1H, NH), 8.21 (d, J = 8.9 Hz, IH, NH), 7.52—
7.24 (m, 20H, H arom), 5.73 (s, IlH, CHPh), 5.12 (t, J = 9.3,
9.3 Hz, 1H), 5.00 (d, J = 11.1 Hz, 1H, CH, Bn), 492 (d, J =
7.6 Hz, 1H, H-1"), 4.84 (d, J = 11.9 Hz, 1H, CH, Bn), 4.72 (d,
J =11.0 Hz, 1H, CH, Bn), 4.70 (d, J = 11.8 Hz, 1H, CH, Bn),
4.67(d,J =11.8 Hz, |H, CH, Bn), 4.62 (d, J = 11.8 Hz, 1H, CH,
Bn), 4.26-4.19 (m, 2H, CH, OEt), 4.11 (dd, J/ = 10.2, 5.0 Hz, 1H,
H-6a), 4.01 (t, J = 9.0, 9.0 Hz, 1H), 3.97-3.90 (m, 3H), 3.88-3.83
(m, 2H), 3.82-3.77 (m, 2H), 3.74 (d, J/ = 1.8 Hz, 1H), 3.57-3.52
(m, 1H), 3.35-3.27 (m, 3H), 1.98 (s, 3H, CH; NHACc), 1.90 (s,
3H, CH; NHAc), 1.25 (t, J = 7.1, 7.1 Hz, 3H, CH; OEt). *C
NMR (150 MHz, DMSO) 6/ppm 169.48 (C=0), 169.32 (C=0),
166.78 (C=0), 165.42 (C=0), 138.92 (C, Bn or Ph), 138.63 (C,
Bn or Ph), 138.44 (C, Bn or Ph), 137.47 (C, Bn or Ph), 128.67-
125.87 (CH arom), 100.40 (C-1"), 99.93 (CHPh), 80.85, 80.68,
78.31, 76.01, 75.10, 73.36 (CH, Bn), 73.15 (CH, Bn), 71.81 (CH,
Bn), 68.22 (C-6 or C-6'), 67.68 (C-6 or C-6'), 65.50, 61.49 (CH,
OEt), 53.24, 52.67, 51.13,22.88 (CH; NHACc), 22.67 (CH; NHAC),
13.79 (CH; OEt). FT-IR: v,,,(neat)/cm ' 3277.7, 1651.9, 1538.3,
1455.4,1371.6, 1205.0, 1069.8, 735.8, 694.4. [a]p* +11.2 (¢ = 0.66,

DMF). HRMS: (M + H*) calc. for C;,H5sN;Oy, 924.39133, found
924.39219.

(25,35)-3-N-(O-(2-Acetamido-2-deoxy-p-D-glucopyranosyl)-
(1—4)-2-acetamido-2-deoxy-B-D-glucopyranosylcarbamoyl)-
oxirane-2-carboxylic acid ethyl ester (4)

Epoxide 16 (27 mg, 29.2 umol) was suspended in CH,Cl, (1 ml),
cooled to 0 °C and treated with TFA (50 ul) and H,O (5 pl). After
45 min stirring at 0 °C, the reaction was quenched with NaHCO,
(sat. aq.) followed by extraction. The organic layer was dried
(MgSO0,) and concentrated. Silica gel chromatography purification
(CH,Cl, — 2% MeOH-CH,Cl,) afforded the partially protected
epoxide (68%, 17 mg, 20.3 umol). The remaining benzyl groups
were removed by dissolving the epoxide in EtOH, followed by
the addition of 20% Pd(OH), on activated charcoal (cat.) and
stirring under H, atmosphere for 16 h. The solution was filtered,
concentrated and applied to HW-40 gel filtration (1% AcOH-H,0)
furnishing epoxide inhibitor 4 as a white solid (67% over two steps,
11.06 mg, 19.6 umol). '"H NMR (600 MHz, D,0) ¢/ppm 5.09 (d,
J = 9.6 Hz, 1H, H-1), 4.59 (d, J = 8.4 Hz, 1H, H-1"), 4.28 (q,
J =7.1,7.1, 7.1 Hz, 2H, CH, OEt), 3.96-3.43 (m, 14H), 2.06
(s, 3H, CH; NHACc), 2.01 (s, 3H, CH; NHAc), 1.29 (t, J = 7.2,
7.2 Hz, 1H, CH, OEt). "C NMR (150 MHz, D,0) §/ppm 174.26
(C=0), 174.06 (C=0), 168.31 (C=0), 167.98 (C=0), 100.83 (C-
1), 78.16, 77.85 (C-1), 75.79, 75.33, 72.87, 72.85, 71.92, 69.12,
62.90 (CH, OEt), 59.95 (C-6 or C-6'), 59.30 (C-6 or C-6), 55.01,
53.19 (C-2), 52.72 (C-2)), 52.05, 21.53 (CH; NHACc), 21.38 (CH,
NHACc), 12.58 (CH; OEt). FT-IR: v, (neat)/cm~' 3275.0, 1737.5,
1651.0, 1539.8, 1410.3, 1374.5, 1309.5, 1205.3, 1159.8, 1023.7,
943.9, 896.9. [a]lp™ +19.2 (¢ = 0.24, H,0). HRMS: (M + H*)
calc. for C,,H;,N;0,, 566.21918, found 566.21904.

(2R/ 8)-3-C-(O-(3-0O-Benzyl-4,6-O-benzylidene-2-deoxy-2-
phthalimido-B-D-glucopyranosyl)-(1— 4)-3,6-di- O-benzyl-2-deoxy-
2-phthalimido-f-D-glucopyranosyl)-1-fluoro-2-acetoxypropane (25)

Before being dissolved in freshly distilled CH,Cl,, known donor
11 (454 mg, 0.78 mmol, 1.2 equiv.), diphenyl sulfoxide (174 mg,
0.86 mmol, 1.3 equiv.) and TTBP (487 mg, 1.96 mmol, 3.0 equiv.)
were co-evaporated thrice with toluene. Subsequently, activated
4A MS were added and the reaction mixture was cooled to
—60 °C. Tf,0 (145 uL, 0.86 mmol, 1.3 equiv.) was added. After
10 min pre-activation, acceptor 23 (427 mg, 0.65 mmol) was
added, followed by stirring at —60 °C for 1 h. The temperature
was slowly raised to 0 °C over a period of 4 h, the reaction
was quenched by addition of Et;N, diluted with EtOAc, washed
with NaHCO; (sat. aq.), brine, dried and concentrate in vacuo.
Column chromatography (Tol — 10% EtOAc-Tol) furnished title
compound 26 as a colorless oil (97%, 668 mg, 0.63 mmol) which
was directly used for the next reaction. '"H NMR (600 MHz,
CDCl;) 6/ppm 8.03-6.79 (m, 28H, H arom), 5.53-5.50 (m, 1H,
CHPh), 5.39-5.34 (m, 1H, H-1"), 5.22-5.00 (m, 1H, H-2"), 4.85~
4.76 (m, 2H, CH, Bn), 4.57-4.10 (m, 11H), 4.02-3.91 (m, 2H),
3.76-3.68 (m, 1H), 3.57-3.34 (m, 3H), 3.32-3.18 (m, 2H), 1.96—
1.85 (m, 3H, CH; OAc), 1.71-1.51 (m, 2H, H-1'). *C NMR
(150 MHz, CDCl;) 6/ppm 170.31 (C=0 Ac), 170.09 (C=0 Ac),
167.86 (C=0O phth), 167.73 (C=0O phth), 167.70 (C=0O phth),
167.61 (C=0 phth), 138.53 (C, Bn or Ph), 138.45 (C, Bn or Ph),
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138.22 (C, Bn or Ph), 138.04 (C, Bn or Ph), 137.85 (C, Bn or Ph),
137.30 (C, Bn or Ph), 137.28 (C, Bn or Ph), 133.86 (CH phth),
133.78 (CH phth), 131.40 (C, phth), 128.93-126.01 (CH arom),
123.35 (CH phth), 123.25 (CH phth), 101.13 (CHPh), 97.58 (C-
17),97.39 (C-17), 83.97 (d, J = 173.7 Hz, C-3), 83.14, 83.13, 83.09
(d, J = 172.6 Hz, C-3), 78.25, 78.16, 77.27, 77.22, 77.16, 77.01,
76.79, 76.18, 75.93, 74.43, 74.40, 74.35, 74.31, 74.04, 72.61, 72.59,
71.58, 71.33, 69.97 (d, J = 19.4 Hz, C-2'), 68.85 (d, J = 19.0 Hz,
C-2'), 68.70, 68.68, 68.17, 68.08, 65.69, 65.61, 56.46, 55.82, 55.67,
32.40(d, J = 6.2 Hz, C-1'), 31.50 (d, J = 6.7 Hz, C-1'), 20.87 (CH,
OAc), 20.83 (CH, OAc). FT-IR: v, (neat)/cm™' 2873.8, 1774.7,
1739.9, 1710.2, 1612.1, 1496.1, 1468.1, 1454.0, 1383.9, 1233.5,
1173.0, 1144.7, 1070.8, 1027.4, 997.4, 967.8, 874.0, 794.3, 736.0,
719.7, 695.8, 661.5. HRMS: (M + Na*) calc. for C,H5, FN,0,,Na
1083.36860, found 1083.36897.

(2R/ S)-3-C-(O-(3-O-Benzyl-4,6-O-benzylidene-2-deoxy-2-
phthalimido-p-p-glucopyranosyl)-(1— 4)-3,6-di- O-benzyl-2-deoxy-
2-phthalimido-p-p-glucopyranosyl)-1-fluoro-2-benzoyloxypropane
(26)

Acceptor 24 (574 mg, 0.88 mmol) was condensed with donor
11 as described for disaccharide 25. Purification by silica gel
chromatography (Tol — 7.5% EtOAc-Tol) gave disaccharide 26
in 51% (500 mg, 0.45 mmol) as a colorless oil.

(2R/ S)-3-C-(O-(2-Acetamido-3-O-benzyl-4,6- O-benzylidene-2-
deoxy-f-p-glucopyranosyl)-(1— 4)-2-acetamido-3,6-di- O-benzyl-
2-deoxy-p-D-glucopyranosyl)-1-fluoro-2-hydroxypropane (27)

Starting from 26: Disaccharide 26 (500 mg, 0.45 mmol) was
dissolved in n-BuOH-ethylenediamine (10 : 1 v/v, 11 mL), before
being stirred at 90 °C for 8 h. The mixture was cooled to rt,
concentrated in vacuo, co-evaporated with toluene and used for
the next reaction. The mixture was suspended in pyridine (5 mL),
cooled to 0 °C, treated with Ac,O (3 mL) and stirred overnight.
After being quenched with MeOH, the mixture was concentrated
in vacuo, redissolved in dichloromethane, washed with 1 M HCI,
dried (MgSO,) and concentrated. The resulting off-white powder
was dissolved in MeOH (2 mL), reacted with 30% NaOMe in
MeOH (0.2 mL) for 1 h, after which it was neutralized with AcOH
and concentrated. Silica gel column chromatography (CH,Cl, —

2% MeOH-CH,Cl,) furnished benzoyl migrated compound 30
(95 mg, 0.105 mmol, 23%, Scheme 3) and title compound 27
(211 mg, 0.250 mmol, 56%).

Starting from 25: disaccharide 25 (286 mg, 0.27 mmol) was
converted to fluorohydrin 27 as depicted above. After silica gel
purification (CH,Cl, — 2% MeOH-CH,Cl,) title compound 27
was obtained as a white solid (67%, 152 mg, 0.180 mmol). 'H
NMR (600 MHz, DMSO) 6/ppm 8.11 (d, J = 8.4 Hz, 1H, NH),
7.96-7.93 (m, 1H, NH), 7.43-7.23 (m, 20H, H arom), 5.67 (s,
1H, CHPh), 5.04-4.92 (m, 1H), 4.86-4.82 (m, 1H, CH, Bn),
4.75-4.71 (m, 2H, CH, Bn, H-1"), 4.65-4.54 (m, 4H, CH, Bn),
4.43-4.15 (m, 2H, H-3'), 4.06-4.00 (m, 1H), 3.94-3.81 (m, 1H),
3.79-3.29 (m, 12H), 3.19-3.08 (m, 1H), 1.88-1.79 (m, 6H, CH;
NHACc), 1.54-1.21 (m, 2H, H-1"). *C NMR (150 MHz, DMSO)
d0/ppm 169.31 (C=0 NHACc), 169.28 (C=0 NHAc), 169.16 (C=0
NHAc), 139.29 (C, Bn or Ph), 139.27 (C, Bn or Ph), 138.77 (C,
Bn or Ph), 138.74 (C, Bn or Ph), 138.70 (C, Bn or Ph), 137.60
(C, Bn or Ph), 128.77-125.99 (CH arom), 100.91 (C-1"), 100.07
(CHPh), 87.29 (d, J = 168.4 Hz, C-3'), 86.50 (d, J = 167.1 Hz,
C-3'), 80.95, 78.13, 78.02, 76.32, 74.72, 73.29, 73.26, 71.96, 71.86,
68.82, 67.80, 66.55 (d, J = 18.6 Hz, C-2'), 65.59, 65.49 (d, J =
18.9 Hz, C-2'), 54.17, 54.06, 35.01 (d, J = 7.8 Hz, C-1"), 34.85 (d,
J = 6.5 Hz, C-1), 22.98 (CH; NHACc), 22.92 (CH; NHAc). FT-
IR: v, (neat)/cm~" 3275.4,2870.2, 1652.0, 1538.6, 1453.7, 1371.7,
1319.7, 1072.8, 1011.3, 746.9, 694.4, 668.1, 615.9. HRMS: (M +
H*) calc. for C,;;H5,FN,O,, 843.38627, found 843.38699.

3-C-(0O-(2-Acetamido-3-0O-benzyl-4,6- O-benzylidene-2-deoxy-f-
D-glucopyranosyl)-(1— 4)-2-acetamido-3,6-di- O-benzyl-2-deoxy-
B-D-glucopyranosyl)-1-fluoro-2-propanone (28)

Fluorohydrin 27 (211 mg, 0.250 mmol) was dissolved in CH,Cl,
(5 mL) before being reacted with Dess—Martin periodinane
(415 mg, 0.98 mmol, 3 equiv.). After 5 h, TLC analysis showed
complete consumption of the starting material and the reaction
was quenched with 10% aq. NaHCO; (10 mL) and 2 M agq.
NaS,O; (10 mL). The layers were separated, the organic layer
was dried (MgSO,) and concentrated. Purification over silica gel
column chromatography (CH,Cl, — 2% MeOH-CH,Cl,) gave
fluoromethyl ketone 28 (162 mg, 0.193 mmol) in 77% yield as
a white solid. '"H NMR (600 MHz, DMSO) ¢/ppm 8.08 (d,

o F
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Ph o
o v "R [ “ o P> 200
AcO BnO — BnO BnO
NPhth NPhth NPhth NPhth NPhth
7 18 19 corf |: 20R=H 23 R= Ac, 24 R=Bz
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h
3 F
o]
; RO.
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SRR IR Ly S
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29 R;=H, Ry=Bn 28 27R= Ac, 30 R=Bz 25 R= Ac, 26 R=Bz
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Scheme 3 Reagents and conditions: (a) (i) Amberlite H*, MeOH, reflux, 16 h, quant; (ii) PhCH(OMe),, pTsOH, MeCN, 91%; (b) BnBr, NaH, TBAI,
DMEF, 6 h, 68%; (c) mCPBA, CH,Cl,, reflux, 4 h, 88%; (d) TBA-H,F;, Tol, microwave, 180 °C, 20 min, 84%; (¢) Ac,O, pyr, 96%; (f) BzCl, DMAP, pyr,
92%; (g) TES, TFOH, DCM, —78 °C, 45 min, 79-85%; (h) 11, Ph,SO, Tf,O, TTBP, DCM, —60 to 0 °C, 25: 97% 26: 51%; (i) (i) (H,NCH,),-n-BuOH
(1 :10), 90 °C; (ii) Ac,O, pyr; (iii) NaOMe, MeOH, starting from 25: 67%, starting from 26: 56%; (j) Dess—Martin periodinane, DCM, 77%; (k) 5%

TFA-DCM, H,0, 0°C, 87%; (1) 20% Pd(OH),/C, H,, MeOH, 45%.
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J = 8.4 Hz, 1H, NH), 7.97 (d, J = 8.8 Hz, 1H, NH), 7.42-7.24
(m, 20H, H arom), 5.67 (s, 1H, CHPh), 5.06 (ddd, J =46.8, 30.1,
16.7 Hz, 2H, H-3), 4.83 (d, J = 11.0 Hz, 1H, CH, Bn), 4.744.69
(m, 2H, CH, Bn, H-17), 4.61-4.52 (m, 4H, CH, Bn), 4.03 (dd, J =
10.0, 4.7 Hz, 1H), 3.80-3.58 (m, 8H), 3.55 (t, J = 10.1, 10.1 Hz,
1H), 3.50 (t, J = 9.1, 9.1 Hz, 1H), 3.36 (dd, J = 9.2, 4.5 Hz,
1H), 3.13 (dt, J = 9.6, 9.4, 5.6 Hz, 1H), 1.84 (s, 3H, CH, NHAc),
1.80 (s, 3H, CH, NHAc). *C NMR (150 MHz, DMSO) 6/ppm
203.14 (d, J = 14.8 Hz, C-2'), 169.31 (C=0 NHAc), 169.20 (C=0
NHACc), 139.05 (C, Bn), 138.64 (C, Bn), 138.56 (C, Bn), 137.48
(C, Bn), 128.66-125.86 (CH arom), 100.71 (C-17), 99.91 (CHPh),
85.12 (d, J = 179.8 Hz, C-3), 81.46, 80.81, 78.17, 75.94, 74.13,
73.26 (CH, Bn), 73.12 (CH, Bn), 71.72 (CH, Bn), 68.51 (C-6 or
C-6'), 67.67 (C-6 or C-6)), 65.47, 55.33 (C-2 or C-2), 53.63 (C-2 or
C-2), 40.71 (C-1'), 22.86 (CH, NHAc), 22.72 (CH, NHAc). FT-
IR: v, (neat)/cm™ 3274.2, 2863.9, 1727.9, 1657.8, 1651.9, 1557.8,
1497.1, 1454.4, 1371.4, 1319.4, 1174.3, 1085.8, 1028.1, 1016.2,
960.2, 917.5, 733.9, 694.1. [a],> —5 (¢ = 0.28, DMF). HRMS:
(M + H") calc. for C;Hy,FN,O,, 841.37062, found 841.37119.

3-C-(0-(2-Acetamido-3-O-benzyl-2-deoxy-f-D-glucopyranosyl)-
(1—4)-2-acetamido-3,6-di-O-benzyl-2-deoxy-f-D-
glucopyranosyl)-1-fluoro-2-propanone (29)

The benzylidene of fully protected 28 (152 mg, 0.181 mmol)
was removed as described in the first step of the synthesis
of disaccharide 4. Silica gel column chromatography (CH,Cl,
— 5% MeOH-CH,Cl,) furnished title compound 29 (118 mg,
0.157 mmol) in 87% as a white powder. '"H NMR (500 MHz,
MeOD)d/ppm 7.37-7.22 (m, 15H, H arom), 5.00 (d, J = 10.9 Hz,
1H, CH, Bn), 4.89 (d, J =47.2 Hz, 1H, H-3),4.88 (d, / = 1 1.5 Hz,
1H, CH, Bn), 4.66-4.53 (m, 6H), 4.00 (t, / = 9.2, 9.2 Hz, 1H),
3.86-3.65 (m, 7H), 3.53 (dd, J = 9.6, 9.0 Hz, 1H), 3.50-3.44 (m,
2H), 3.43-3.38 (m, 2H), 3.20 (ddd, J = 9.5, 7.2, 2.1 Hz, 1H),
2.70 (ddd, J = 16.2, 8.9, 2.1 Hz, 1H, H-1a'), 2.58-2.52 (m, 1H,
H-1b'), 1.89 (s, 3H, CH; NHACc), 1.87 (s, 3H, CH; NHAc). *C
NMR (150 MHz, DMSO) 6/ppm 203.20 (d, J = 14.9 Hz, C-
2'), 169.32 (C=0 NHACc), 169.12 (C=0 NHAc), 139.25 (C, Bn),
139.17 (C, Bn), 138.54 (C, Bn), 128.14-126.95 (CH arom), 99.99
(C-17), 85.15 (d, J = 179.9 Hz, C-3), 82.37, 81.77, 78.27, 76.78,
75.23, 74.22, 73.26 (CH, Bn), 72.85 (CH, Bn), 71.86 (CH, Bn),
70.09, 68.76 (C-6), 60.80 (C-6"), 55.00 (C-2 or C-2), 53.55 (C-2
or C-2), 40.80 (C-1"), 22.91 (CH; NHAc), 22.73 (CH; NHAc).
FT-IR: v,,(neat)/cm™" 3292.1, 1733.0, 1652.0, 1549.7, 1455.2,
1372.2, 1317.1, 1104.3, 1073.7, 1054.8, 1024.1, 741.9, 695.9, 634.0,
602.0. [a]p® +23.3 (¢ = 0.42, MeOH). HRMS: (M + H*) calc. for
C,HsFN,0,, 753.33931, found 753.33980.

3-C-(O-(2-Acetamido-2-deoxy-B-D-glucopyranosyl)-(1—4)-2-
acetamido-2-deoxy-f-D-glucopyranosyl)-1-fluoro-2-propanone (5)

Partly deprotected fluoromethyl ketone 29 (59 mg, 78.5 pmol)
was dissolved in MeOH (1 mL), followed by the addition of 20%
Pd(OH), on activate charcoal (15 mg). The reaction mixture was
stirred under H, atmosphere for 8 h, after which TLC-analysis
showed complete conversion. Argon gas was bubbled through,
the solution was filtered over Celite concentrated and purified
over a HW-40 gel filtration (1% AcOH-H,O0). Title compound

5 (16 mg, 33.2 umol, 45%) was obtained as a white solid. 'H
NMR (600 MHz, D,0O) 6/ppm 5.08 (d, J = 46.5 Hz, 1H, H-3),
4.57 (d, J = 8.5 Hz, 1H, H-1"), 3.96-3.41 (m, 13H), 2.77-2.68
(m, 2H), 2.06 (s, 3H, CH; NHACc), 2.00 (s, 3H, CH; NHAc).
BC NMR (150 MHz, D,0) 6/ppm 207.24 (d, J = 15.3 Hz, C-
2), 174.57 (C=0 NHACc), 174.53 (C=0 NHAc), 101.41 (C-1"),
85.35 (d, J = 180.1 Hz, C-3), 79.45, 78.03, 75.88, 73.52, 73.42,
69.66, 60.49 (C-6 or C-6"), 60.11 (C-6 or C-6"), 55.56 (C-2"),
54.41 (C-2),40.09 (C-2),22.09 (CH; NHACc), 22.04 (CH; NHACc).
FT-IR: v, (neat)/cm~" 3270.1, 2872.1, 1732.6, 1652.1, 1558.1,
1406.9, 1372.9, 1306.3, 1204.1, 1162.8, 1105.6, 1077.5, 1025.8,
948.3, 893.7. [a]lp® —11.1 (¢ = 0.36, H,0). HRMS: (M + H*)
cale. for C,yH;,FN,O,, 483.19846, found 483.19824.

Expression of YPng1 and YPng(C191A)

BL21/DE3 E. coli transformed with either pET28a-YPngl or
pET28a-YPng(C191A) were cultured overnight at 37 °C in 50 mL
LB media containing kanamycin (50 pg mL™"). The culture was
transferred to 450 mL fresh LB media and cultured at 37 °C until
ODyy = 0.8. Subsequently, [IPTG (5 mL, 0.1 M) was added and the
cells were further incubated for 3 h at 37 °C. Next, the cells were
centrifuged at 6000 rpm for 20 min at 4 °C. The resulting pellet was
resuspended in 20 mM Tris (pH = 8), 100 mM NacCl, 5% glycerol
and 1% Triton X-100. The resulting suspension was incubate on ice
for 30 min followed by 20 min sonication (90% maximum power,
5 s pulse and 3 s wait), the solution was centrifuged at 12000 g
(10 min at 4 °C) affording the cell extracts.

Labeling of purified YPNGase with bodipy probe 1

Purified recombinant yeast peptide N-glycanase (4.7 mg mL™")
was diluted with 20 mM sodium-phosphate buffer (pH = 7.2),
150 mM NaCl, 5 mM DTT to a final enzyme concentration
of 11.1 ng uL™"'. To assess the labeling properties of Bodipy
TMR-Ahx-Val-Ala-Asp(OMe)-Fmk 1, 9 uL of enzyme solution
(11.1 ng pL~") was labeled for 2 h at 37 °C with increasing
concentrations of B-VAD-Fmk 1 (1 pL). The reaction mixture
was quenched by the addition of 4 x SDS-PAGE sample buffer
(5 pL), boiled for 3 min and separated on 10% SDS-PAGE. In
gel-visualization of protein labeling was directly performed in the
wet gel slabs by using the Cy3/Tamra settings (4 532, Ao 560)
on a Thyphoon Variable Mode Imager (Amersham Biosciences).
Afterwards the protein amount was quantified by silverstaining.
Non-specific labeling of YPngl was evaluated: by treating heat
inactivated YPngl (9 pL, 11.1 ng pL~" boiled with 1% SDS for
3 min) with B-VAD-Fmk 1 (50 uM) or by treating a solution of
9 uL YPngl (100 ng) and BSA (9 pg) with probe 1 (0.5 uM) in the
presence or in the absence of 5 mM DTT. To assess the minimal
amount of YPngl which could be labeled and visualized with -
VAD-Fmk 1, a serial dilution of YPngl was incubated with 0.5 uM
1 for 1 h after which direct in gel-visualization was performed.

Labeling of YPngl and C191A with f-VAD-Fmk 1

E. coli cell extracts (1 mg mL™") overexpressing either YPngl or
C191A were incubated with a serial dilution of B-VAD-Fmk 1 for
1 h. After denaturation, resolving on 10% SDS-PAGE, labeling

3696 | Org. Biomol. Chem., 2007, 5, 3690-3697

This journal is © The Royal Society of Chemistry 2007





was visualized as described for purified YPngl. The total protein
amount was quantified using silver staining (see ESIT).

Competition experiments

For competition experiments, 9 uL of YPngl (11.1 ng uL™") in
reaction buffer (1 ug uL~' BSA, 20 mM sodium-phosphate buffer
(pH = 7.2), 150 mM NaCl) was incubated with 1 uL of inhibitors
2—4 and Bodipy TMR-Ahx-Val-Ala-Asp(OMe)-Fmk 1 (0.5 uM)
for 1 h. The reaction was quenched by the addition of 4 x SDS-
PAGE sample buffer (5 uL) and boiling for 3 min. The samples
were analyzed by SDS-PAGE as described above. Data was
quantified with ImageQuant and analyzed with Graphpad Prism
(see ESIt). To analyze the inhibitory potential of fluoromethyl
ketone 5, 1 uL of 5 was preincubated with 9 pL of YPngl
(11.1 ng pL7") in reaction buffer for 2 h followed by labeling with
B-VAD-Fmk 1 (0.5 uM) for 30 min. The reaction was quenched
and analyzed as described above.
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The design, synthesis, and characterization of novel cavitand-based hetero-TASPs, TASPs having
different peptide sequences within one bundle, are described. Three families of hetero-TASPs were
designed: the LG3/LG2 family (different linker lengths), LG3/AG3 family (altering helix
hydrophobicity), and the LG3/LG2C family (anti-parallel caviteins). These first generation
hetero-TASPs were found to be a-helical, stable towards guanidine hydrochloride, and monomeric in
solution. The LG3/LG2 caviteins exhibited primarily native-like properties. The remaining
hetero-TASP families were found to exhibit less dispersion and broader signals in the amide regions of
their "H NMR spectra than their respective reference caviteins. The success in the design of the
LG3/LG2 hetero-TASPs suggests that subsequent hetero-TASPs may have potential to manifest
superior native-like structure compared with homo-TASPs, and refinement of the linker and peptide

sequences may accomplish this goal.

Introduction

It was Anfinsen’s early studies on ribonuclease that concluded that
a protein’s tertiary structure is encoded in its linear sequence of
amino acids.! From this research transpired one of the greatest
unanswered questions of the life sciences to which much effort has
been expended over the past 25 years. How do linear polypeptides
that carry all the necessary information for folding take on native
three-dimensional shapes? The details of this folding process
remain unclear, and its study is referred to as the “protein-folding
problem”. A long-term goal in this area of research has been
to deduce the parameters controlling the relationship between
sequence, tertiary structure, and function. Solving the protein-
folding problem will have practical consequences in biology, drug
development, and even medicine.

One approach used to illustrate the interactions that govern the
relationship between protein sequence and structure, is through
the design and characterization of de novo proteins.> De novo
proteins are small proteins designed from first principles, retaining
the crucial interactions of natural proteins, but otherwise lacking
their complexity. Using de novo design, a peptide sequence that is
predicted to adopt a particular fold can be synthesized, and the
tertiary structure of the resulting protein can be readily character-
ized. De novo design affords the potential to use an incremental
approach and to make individual amino acid modifications in the
design to evaluate contributions of specific residues to the overall
three-dimensional structure of a protein.* Furthermore, this
discipline focuses on not only obtaining models for understanding
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the challenges of the folding process but to create novel molecules
with native-like structures and useful functional activities for
medical or industrial applications.*

The de novo concept can be expanded to include the use
of templates in the synthesis of template-assembled synthetic
proteins (TASPs).> Some examples of the molecular scaffolds
used to date in the synthesis of TASPs include peptides,’
carbohydrates,® porphyrins,” steroids,® calixarenes,” transition
metals,’’ and cavitands."! In the method of template assembly,
potential units of secondary structure are attached to a rigid
scaffold in order to pre-organize the peptides and minimize the
unfavorable loss of entropy upon folding. Another advantage of
attaching peptides to a template is that it eliminates the need for
designing loop regions between the peptide strands.

De novo design and template assembly have provided a means to
synthesize diverse protein structures. Due to its relative simplicity,
one of the most common topologies encountered amongst the
examples of de novo proteins is the four-helix bundle.”” An
immense challenge in the design of these de novo four-helix
bundle proteins is the creation of native-like tertiary structures,
exhibiting well-packed hydrophobic cores. Examples of de novo
proteins with well-defined tertiary structures are limited.”® Our
group has reported the synthesis of de novo four-helix bundle
proteins using a cavitand as template, and termed the resulting
proteins “caviteins” (cavitand + protein) (Fig. 1)."* Some of these
caviteins have manifested considerable native-like properties. !4

The TASPs synthesized in our lab to date have resulted from the
simultaneous ligation of peptides strands to appropriate moieties
on a cavitand (and a cyclotribenzylene, CTB) template, and have
thus been limited to having only one type of peptide sequence
attached within one bundle (e.g. three or more identical helices).'
Having the ability to synthesize hetero-TASPs, TASPs having
different peptide sequences within one bundle, would enable the
creation of novel de novo caviteins, including an anti-parallel four-
helix bundle cavitein. This article focuses on the design, synthesis,
and characterization of a first generation of hetero-TASPs.
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Table 1 Complete sequences from N- to C-termini using one-letter-abbreviated amino acids including modified termini for peptides 1, 2, 3, and 4

Peptide number Peptide name

Peptide sequence

1 1g3
2 1g2
3 ag3
4 1g2¢c

CICH,CO-NH-[GGG-EELLKKLEELLKKG]-CO-NH,
CICH,CO-NH-[GG-EELLKKLEELLKKG]-CO-NH,
CICH,CO-NH-[GGG-EEAAKKAEEAAKKG]-CO-NH,
CH;CO-NH-[GEELLKKLEELLKKGGC]-Spy

“1g2c will be attached to the cavitand via a C-terminal cysteine residue; Spy is the S-pyridyl group.

Fig. 1 Cavitein synthesis.

Three hetero-TASP families were designed and synthesized
using the 1g3 peptide sequence (see Table 1) as the invariable
sequence. The LG3 cavitein (bundle contained four 1g3 peptide
helices) had previously been studied and was found to exhibit sig-
nificant native-like characteristics."** In this way, LG3 served as a
useful starting point for designing a hetero-TASP, and as a suitable
reference cavitein. The LG3/LG2 hetero-TASPs were designed
with peptides having different linker lengths; the LG3/AG3 family
included two peptides with the same linker lengths but differing hy-
drophobic residues in the peptide sequences; and the LG3/LG2C
family included anti-parallel four-helix bundle caviteins.

It is generally accepted that hydrophobic interactions are the
major forces involved in initializing protein folding and stabilizing
the tertiary structures of proteins.'® Natural globular proteins have
well-defined structure where specific hydrophobic interactions of
the amino acid side chains pack like “knobs-into-holes”.'® For de
novo proteins, manifestation of such structure is thus referred to
as having native-like character. Although our previous caviteins
have possessed several native-like characteristics,'*'* the extent
of side-chain packing specificity is not clear.

The LG3/LG2 family was designed to model a potential
“knobs-into-holes” packing within the hydrophobic core by using
two peptides sequences with different linker lengths (see Fig. 2).

peptide
Ig3

pe|p12ide peptide
9 \ 192

peptide
Ig3

v

Fig. 2 Schematic representation highlighting the a,b and a,c LG3/LG2
Hetero-TASP (note only two peptides are shown for clarity; see Table 1
for peptide labels).

Such a design would potentially enable the side chains of adjacent
peptide helices to be “out of register”, which might increase the
efficacy of the hydrophobic packing within the four-helix bundle
core.

The LG3/AG3 family was created to examine the effects
of decreasing the hydrophobicity of subsequent peptide helices
within a bundle. Previously, Causton synthesized an all-alanine
peptide sequence linked via disulfide bonds to a benzylthiol
cavitand template.'”” He found that his all alanine-based cavitein
(four peptides had Ala in place of Leu) exhibited highly molten
globule-like characteristics. If our previously designed leucine-
based (Ig3) caviteins were not entirely native-like due to an
over-packed hydrophobic core, and the all-alanine-based (ag3)
caviteins were highly under-packed, then designing a hetero-TASP
composed of two ag3 peptides and two 1g3 peptides could result
in a more native-like cavitein.

The LG3/LG2C hetero-TASPs represent the first anti-parallel
caviteins to be synthesized, which was one main goal in itself.
Furthermore, perhaps the LG3/LG2C caviteins could accom-
modate a stable “knobs-into-holes” packing arrangement, and
result in highly native-like caviteins. An anti-parallel design further
permitted the evaluation of whether an increase in structural
stability could be diagnosed when the peptide helices are oriented
with opposing helix macrodipoles with respect to one another. We
report the design and synthesis of the first anti-parallel cavitein,
although other examples of anti-parallel de novo proteins and a
few anti-parallel hetero-TASPs exist in the literature,'® and it also
is a frequent topology found in natural proteins.’

Results and discussion
Design

The peptide sequences were designed by following a minimalist
approach.’ This included designing peptides with either four or
five different amino acid residues. The peptides were also designed
to be amphiphilic (i.e. the helix would contain a hydrophobic core
and hydrophilic surfaces when folded) (see Fig. 3). Apart from
Gly and Cys, the design included only amino acids with high
helical propensities to promote a stable a-helix when folded. Two
or three glycine residues were added to the N- or C-termini to
serve as a linker between the template and the o-helical segment
of the peptide. The effects of the glycine linkers on the cavitein
structure and stability have been evaluated previously."'* A Gly
was incorporated at the N- or C-termini to serve as a helix-
capping residue.?® For peptides 1g2, 1g3, and ag3 the C-terminus
was amidated to help reduce the effect of the helix macrodipole.?!
Furthermore, oppositely charged residues Lys and Glu were
placed three and four amino acids apart to encourage intrahelical
salt-bridges.
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Fig.3 Helical wheel diagram of four strands of peptide 1 with the helices
oriented in parallel (reader is looking down the helical axes from C- to
N-termini).

An efficient template for TASP synthesis should pre-organize
the peptides into a desired folding pattern and be easily integrated
into the design. The template used for the formation of the
caviteins was a cavitand, a rigid organic macrocycle with an
enforced cavity.”> The rigidity of the cavitand macrocycle limits
the degrees of freedom of the constituent peptides, and thus,
stabilizes the overall tertiary structure. Some of the problems
associated with other templates in the synthesis of native-like
four-helix bundles has been their inherent flexibility.® The thiol
functional groups located on the upper rim of the cavitand are
approximately 7 A apart,® which are fitting for four-helix bundle
proteins where the interhelical distances extend between 7-14 A .25
The thiol functionalities on the cavitand are nucleophilic, and thus
serve as viable moieties for peptide attachment to efficiently afford
a template-assembled synthetic protein (TASP). Furthermore, the
cavitand template promotes the peptides strands into a desired
orientation (e.g. all parallel), and the size of the cavitand (i.e. 4-,
5-, or 6-cavitand) can be modified to accommodate different sized
bundle structures.

Synthesis

Peptides 1, 2, and 3 were synthesized using standard solid-phase
techniques.” Manual chloroacetylation of the free N-termini of

Table 2 Names and 5-16

the peptides was achieved by treatment with chloroacetyl chloride,
resulting in an activated form of the peptide. The individual
peptides were then manually treated with 95% trifluoroacetic acid
(TFA), which cleaved the peptide from the resin in addition to
removing the side-chain protecting groups simultaneously.

The N-terminus of peptide 4 was acetylated since future
attachment of the peptide to the cavitand template would take
place from the C-terminal cysteine residue via a disulfide bond
to cavitand template. The C-terminal cysteine was activated using
2,2-dipyridyl disulfide (DPDS) to afford the activated form of
the peptide ready for incorporation into the caviteins via its C-
terminus.

The nomenclature denotes using small letters for the peptide
sequences (Table 1) and the name is then capitalized to refer to the
corresponding four-helix bundle caviteins (Table 2). The first letter
in either the peptide or cavitein name refers to the hydrophobic
residue in the helical sequence, following by the number of
glycine linkers between the peptide helices and cavitand template.
Consider LG3, the capitals signify that it is a cavitein, L = leucine
(the hydrophobic residue in the peptide sequence), and G3 = three
glycine linkers between the peptide helices and the cavitand. For
peptide 4, the attachment to the cavitand template is via the C-
terminus, which is indicated by the letter “c” at the end of the
peptide name. For example cavitein LG2C, L = leucine, G2 = two
glycine linkers, and C = peptides linked to the cavitand via their
C-termini.

Caviteins 5-8 were synthesized by following literature
procedures."'“** Hetero-TASPs 9-16 were synthesized via two
different methodologies, one using limited peptide equivalents
and second employing protecting groups. The first approach is
described here (see Fig. 4), and the second approach is explained
in the ESIf.

The first step entailed reacting 2.5 equivalents of peptide 1
with the cavitand template in the presence of excess DIPEA base,
and DMF solvent. The subsequent peptide mixture was purified
using RP-HPLC. The isolated products included two different
disubstituted intermediates where the two peptides attached
were either at the a,b (not shown in Fig. 4) or a,c positions
on the template, respectively, in addition to mono-, tri-, and
tetrasubstituted products (not shown in Fig. 4). The identities
of the a,b and a,c disubsituted caviteins were assigned based
on the 2 : 1 (a,b : a,c) peak area ratio in the HPLC trace (see

Cavitein number Cavitein name

Cavitein sequence

5 LG3

6 LG2

7 AG3

8 LG2C

9 2LG3-2LG2_ab
10 2LG3-2LG2_ac
11 3LG3-1AG3

12 2LG3-2AG3_ab
13 2LG3-2AG3_ac
14 1LG3-3AG3

15¢ 2LG3-2LG2C_ab
16° 2LG3-2LG2C_ac

“1g2c peptides are attached via their C-termini.

Cavitand—([peptide 1g3]),
Cavitand—([peptide 1g2]),
Cavitand—([peptide ag3]),
Cavitand—([peptide 1g2c]),
Cavitand—([peptide 1g3],-[peptide 1g2],)
Cavitand—([peptide 1g3],-[peptide 1g2],)
Cavitand—([peptide 1g3];-[peptide ag3],)
Cavitand—([peptide 1g3],-[peptide ag3],)
Cavitand—([peptide 1g3],-[peptide ag3],)
[
[
[

Cavitand—([peptide 1g3],-[peptide 1g2c],)

Cavitand—([peptide 1g3],-[peptide ag3];)
Cavitand—([peptide 1g3],-[peptide 1g2c],)
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1. 2.5 eq. Peptide 1
DMF/DIPEA

4

Ll
2. RP-HPLC Purification

1. xs. Peptide 2, 3, or 4
DMF/DIPEA

y

Ll
2. RP-HPLC Purification

Fig. 4 Schematic representation outlining the synthesis for an a,c Hetero-TASP.

ESIT), and by the splitting of the cavitand signal in the 'H
NMR spectrum of 2LG3-2LG2_ab (see Fig. 17). The masses
of the products were confirmed by MALDI-mass spectrometry.
The product distribution contained mainly the a,b disubstituted
product (57%) followed by the a,c disubstituted product (24%)
and minimal amounts of the other three possible products. The
purified and separated mono-, di-, trisubstituted products were
then individually subjected to peptide 2, 3, or 4 in the presence
of DIPEA base, and DMF solvent, to yield the corresponding
four-helix hetero-TASPs.

Characterization

The secondary and tertiary structures of the caviteins were
analyzed using circular dichroism (CD) spectroscopy, guanidine
hydrochloride denaturation, analytical ultracentrifugation (AUC),
1D "H NMR spectroscopy, N-H/D exchange experiments, and 1-
anilinonaphthalene-8-sulfonate (ANS) binding studies.

Far-UV/CD Spectroscopy. Far-UV (190-250 nm) CD spec-
troscopy is regularly used to quantify the extent of secondary
structure present in peptides and proteins.?® All the caviteins here
are o-helical in structure, with two characteristic negative bands
near 222 and 208 nm, and one positive band near 195 nm (see
Fig. 5-7). An exact helical content for the caviteins was not
determined since aromatic contributions by the cavitand template
near 220-260 nm are known to influence the absorbance at
222 nm.*" For all of the caviteins, the CD spectra at concentrations
of 4 and 40 uM agreed within experimental error, respectively, and
therefore the 4 uM curves for each of the caviteins are not shown.
This concentration-independence is consistent with monomeric
caviteins.

A qualitative analysis of the CD spectra suggests that the hetero-
TASPs signals approximate an average of the signals observed
for their parent derivatives. Furthermore, it is apparent in Fig. 4
that the o-helicities decrease and the CD curves shift to lower
wavelengths as the 1g3 peptide helices are replaced with ag3 peptide
helices (notice the minimum at ~203 nm for AG3, compared to
~208 nm for LG3). This shift in the CD curve toward lower
wavelengths is indicative of random coil contributions, and has
been observed by Kwok and Hodges in studying the effects of
changing the hydrophobicity in two-stranded coiled coils.?” Lastly,
the 2LG3-2AG3_ac hetero-TASP appears to be more helical than
its a,b counterpart. This difference is not observed for the other
two hetero-TASP families.

—a—(4)LG3
—o—(4)LG2
——2LG3_2L.G2_ab
—e—2LG3_2L.G2_ac
35000 -
s
£
N'U
€ 15000
o
Q
k]
s
0
=
-
190
-5000
-25000

Wavelength/nm

Fig. 5 Far-UV CD spectra for the LG3/LG2 substituted caviteins at
40 uM in 50 mM phosphate buffer, pH 7.0 at 20 °C.

Near-UV/CD Spectroscopy. In addition to determining the
extent of o-helical secondary structure by interpreting the far-
UV region of a CD spectrum, information about protein tertiary
structure can be gathered by examining the near-UV (250-350 nm)
spectral region.” In this range, the aromatic amino acids and
disulfide bonds are the typical chromophores, and the CD signals
they produce are sensitive to the overall tertiary structure of the
protein.?® The cavitand template is the chromophore responsible
for the absorptions in the near-UV region for caviteins. Proteins
lacking well-defined three-dimensional structures (e.g. a molten
globule or misfolded protein) produce little or no signal in the
near-UV spectral region due to the time-averaged fluctuating
structures.”” On the other hand, enhanced near-UV signals are
indicative of a well-defined protein structure due to the asymmetric
environments of their aromatic chromophores.*® Fig. 8-10 show
the near-UV CD spectra for the caviteins.

The enhanced near-UV CD signals for the LG3/LG2 caviteins
support native-like structures. The replacement of 1g3 peptide
helices with 1g2 peptide helices had little effect on the near-UV CD
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—a— (4)LG3
—o— (HAG3
—x~—3LG3_1AG3
—a—2LG3_2AG3_ab
—a—2LG3_2AG3_ac
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Fig. 6 Far-UV CD spectra for the LG3/AG3 substituted caviteins at
40 uM in 50 mM phosphate buffer, pH 7.0 at 20 °C.
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Fig. 7 Far-UV CD spectra for the LG3/LG2C substituted caviteins at
40 uM in 50 mM phosphate buffer, pH 7.0 at 20 °C.

signal when compared to the LG2 cavitein. The near-UV signals
for 2LG3-2LG2_ab and 2LG3-2LG2_ac lie in between the curves
observed for LG3 and LG2. However, the signs for the absorptions
of 2LG3-2LG2_ab and 2LG3-2LG2_ac correspond to the signs of
LG2, and are opposite to LG3. This suggests that the LG2 and
2L.G3-2LG2_ab and 2LG3-2L.G2_ac caviteins may be supercoiled
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Fig. 8 Near-UV CD spectra for the LG3/LG2 substituted caviteins at
40 uM in 50 mM phosphate buffer, pH 7.0 at 20 °C.
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Fig. 9 Near-UV CD spectra for the LG3/AG3 substituted caviteins at
40 uM in 50 mM phosphate buffer, pH 7.0 at 20 °C.

in the same direction, while LG3 may be supercoiled in the reverse
direction.

The near-UV spectral region displays relatively strong signals
for both the LG3 and the 2LG3-2AG3_ac caviteins. The near-UV
signal for 2LG3-2AG3_ac is more enhanced than the other vari-
ants of the LG3/AG3 family. On the other hand, 2LG3-2AG3_ab
exhibits a reduced signal compared to 2LG3-2AG3_ac, which
supports the notion that the tertiary structure of the a,c derivative
is more efficiently packed than the a,b derivative. A clear distinc-
tion between the properties of an a,b and a,c derivative was not
observed in the other hetero-TASPs.

The near-UV region for the anti-parallel caviteins and the LG2C
reference cavitein have very little signal in this spectral region.
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Fig. 10 Near-UV CD spectra for the LG3/LG2C substituted caviteins at
40 uM in 50 mM phosphate buffer, pH 7.0 at 20 °C.

This suggests little tertiary structural specificity, and could be
attributable to the disulfide linkages between the template and
peptide helices. Similar disulfide-linked caviteins have previously
shown molten globule-like characteristics.'*

Guanidine hydrochloride (GuHCI) denaturation. GuHCI is
thought to preferentially bind to protein surfaces and disrupt
hydrogen bonding, hydrophobic packing, and electrostatic inter-
actions, although the exact mechanism of denaturation is still
not known.3! The stabilities of the caviteins in the presence of
GuHCI were determined at different concentrations. Fig. 11-13
display the unfolding curves of caviteins monitored at 222 nm in
the presence of 0-8.0 M GuHCI at concentrations of 40 uM. An
additional denaturation experiment was also carried out for each
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Fig. 11 Effect of GuHCI on the fraction folded, as determined by the
helicity ([0],2), of the LG3/LG2 substituted caviteins at 40 pM in 50 mM
phosphate buffer, pH 7.0 at 20 °C.
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Fig. 12 Effect of GuHCI on the fraction folded, as determined by the
helicity ([0],2), of the LG3/AG3 substituted caviteins at 40 pM in 50 mM
phosphate buffer, pH 7.0 at 20 °C.
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Fig. 13  Effect of GuHCI on the fraction folded, as determined by the
helicity ([0]»), of the LG3/LG2C substituted caviteins at 40 uM in 50 mM
phosphate buffer, pH 7.0 at 20 °C.

of the caviteins at a concentration of 4 pM (data not shown). The
caviteins at the two concentrations were indistinguishable, which
suggests the presence of monomers.

The cooperativity of the unfolding process can be measured
qualitatively by the width and shape of the unfolding transition.
A highly cooperative unfolding curve indicates that the protein
existed originally as a compact, well-folded structure. A very
gradual, non-cooperative unfolding transition indicates that the
protein existed initially as a partially folded (e.g. molten globule)
protein. All of the LG3/LG2 substituted caviteins exhibited
cooperative two-state unfolding transitions. However, it is clear
that LG3 and LG2 exhibit a more cooperative unfolding transition
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than do the corresponding hetero-TASPs, which have noticeably
less steep unfolding curves.

When comparing the stabilities of our caviteins towards GuHCI
one can take the concentration of GuHCI required to unfold
the cavitein halfway ((GuHCI],,,) as a rough estimate of their
stabilities. A more accurate method for determining the stabilities
of proteins is via a “linear extrapolation method”, in which the
free energy of unfolding is assumed to vary linearly with GuHCl
concentration.* To determine the free energy of unfolding of the
caviteins, we used the expanded method described by Santoro and
Bolen which assumes the unfolding transition to be a reversible,
two-state process.*® This method uses a non-linear least squares
fitting of data to derive at a AG), , value. The extrapolated values
for AG},,, m, and the denaturation midpoint for each of the
caviteins are listed in Tables 3-5.

The folded conformations of natural proteins are typically 5—
10 kcal mol™' more stable than the unfolded state.’® By altering
the four-helix bundles of LG3 or LG2 to their hetero-TASP
counterparts, a loss in structural stability of 3-4 kcal mol™!
is encountered, however, the stabilities of all the LG3/LG2
caviteins still fall in the range of natural proteins. Larger m values
correspond to a more cooperative unfolding transition, and can
therefore be used as an estimate of native-like structure.** The m
values for the four caviteins were comparable to the m values found
in native proteins.*

The unfolding transitions for the LG3/AG3 substituted
caviteins were non-cooperative except for the reference cavitein
LG3 (Fig. 12). It is clear from the denaturation curves that the
replacement of a single 1g3 helix with an ag3 helix results in a
large loss in structural stability. It appears that the side chains
of the alanine residues of a single helix within the four-helix

Table 3 Guanidine hydrochloride-induced denaturation data calculated
for the LG3/LG2 substituted caviteins

Cavitein [GuHCI],,/M  m/kcalmol~' M~! AGLzO/kcal mol™!
LG3 5.6+0.1 —-1.94+0.1 —-10.8 £ 0.4
LG2 57+0.1 —-1.8+0.1 —10.44+0.3
2LG3-2LG2_ab 54 +0.1 —1.2+0.1 —6.6+0.3
2LG3-2LG2_ac  5.2+0.1 —-14+0.1 -74+0.5

Table 4 Guanidine hydrochloride-induced denaturation data calculated
for the LG3/AG3 substituted caviteins

Cavitein [GuHCI],,/M  m/kcal mol~! M~! AG;7O/kcal mol™!
LG3 5.6+0.1 —-1.940.1 —-10.8+£0.4
AG3 1.1 £0.1 — —

3LG3-1AG3 3.340.1 —0.840.1 —3.7+0.4
2LG3-2AG3_ab 2.1 +0.1 — —
2LG3-2AG3_ac 2.2+0.1 —

1LG3-3AG3 1.6 0.1 —

Table 5 Guanidine hydrochloride-induced denaturation data calculated
for the LG3/LG2C substituted caviteins

Cavitein [GuHClI],./M m/kealmol™ M~' AGj, ,/kcal mol™!
LG3 5.6+0.1 -1.940.1 -10.8+0.4
LG2C 54+0.1 —-23+£0.1 —11.8+£0.4
2LG3-2LG2C_ab 5.5+£0.1 —1.6£0.1 —8.8+£0.4
2LG3-2LG2C_ac 54 +£0.1 -1.5+0.1 —-84+04

bundle (3LG3-1AG3) are too small and result in an under-packed
hydrophobic core.

The data in Table 5 suggests that the anti-parallel caviteins
(LG3-LG2C_ab and LG3-LG2C _ac) were less stable by 2-3 kcal
mol~' toward the chemical denaturant as compared to their refer-
ence caviteins (LG3 and LG2C). Although all of the denaturation
curves look similar, the regions near 8.0 M GuHCI are less steep
for the hetero-TASPs, resulting in the lower calculated stabilities.
The unfolding curve for the LG2C reference cavitein was slightly
steeper than the other denaturation curves, and resulted in the
greatest value for the AG,, , values of unfolding. All caviteins
of this family, however, were still of similar stability as native
proteins.**

Analytical ultracentrifugation (AUC). Sedimentation equilib-
rium can provide thermodynamic information of molecules
including their molar mass, association constants, and
stoichiometries.*® Such studies were performed on all of the
caviteins to accurately determine their oligomeric states and
molecular weights in solution. The caviteins were analyzed at three
different concentrations and rotor speeds. The sedimentation equi-
librium data were analyzed using NONLIN,*” and the exponential
plot of absorbance versus radius for LG3 is shown in Fig. 14. The
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Fig. 14 Sedimentation equilibrium concentration distributions of LG3
at a rotor speed of 27000 rpm in 50 mM phosphate buffer, pH 7.0, 20 °C
at 10 uM. The upper panel represents the residuals for the fit. In the lower
panel the solid line represents a theoretical fit to a monomer equilibrium.
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Table 6 Molecular weights (M,,) determined by sedimentation equilibrium for the Hetero-TASPs at 20 °C in 50 mM pH 7.0 phosphate buffer at
concentrations of 10, 50, and 80 uM with rotor speeds of 27 000, 35000 and 40 000 rpm

Cavitein Experimentally determined M,, (Da) Calculated M, (Da) Predominant species
LG2 8500 + 600 8016 Monomer
LG3 8000 + 300 8240 Monomer
AG3 7500 £ 200 7400 Monomer
LG2C 8700 + 600 8424 Monomer
2L.G3-2LG2_ab 7800 + 500 8128 Monomer
2L.G3-2LG2_ac 7900 4 400 8128 Monomer
2L.G3-2AG3_ab 8000 £ 400 7820 Monomer
2L.G3-2AG3_ac 7900 + 300 7820 Monomer
2LG3-2LG2C_ab 8800 + 500 8332 Monomer
2LG3-2LG2C_ac 8700 + 400 8332 Monomer

plots for the other caviteins were similar and are therefore not
included. All of the caviteins were found to exist as monomers in
solution and the experimental and calculated molecular weights
corresponded (Table 6).

'H NMR spectroscopy. One-dimensional '"H NMR spec-
troscopy is a simple diagnostic method used to differentiate
between native-like and molten globule-like structures. Natural
proteins exhibit considerable chemical shift dispersion, which is
indicative of native-like structure,® whereas the looser packing
arrangement of molten globule-like structures results in broader,
less disperse signals.*” The spectral region between 7 and 11 ppm
is typically examined because distinct sharp and disperse signals
are observed for native-like proteins corresponding to the slowly
exchanging amide protons. A stacked plot of the amide regions
of the '"H NMR spectra for hetero-TASP families are shown in
Fig. 15-17, respectively.

T T T T T
9.8 9.4 9.0 8.6 8.2 7.8 74 7.0 6.6 6.2 58

parts per million (ppm)

Fig. 15 Expansions of the amide regions of 500 MHz 'H NMR spectra
of the LG3/LG2 substituted caviteins at ~1.5 mM in 10% D,0O, 45 mM
phosphate buffer, pH 7.0 at 20 °C. (a) LG3 (b) LG2 (¢) 2LG3-2LG2_ab
(d) 2LG3-2LG2_ac (* = cavitand signals).

The 'H NMR spectra of LG2 and LG3 each show ~13
distinguishable dispersed amide signals indicative of a well-
defined amide backbone with a high content of tertiary structure.
The presence of only 13 amide signals for the LG2 and LG3
caviteins suggests that many of the amino acid residues are in
a degenerate environment and therefore indistinguishable from
each other, likely due to the four-fold symmetry of the cavitein.

98 94 90 86 82 78 74 70 66 62 58
parts per million (ppm)
Fig. 16 Expansions of the amide regions of 500 MHz 'H NMR spectra
of the LG3/AG3 substituted caviteins at 1.5 mM in 10% D,0, 45 mM

phosphate buffer, pH 7.0 at 20 °C. (a) LG3 (b) AG3 (c) 2LG3-2AG3_ab
(d) 2LG3-2AG3_ac (* = cavitand signals).
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Fig. 17 Expansions of the amide regions of 500 MHz 'H NMR spectra
of the LG3/LG2C substituted caviteins at 1.5 mM in 10% D,0, 45 mM
phosphate buffer, pH 7.0 at 20 °C. (a) LG3 (b) LG2C (¢) 2LG3-2LG2C_ab
(d) 2LG3-2LG2C_ac (* = cavitand signals).

The amide regions of the LG3/LG2 caviteins exhibit sharp and
disperse signals characteristic of native-like proteins. Additionally,
the H,,, cavitand signal at ~6.1 ppm for 2LG3-2LG2_ab and
2L.G3-2LG2_ac is comparable to the H,, signal for the parent
caviteins. The H,,, signal should split into a doublet since it is
coupled to the H;, proton on the cavitand template. The sharpness
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Fig. 18 Stack plot of the 500 MHz 'H NMR spectra illustrating the
time-dependent amide H/D exchange of LG3 at ~1.5 mM in 50 mM
deuterated acetate buffer, pD 5.02 at 20 °C. (a) 6 min (b) 20 min (¢) 1 h
Smin (d) 6 h 10 min (e) 23 h 19 min (f) 72 h 53 min (g) 9d 1 h 21 min (* =
cavitand signals).

of the H,,, signal for all of the caviteins of this family suggests that
these caviteins are primarily populating a single conformation,
supportive of native-like structure.

The amide region of LG3 and AG3 are considerably sharper
than those of 2LG3-2AG3_ab or 2LG3-2AG3_ac. The amide
region for AG3 however, is less dispersed than the amide
region of LG3. The broad spectra for 2LG3-2AG3_ab and
21.G3-2AG3_ac suggest that these caviteins are less native-like
than their parent reference caviteins, and exhibit some molten
globule-like characteristics. The broad signals in the amide region
of the "H NMR spectra of 2LG3-2AG3_ab and 2LG3-2AG3_ac
complement the non-cooperative unfolding curves observed in the
GuHCI denaturation experiments, again supporting the tertiary
structures of 2LG3-2AG3_aband 2LG3-2AG3_ac as being molten
globule-like. A similar argument could not be made for AG3,
which has very sharp, although poorly dispersed, amide signals
in its "H NMR spectrum, characteristic of native-like structure,
whereas a non-cooperative unfolding curve was observed in the
GuHCI denaturation experiment.

The "H NMR spectrum of LG3 is considerably sharper than
LG2C or the anti-parallel caviteins. Unfortunately, the spectrum
of the LG2C cavitein is of poor quality due to a lack of
sufficient protein sample (synthesis hampered by an S-pyridyl
impurity making purification difficult). Looking at the spectrum
of 2LG3-2L.G2C_ac, the amide signals are slightly sharper than
the amide signals in the 2LG3-2LG2C_ab cavitein. It is difficult
to make any strong conclusions about the tertiary structures of
the anti-parallel caviteins, although they do exhibit less native-
like character than LG3. One interesting observation in the 'H
NMR spectrum for the 2LG3-2LG2C_ab (Fig. 17¢) cavitein is
the splitting of the cavitand signal (H,,) at ~6.1 ppm into what

appears to be three signals in a ~1 : 2 : 1 ratio. This splitting of
the H,,, cavitand signal supports the assignment of this cavitein as
being a,b substituted.

N-H/D exchange. Hydrogen—deuterium exchange is a valu-
able diagnostic technique in the study of protein tertiary
structures.* The rate of exchange of the amide protons in native-
like proteins can be studied by NMR and has been found to
be much slower when compared to such exchange in molten
globule-like structures. The observed rate of exchange of an
amide proton in a structured environment (k,,,) can be divided
by a calculated intrinsic rate of exchange for an amide in an
unstructured environment at a given temperature and pH (k)
to give a number called a “protection factor”.** The larger the
protection factor, the slower the rate of exchange of the amide
proton with the solvent and hence the proton is said to be
“protected” from exchange. Typical protection factors for native
proteins are in the range of 10°~10%, where as molten globule-like
structures exhibit protection factors in the range of 10'—103 40440
A representative stack plot for the N-H/D exchange for LG3 is
shown in Fig. 18. The first-order exchange rates and protections
factors for the LG3/LG2 and LG3/LG2C hetero-TASP families
are tabulated in Tables 7 and 8, respectively. No protection factors
were calculated for the LG3/AG3 family, excluding LG3, as all of
the amide protons exchanged with solvent before the first spectrum
could be acquired.

LG3 and LG2 were found to have the largest protection factors
determined from the N-H/D exchange experiments, suggesting
that these amide protons were uniquely protected from the solvent.
The amide protons in the remaining hetero-TASPs exchanged with
the solvent within 1.5 hours.

ANS binding. 1-Anilinonaphthalene-8-sulfonate (ANS) is a
hydrophobic, nonpolar dye, which binds preferentially to ex-
posed hydrophobic surfaces of a protein, and can be effectively
detected using fluorescence spectroscopy.* Molten globule-like
structures typically expose more hydrophobic surfaces through
their mobility, and therefore typically bind nonpolar molecules
more strongly than native-like proteins.* Furthermore, ANS
seldom binds to unfolded proteins. ANS binding was studied
by fluorescence spectroscopy, and under standard experimental
conditions® negligible binding was observed for any of the
caviteins (the emission spectra for the caviteins can be found in
the ESIY).

Conclusions

De novo protein design entails the study of protein structure
and the forces involved in protein folding and stability, as well
as the design and synthesis of novel compounds, including the
creation of functional proteins. Designing de novo proteins with
concrete native-like structures remains as an important but largely
unachieved goal.

The present work reports the development of methods for
the efficient synthesis of cavitand-based hetero-TASPs, which
will hopefully expedite the exploration of hetero-TASPs, as few
examples have been reported.*' Of the caviteins studied, the
LG3/LG2 family resulted in tertiary structures with similar prop-
erties of other native-like de novo proteins."*** 21.G3-2LG2_ab
and 2LG3-2LG2_ac were the first cavitand-based hetero-TASPs to
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Table 7 Tabulated data from the mmide H/D exchange experiments of the LG3/LG2 substituted caviteins in a 50 mM acetate buffer, pD 5.02 at 20 °C

Cavitein name Amide proton chemical shift*/ppm First-order rate constant/h~' Half-life/h Protection factor”
LG3 8.5 297 x 107 23 (7.3+£0.5) x 10°
LG2 8.5 3.37x 1072 20 (6.3 £0.5) x 10°
2LG3-2LG2_ab 8.5 4.62 x 107! 1.0 (3.1 +£0.3) x 107
2LG3-2LG2_ac 8.5 6.93 x 107! 1.5 (4.7 £0.3) x 10?

“Only the data on the most protected proton is included. ® These values are based on the half-life of an unprotected proton at 20 °C at pD 5.02 to be

3.18 x 10~ h.

Table 8 Tabulated data from the amide H/D exchange experiments of the LG3/LG2C substituted caviteins in a 50 mM acetate buffer, pD 5.02 at 20 °C

Cavitein name Amide proton chemical shift*/ppm First-order rate constant/h™! Half-life/h Protection factor?
LG3 8.5 2.97 x 1072 23 (7.3 £0.5) x 10°
LG2C 8.5 1.39 0.50 (1.6 £0.2) x 107
2LG3-2LG2C_ab 8.5 2.77 0.25 (7.9 £0.2) x 10!
2LG3-2LG2C_ac 8.5 2.10 0.33 (1.0 £0.3) x 10?

“Only the data on the most protected proton is included. ® These values are based on the half-life of an unprotected proton at 20 °C at pD 5.02 to be

3.18 x 107 h.

show promising native-like properties, and therefore serve as useful
precursors for future designs. The hetero-TASPs of the remaining
two families displayed well-defined secondary structures and were
highly stable towards chemical denaturation, although they did
not exhibit such highly native-like structures (less well-resolved
signals in the "H NMR spectra) as those caviteins in the LG3/LG2
family.

These three series of hetero-TASP prototypes represent the
establishment of an enhanced versatility that is now available
for de novo design. An ideal linker between the peptide and
cavitand has been shown to be key to the native-like properties of
homo-caviteins."*** The next step for hetero-TASPs is to refine
the linkers and peptide sequences in order to develop native-like
structure that surpasses that of homo-TASPs.

With a better understanding of the elements influencing the
secondary and tertiary structures of our systems, it would be
interesting to explore caviteins with specific applications. For
example, one could model a specific native four-helix bundle,
typically made up of non-identical helices, using the hetero-TASP
approach. Other research groups have introduced functionality
into their protein models by creating de novo protein ion-
channels,* proteins binding cofactors,* peptide receptors,*® and
catalysts to name a few.*” These examples of de novo proteins
designed with specific functions, combined with our ability to now
create hetero-TASPs, may lead us to new caviteins that manifest
well-defined functions.

Experimental

Cavitand Synthesis

The synthesis of the arylthiol cavitand was synthesized following
literature procedures.!

General

All reagents for the peptide and cavitein syntheses were reagent
grade. The peptides and caviteins were purified by preparative
reversed-phase HPLC using a Perkin—Elmer Biocompatible Pump

250 with a PE LC90 BIO spectrophotometric UV detector and a
KIPP and ZONEN chart recorder. A Phenomenex Selectosil Cjg
reversed-phase HPLC column (preparative: 250 mm x 10 mm,
10 uM particle size, 300 A pore size) was used. The wavelength
for the UV detection was set at 229 nm for recognition of the
amide chromophore. The samples were filtered through a 0.45 uM
Nylon™ syringe filter (Phenomenex) prior to injection and run
at a flow rate of 10 mL min~' using helium-sparged filtered water
(0.1% TFA)-HPLC-grade acetonitrile (0.05% TFA) gradient. The
purity of the peptides and caviteins were analyzed by analytical
reversed-phase HPLC and were filtered prior to injection onto
a Varian 9010 pump with a Varian 9050 UV detector and a
Varian 4290 integrator. A Phenomenex Selectosil Cs reversed-
phase HPLC column (analytical: 250 mm x 4.5 mm, 5 uM particle
size, 100 A pore size) was used. Analytical samples were run at
a flow rate of 1 mL min~' using the same solvents as for the
preparative purification. The purified samples were evaporated
in vacuo and lyophilized. The mass spectra were run on a MALDI-
MS Bruker Biflex IV in reflection mode using 50 uM cinnamic
acid, in 1 : 1 H,O-MeCN, as a matrix. Cavitein concentrations
were determined using a Bradford assay*® measured on a CARY
UV-visible spectrophotometer. The pH values of the buffers were
determined using a Fisher Scientific Accumet pH-meter 915
calibrated with two purchased buffer standards (pH = 4.0 and
10.0).

Peptide synthesis. The peptides were synthesized following
to a large extent literature procedures, with peptides 1 and 2
having previously been synthesized.’ The synthesis of peptide
1 (Ig3) is described below, and similar procedures were fol-
lowed for the synthesis of peptides 2 (Ig2), and 3 (ag3). The
peptide synthesis involved using standard Fmoc techniques on
an automated Applied Biosystems peptide synthesizer attached
to an Apple IIsi Maclntosh computer. All Fmoc protected
amino acids, solvents and coupling reagents were purchased
from Advanced Chemtech (Louisville, KY, USA). The peptides
were synthesized on a 0.25 mmol scale using the FastMoc™
protocols. Side-chain-protected amino acids were used for
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Table 9 % yields and MALDI-MS characterization of the “activated”
peptides (note, calculated masses agreed within 1 Da).

Peptide % yield Mass/Da
1g3 82 1916
1g2 85 1860
ag3 87 1706
1g2¢ 19 2037

chemoselective synthesis of the peptide, which was in turn bound
by its C-terminus to a resin developed by Rink* to afford a
C-terminal amide upon cleavage. A single amino acid coupling
cycle included a: (i) 13 min Fmoc deprotection using piperi-
dine, (i) 6 min wash step using N-methylpyrrolidone (NMP),
(iii) 30 min coupling step to 1.0 mmol of the next Fmoc amino
acid using 2-(1H-benzotriazole)1,1,3,3-tetramethyluronium hex-
afluorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt)
as coupling reagent (note activation of the amino acid started
with DIPEA), and lastly (iv) 6 min wash with NMP. NMP was
the solvent throughout the synthesis with each cycle having an
approximate time of 55 minutes.

Thereafter, chloroacetylation of the free N-terminus was
achieved through manual treatment of the resin (600 mg peptide
resin, ~300 mg peptide 1, ~0.160 mmol) with chloroacetyl
chloride (75 pL, 0.96 mmol, 6 equiv.) and DIPEA (165 uL,
0.95mmol, 6 equiv.) in DMF for 1 hour at room temperature under
nitrogen. The last step included cleavage of the peptides from the
resin in addition to removing the side-chain protecting groups
simultaneously using a 2 hour treatment with 95% TFA-H,O. An
ice bath was used for the first 10 minutes of the reaction. After
completion, the resin was removed by suction filtration through a
medium frit filter with a CH,Cl, wash. The TFA-CH,ClI, filtrate
was evaporated to a few mL in vacuo and the crude peptide was
precipitated using ice-cold diethyl ether. The peptide was recovered
by suction filtration using a fine frit filter. The peptide was then
dissolved in distilled water, filtered, and purified by reversed-phase
HPLC. The peptide was lyophilized until a fluffy white solid
peptide was obtained (105 mg, 23%). MALDI-MS and yields of
the peptides are given in Table 9.

Slight modifications to the above procedure were used for the
preparation peptide 4 (Ig2c) and the details for this synthesis can
be found in the supporting informationf.

Cavitein synthesis

Caviteins 5-8 were synthesized by following literature
procedures."'* The synthesis of cavitein 5 is described below,
and similar procedures were followed for the synthesis of caviteins
6,7 and 8. A solution of the arylthiol cavitand (1.1 mg, 1.4 pmol,
1 equiv.) and peptide 1 (21 mg, 11.3 pmol, 8 equiv.) were stirring
in degassed DMF under N,. DIPEA (2.5 uL, 15 umol, 10 equiv.)
was added in excess until the solution turned cloudy. The reaction
was monitored (appearance of the cavitein peak) by analytical
reversed-phase HPLC and was complete after 4 hours. The crude
reaction mixture was evaporated in vacuo, dissolved in water,
filtered, and purified by reversed-phase HPLC to yield cavitein
5 as a fluffy white solid (5.5 mg, 49%) after lyophilization. The
additional unwanted tris-cavitein byproduct was separated and
removed during purification.

The synthesis of hetero-TASP 9 entailed mixing a solution of
the cavitand (5 mg, 6.9 pmol, 1 equiv.) with Ig3 peptide (33.3 mg,
17.4 umol, 2.5 equiv.) in degassed DMF (5 mL) under N,. DIPEA
(100 pL) was then added in excess and the reaction was left to
stir for 4 hours. The crude reaction mixture was then evaporated
in vacuo and purified by reversed-phase HPLC to isolate the
mono-, di- (a,b and a,c), tri-, and tetrasubstituted caviteins
(see ESIf for identification). The 1g3 a,b disubstituted cavitein
intermediate (2 mg, 0.4 umol, 1 equiv.) and excess peptide 1g2
(15 mg, 8.0 umol, 20 equiv.) were dissolved in degassed DMF and
stirring under N,. DIPEA (50 pmol) was added in excess. The
reaction was left to stir for 4 h. The crude reaction mixture was
evaporated in vacuo and dissolved into distilled H,O. It was filtered
using a 45 pm nylon filter, and purified by reversed-phase HPLC
to yield hetero-TASP 9 (3 mg, 83%). The mass was confirmed
by MALDI-MS and determined to be >95% pure by analytical
reversed-phase HPLC. Similar procedures were followed for the
syntheses of the other hetero-TASPs. The caviteins and hetero-
TASPs were characterized using MALDI-MS and the masses are
outlined in Table 10.

Circular dichroism (CD) spectroscopy

All CD spectra were recorded on a JASCO J-710 spectropolarime-
ter. The J-710 had a circulating water bath set to 25 °C, a 400
W xenon lamp, and an IBM-compatible PC computer for data
acquisition. Some of the parameter settings include: 0.1 nm step
resolution, 2 nm bandwidth, and 50 nm min~' scanning speed. The
J-710 spectropolarimeter was calibrated routinely using d,o-(+)-
camphorsulfonic acid.* Each spectrum was an average of three
scans subtracted from a reference background scan. Individual
samples were run three different times to ensure reproducibility.
The caviteins were monitored at 4 uM and 40 uM in 50 mM sodium
phosphate buffer (pH = 7.02) to check for concentration effects
ina l cm and a | mm quartz cuvette, respectively.

The raw spectra were normalized to a mean residue ellipticity
[0] at 222 nm using the following equation:

[0]222 = Hobs/(IOIcn),

where 0, is the observed ellipticity measured in millidegrees, / is
the path length in cm, ¢ is the cavitein concentration in mol L',
and 7 is the number of residues in the cavitein. Errors were on
average + 5%.

Table 10 % yields and MALDI-MS characterization of the caviteins
made from “activated” peptides (note, calculated masses agreed within
1 Da).

Cavitein Y% yield MALDI mass/Da
LG3 34 8240
LG2 29 8016
AG3 45 7400
LG2C 32 8424
2LG3-2LG2_ab 83 8128
2LG3-2LG2_ac 81 8128
3LG3-1AG3 78 8030
2LG3-2AG3_ab 75 7820
2LG3-2AG3_ac 77 7820
1LG3-3AG3 83 7610
2LG3-2LG2C_ab 65 8332
2LG3-2LG2C_ac 57 8332
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Guanidine hydrochloride (GuHCI) denaturation experiments
were performed between 0 and 8.0 M GuHCl in a 50 mM sodium
phosphate buffered (pH = 7.0) cavitein solution. Data points were
collected at 1 molar units between 0 and 8.0 M to generate a
rough unfolding curve. 0.25 interval denaturation studies were
then completed to achieve accuracy in the unfolding region,
and repeated three times to ensure reproducibility. Likewise,
cavitein samples were monitored for unfolding at 4 uM and
40 uM to study concentration effects in a 1 mm and a 1 cm
quartz cuvette, respectively. Samples were prepared immediately
before data acquisition and equilibrated for 10 min (previously
determined that any effect of GuHCI is immediate). The mean
residue ellipticity was again monitored at [0] = 222 nm.

Protein unfolding was analyzed using the linear extrapolation
method of Santoro and Bolen.** According to this method,
unfolding is a reversible, two-state process and that the free energy
of folding is a linear function of the GuHCI concentration. The
GuHCI denaturation data were fit using a nonlinear least-squares
analysis to fit the pre-transitional baseline using the following
equation:

Oons = On(/)(1-a[GUHCI]) + (1 = fx),

where 0, is the mean residue ellipticity at 222 nm at a certain
concentration of GuHCI, 6y is the mean residue ellipticity of the
folded state in the absence of GuHCI, 6 is the mean residue
ellipticity of the unfolded state, a is a constant and f is the fraction
of the protein in the folded state. /' is related to the free energy of
unfolding, AG,, ,, by the following equation:

H,0°

f o e((AG‘:hO—m[GuHCl])/RT)/[l + e((A(,fhofm[GuHCm/RT)]
N= > 3

)

where AGy,, is the free energy of unfolding in the absence
of GuHCI, m is the free energy change with respect to the
concentration of GuHCI, R is the universal gas constant, and T
is the temperature. A MacIntosh compatible computer program,
KaleidaGraph V. 3.08d was used to calculate the values for AG),
by a nonlinear least-squares regression analysis. The value of Ox
was normalized to one. The software analysis program calculated

the reported errors.

Analytical ultracentrifugation (AUC)

Sedimentation equilibrium studies were carried out on a
temperature-controlled Beckman Coulter Optima™ XL-I analyt-
ical ultracentrifuge. Sedimentation equilibrium experiments were
run using either an An60 Ti rotor, or an An50 Ti rotor (4 sample
holders and 8 sample holders, respectively) and a UV photoelectric
scanner. A six-sector cell, equipped with a 12 mm Epon centerpiece
and quartz windows, was loaded with 3 x 120 pL of sample at 3
different concentrations made up in 50 mM sodium phosphate
buffer at pH = 7.0, and 3 x 130 pL of reference solvent. Data
were collected at 20 °C and at rotor speeds of 27000, 35000,
and 40000 rpm until equilibrium was established. Samples were
equilibrated for 40 hours and single scans 3 hours apart were
overlaid to determine that equilibrium had been reached. Scanning
parameters included: radial step size of 0.001 cm, step mode, 10
replicate scans, radial scan range between 5.8 cm and 7.3 cm,
and UV detection at 270 nm. The solution density of the samples
in sodium phosphate buffer was taken to be 1.000 g mL~". The

partial specific volumes of the caviteins were calculated based on
their amino acid compositions.™

The sedimentation equilibrium data was analyzed on a PC
compatible software program called NONLIN.* This program
uses a nonlinear least-squares analysis in order to generate a
reduced molecular weight, o, from which the actual experimental
molecular weight, M, can be calculated. Nine sets of data (3
different concentrations at the 3 different rotor speeds) per cavitein
were analyzed at a time. The data were initially fit to a single non-
associating ideal species model using the Lamm®? equation below:

A, = exp[In(4,) + M o*(1 — vp/RT) (¥ — 1) + E,

where A, is the absorbance at radius r, 4, is the absorbance at
a reference radius r, (the meniscus), M,, is the molecular weight
in gmol™', w is the angular velocity of the rotor in rad s', ¥ is the
partial specific volume of the peptide, p is the density of the solvent
in gmL~!, Ris the universal gas constant, T is the temperature in
K, and E is the baseline correction factor or baseline offset. For
the NONLIN fitting details see the ESIT.

"H NMR spectroscopy

The 1D '"H NMR spectra were run at 20 °C on a 500 MHz
Varian Unity instrument, and the samples were dissolved in 45 mM
sodium phosphate buffer at pH = 7.0 (90 : 10, H,O-D,0) to a final
concentration of approximately 1.5 mM. Spectra were processed
using a PC “Windows XP” compatible NMR processing program,
MestRe-C 2.3.

The 1D '"H NMR N-H/D exchange spectra were run at
20 °C, and the samples were prepared as follows: ~1.5 mM
cavitein solutions in a 50 mM acetic acid—acetate buffer at pH =
4.62 were lyophilized to a white solid. D,O was then added
to the lyophilized samples in the NMR room to the previous
volume before lyophilization of 0.5 mL. The resulting sample in a
deuterated acetic acid—acetate buffer at pD = 5.02 was transferred
quickly to an NMR tube. The pH was re-checked after the
exchange experiments were completed to ensure a correct reading
of pD = 5.02, since pH has a dramatic effect on exchange rates.
The pD was corrected for isotope effects using the equation:*

pD = pH,..a + 0.4,

where pH,..q is the reading of the pH electrode. The first scan
was acquired 5 minutes after the addition of D,O and subsequent
scans were collected at various time intervals until all of the amide
protons had completed exchanged with deuterium. The spectra
were analyzed using the same processing program mentioned
above. The peak heights were integrated and normalized with
the non-exchangeable cavitand proton (H,,) at ~6.1 ppm. The
first-order rate constants were calculated using the first-order rate
equation:

ln([HO]/[HI]) = kobsla

where k, 18 the first-order rate constant, ¢ is the time at which
the scan was taken, [H,] is the integration of the proton at time
zero, and [H,] is the integration of the same proton at time ¢. The
half-lives, ¢,,,, of the amide protons were then calculated using the
equation:

iy = 1n(2/ ko).
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Protection factors were then calculated using the equation:
P = kim/kobs~

Where P is the protection factor, k., is the experimental first-
order rate constant, and k;, is the first-order rate constant for an
“unprotected” amide proton at pH = 4.62 at 20 °C. k;, can be
calculated from the intrinsic half-life, 7,,,,,, which is determined
using the following equation:**

finime = 200/[1O®T =3 4 106 ~P][100057].

Where /4, 1s the intrinsic half-life for an unprotected proton,
and T is the temperature in °C. Errors represent one standard
deviation from three rate constant estimates.

ANS binding

ANS fluorescence measurements were made on a Varian CARY
Eclipse fluorescence spectrophotometer equipped with a Xenon
Arc lamp. Samples were run at 20 °C using a 1 cm path length
with concentrations of 50 uM and 100 pM, and contained 2 uM
ANS, respectively, in 50 mM sodium phosphate buffer at pH =
7.02. Reference emission spectra were collected for 95% ethanol
and 100% HPLC-grade methanol with 2 puM ANS. Excitation was
at 370 nm and emission was recorded between 385 and 600 nm.
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Over the past decade, surface-modified, water soluble fullerenes have been shown by many different
investigators to exhibit strong antioxidant activity against reactive oxygen species (ROS) in vitro and to
protect cells and tissues from oxidative injury and cell death in vivo. Nevertheless, progress in
developing fullerenes as bona fide drug candidates has been hampered by three development issues:

1) lack of methods for scalable synthesis; 2) inability to produce highly purified, single-species
regioisomers compatible with pharmaceutical applications; and 3) inadequate understanding of
structure—function relationships with respect to various surface modifications (e.g., anionic versus
cationic versus charge-neutral polarity). To address these challenges, we have designed and synthesized
more than a dozen novel water soluble fullerenes that can be purified as single isomers and which we
believe can be manufactured to scale at reasonable cost. These compounds differ in addition pattern,
lipophilicity and number and type of charge and were examined for their water solubility, antioxidant

activity against superoxide anions and binding of cytochrome C. Our results indicate that dendritic
water soluble fullerene[60] monoadducts exhibit the highest degree of antioxidant activity against

superoxide anions in vitro as compared with trismalonate-derived anionic fullerenes as well as cationic
fullerenes of similar overall structure. Among the higher adducts, anionic derivatives have a higher
antioxidant activity than comparable cationic compounds. To achieve sufficient water solubility
without the aid of a surfactant or co-solvent at least three charges on the addends are required.
Significantly, anionic in contrast to cationic fullerene adducts bind with high affinity to

cytochrome C.

Introduction and background

Within a few years after the first production of fullerenes in macro-
scopic quantities! it was recognized that the extended conjugated
n-system of Cy, exhibits unusual potency for scavenging of radicals
including reactive oxygen species (ROS).? The major impediment
for the development of fullerene-based biological antioxidants
has been the relative insolubility of Cq in either aqueous or
lipid-based solvents. Early attempts to modify the surface of the
fullerene by polyhydroxylation and hexasulfobutylation produced
water-soluble fullerenes with good biological distribution and
cell penetration.®™ These early classes of water soluble fullerenes
exhibited surprisingly potent antioxidant and cytoprotective ac-
tivities in vivo, including: 1) significant reduction of death and
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permanent tissue loss associated with severe ischemia/reperfusion
injury resulting from complete blockage and subsequent re-
opening of coronary® and carotid* vasculature; 2) protection of
cultured neurons from glutamate excitotoxicity>® and peroxide-
induced injury to rat hippocampal slices;” 3) protection of small
intestine from ischemia/reperfusion injury® and in intestinal
grafts after transplantation;® and 4) protection of pulmonary
tissue from pulmonary hypertension induced by chronic hypoxia'
and bronchoconstriction due to exsanguination and acute blood
loss.

One major drawback to development of pharmaceutical ap-
plications for polyhydroxylated and hexasulfobutyl fullerenes is
that they have highly heterogeneous structures with respect to
both the number of addends (polyhydroxyfullerenes) and the
regioisomerism of the addends attached to the fullerene core
(both classes). From a pharmaceutical perspective, the most
significant advance in the development of fullerene-based an-
tioxidants took place in the mid-1990s with the synthesis and
characterization of methanofullerenes bearing terminal carboxy
groups (carboxyfullerenes), a class of exohedral fullerene adducts
that could be synthesized in a highly purified and chemically
homogeneous form."** Furthermore, since the carboxyfullerenes
can be generated as single regioisomers, it is possible to design
and synthesize a wide variety of different three-dimensional
structures and charge distributions to optimize structure—function
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relationships and minimize “off target” binding and toxicity. So far
two carboxyfullerenes have been synthesized and investigated with
respect to their antioxidant properties: 1) carboxyfullerenes C;-
[e,e,e-Cs;(COOH),] (1) and D;-[trans3,trans3,trans3-Cg(COOH )]
(2)."*!% Another prominent carboxyfullerene is the dendrofullerene
3, which is very soluble in water and has been investigated with
respect to a variety of biomedical properties.” In experiments
similar to those described for fullerenols and hexasulfobutylated
fullerenes, carboxyfullerenes 1 and 2 have been shown to exhibit
the following therapeutic benefits linked to their antioxidant
activities: 1) carboxyfullerenes locate preferentially to mito-
chondria’® and can reconstitute mitochondrial superoxide dis-
mutase protection from superoxide radicals in SOD2 geneti-
cally deficient mice;'” 2) carboxyfullerenes are highly potent
neuroprotective agents, preventing cell death across a variety of
different neuronal types in disease models as diverse as Parkin-
son’s, Alzheimer’s, ALS, excitotoxicity, macular degeneration and
stroke;'®2 3) carboxyfullerenes protect cells from damaging effects
of UV and y-irradiation;*® 4) carboxyfullerenes protect from
morbidity and mortality in the presence of overwhelming infec-
tion with both gram-positive and gram-negative organisms;*’-3
5) carboxyfullerenes protect a variety of different cell types,
including leukocytes, hepatocytes and renal tubular epithelial cells,
from oxidative injury associated with chemical and biological
agents. 3%

In the current manuscript, we describe our efforts to rationally
design, test and optimize several novel types of carboxyfullerenes
and cationic fullerenes for biological antioxidant and cyto-
protective activities. In all cases, we have selected candidates
and synthetic protocols that can be easily scaled and which
can be used to manufacture a single highly purified fullerene
species.

Results

Design and synthesis of water soluble Cy, trisadducts involving an
e,e,e-addition pattern

The fullerene trisadduct e,e,e-trismalonic acid (1) (so-called C3)
has been shown to be an effective neuroprotectant both in cultured
CNS cells and in whole animal models.’*> This molecule can
be synthesized very easily in large quantities by first allowing
a macrocyclic trismalonate to react regioselectively with three
adjacent equatorial [6,6] double bonds of the fullerene core
and subsequent hydrolysis of the ester groups.''* However, the
potential use of C3 as a drug candidate is accompanied by two
severe drawbacks: 1) hands-on experience with this compound
has shown that the malonic carboxylic groups are rather unstable
and easily decarboxylate to C;;H(COOH);s, Ci;H,(COOH), and
CqH3(COOH); as mixtures of several stereoisomers. Some of them
show significant cytotoxicity;* 2) 1 is very polar, exhibiting on
average more than five negative charges at neutral pH, and in the
absence of further lipophilic components, presents disadvantages
with respect to bioavailability. To overcome these problems we
recently set out with a new concept for the synthesis of stable water
soluble e,e,e-adducts with a tunable balance of hydrophilicity
and lipophilicity.*” The idea was to use tripodal trismalonate
tethers where the reactive malonate groups are connected via
alkyl spacers to a benzene core. The second ester moiety of each
malonate is terminated by another functional, e.g., protecting
group. The corresponding e,e,e-trisadducts derived from the
very regioselective threefold Bingel cyclopropanation possess two
distinct addend zones, namely, the polar zone characterized by
the focal benzene moiety and the equatorial zone, which can be
used for the introduction of e.g. carboxylic or pyridinium groups
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10 X=0 R=Br
11 X=0 R = CH,COOBu
12 X=CH,O R=CH,COOBu
10 o
1,12 1)
13 X=0 R = NCgHs* Br
14 X=0 R = CH,COOH

15 X=CH,;0 R=CH,COOH

R=Br
R = CH,COOBu
HzO R =CH,COOBu

7 X=0
8 X=0
9 X=C

Scheme 1 Synthesis of water soluble trisadducts involving an e,e,e addition pattern: @) toluene, reflux; ») 4, DCC, DMAP, THF, 0 °C — rt;
¢) 'BuOOC(CH,);00CCH,COOH, DCC, DMAP, THF, 0 °C — rt; d) Cg, I,, DBU, toluene; ¢) pyridine, 60 °C, four days; /) HCOOH, two days.

which guarantee water solubility of the entire architecture. The
whole sequence of this functionalization process is represented in
Scheme 1. Using this approach, we have already synthesized the
two e,e,e-triscarboxylates 14 and 15, differing in the connection of
the malonate side arms to the focal benzene core.’” Both adducts
14 and 15 are very soluble in water at pH 8 due to the complete
deprotonation. Compared to 1 they are very stable; furthermore,
they exhibit an additional lipophilic region in the polar addend
zone. For comparison we have now developed the new adduct
13 which has a related building principle similar to 14 and 15,
but contains cationic pyridinium groups in the equatorial addend
zone for the establishment of water solubility. For this purpose,
malonate 4 bearing a bromo terminus was synthesized by the
reaction of Meldrum’s acid with bromoethanol. Subsequent ester
coupling with the triol 5 afforded the tripodal trismalonate tether
7. Cyclopropanation of Cg with 7 leads to the regioselective
formation of precursor adduct 10 as the only isomer. The final
transformation into the trispyridinium salt 13 was accomplished
in 95% yield. This triscationic fullerene derivative is very soluble
in water. The formation of the stable red colored solutions can be
promoted even further by using neutral and non-buffered water.
Structural characterization of 4, 7, 10 and 13 was carried out by
"HNMR, “C NMR and UV/Vis spectroscopy as well as by mass
spectrometry.

Design and synthesis of water soluble C4, monoadducts carrying
amphiphilic malonate addends

Although the synthesis of the dendrofullerene 3 was published
several years ago,' few, if any investigations on its antioxidant
properties have been published to date. Compared to 1 and

2, dendrofullerene 3 exhibits a much higher water solubility, is
very stable and has only one instead of three addends, making
it in principle a much more potent radical scavenger. As a
consequence, we would expect 3 to be a more potent antioxidant
compared with 1 and 2. However, at neutral pH it bears on
average 16 negative charges, and this high degree of polarity could
cause significant pharmacokinetic drawbacks including limited
biodistribution within lipid rich regions. In seeking to enhance
the pharmacokinetic properties of 3, we decided to synthesize a
series of variants such as the first generation analogue 16 as well as
several amphiphilic adducts containing both polar dendritic and
lipophilic moieties to enhance cell and tissue accessibility. Like 3,
adduct 16 can be easily prepared by Bingel cyclopropanation of
Cq with the corresponding fert-butyl protected first generation
malonate and the subsequent acidic cleavage of the fert-butyl
groups.

OH OH
O 0
HO OH
o} 0
HO OH

16

The general strategy for the synthesis of the amphiphilic water
soluble monoadducts is shown in Scheme 2. The crucial point is
the facile generation of unsymmetrical malonate precursors that
serve as addends. Previously, we have prepared unsymmetrical
malonates by the successive esterification of malonic acid with
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Scheme 2 Synthesis of water soluble monoadducts carrying amphiphilic malonate addends: a) 115 °C, 3 h; b) benzyl bromide, KOH, toluene, reflux,
48 h; ¢) isobutene, H,SO,, CH,Cl,, rt, 24 h; d) H,, 10% Pd/C, methanol, rt, 48 h; ¢) DCC, DMAP, CH,Cl,, 0 °C — rt, 24 h; f) CF;COOH, CH,Cl,, rt,
12 h; g) 32/34, EDC, DMAP, 1-HOBt, CH,Cl,-THF 1: 1,0 °C — rt, 48 h; h) C4, CBr,, DBU, toluene, rt, 8 h; i) formic acid, rt, 48 h.

different alcohols.® However, this approach led in a number of  to react with a long chain alcohol to give the monoalkyl malonates
cases to separation problems and unsatisfactory yields. In this 20-22 in 93-98% yields. As the second terminus, an alcohol
new approach we started with Meldrum’s acid which was allowed was required that contains a protected carboxylic group in its
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periphery serving as anchor point for the introduction of the
dendritic building blocks. This was accomplished by treating e-
caprolactone with benzyl bromide leading to the formation of
23. The protection of the terminal carboxylic groups was carried
out by reaction with isobutene to give the terz-butyl ester 24.
After removal of the benzyl group by catalytic hydrogenation
with Pd/C as catalyst, the deprotected alcohol 25 was obtained
in 71% overall yield. DCC/DMAP coupling of 25 with the
monomalonates 20-22 led to the formation of the unsymmetrical
bismalonates 26-28, which after acidic cleavage of the fert-butyl
groups were allowed to react with the dendritic amines® 32 and
34 to give the unsymmetrical bismalonates 36-41. Further Bingel
cyclopropanation furnishes the monoadducts 42-47. The final step
in the synthesis of the amphiphilic fullerenes 48-53 was the acidic
(trifluoroacetic acid) deprotection of the peripheral carboxylic
groups of 42—47. Unambiguous structural characterization of the
target compounds was achieved by '"H NMR, "C NMR and
UV/Vis spectroscopy as well as by mass spectrometry. While
compounds 51-53 bearing the second generation dendron show
very good solubility in water at pH = 7.2, the first generation
analogs 48-50 with three peripheral carboxylic groups only are
not soluble in water. However, to promote water solubility of these
compounds, it is possible to first dissolve them in a small amount
of DMSO followed by the addition of water. Such solutions are
stable for weeks.

Synthesis of mono- and bisadducts of C¢, and C,, bontaining
polyether malonates as addends

We became very interested in the question of whether fullerene
derivatives with neutral addends would behave differently with
respect to the antioxidant properties when compared to the ionic
compounds described thus far. If their performance as antioxidant
were similar to that of ionic compounds, they could have a
number of advantages, especially improved bio-availability and
pharmacokinetics. For example, neutral compounds should be
superior with respect to the penetration of cell membranes as
well as vascular barriers such as the gut or the blood-brain
barrier. Although the water solubility of neutral adducts was
expected to be considerably lower than that of charged derivatives,
the potential pharmaceutical applicability of these compounds is
not necessarily reduced, since many known drug molecules are
insoluble in water. A suitable formulation of these molecules such
as application in the presence of surfactants or proteins is easily
conceivable. In addition to the investigation of neutral adducts, we
also decided to look also whether changes within the fullerene core
such as addition pattern or nature of the fullerene has an influence
on the antioxidant properties. For this purpose we employed
also C;, as the basic fullerene as well as different regioisomeric
bisaddition patterns of the Cy, and C;, clusters (Fig. 1).2

For these purposes, we chose to utilize triethylene glycol units
terminated with a hydroxy group as neutral side chain in
the malonate. The corresponding precursor malonate 55 was
synthesized by the initial monoprotection of triethyleneglycol
with rert-butyldimethylsilyl chloride (TBDMSCI) (Scheme 3). The
resulting alcohol 54 was then converted to 55 by the reaction
with malonyl dichloride. Coupling of 55 with a slight excess of
Cq led to the formation of the monoadduct 56 in 40% yield,
which was subsequently subjected to deprotection in a solution

12 o'clock

2o'clock

5o'clock

trans-1

Fig. 1 Representation of regioisomeric bisaddition patterns of Cj,
and Cy,.

of hydrochloric acid in tetrahydrofuran to give the desired
derivative 57. Use of a 2.2-fold excess of 55 on the other hand
afforded a regioisomeric mixture of bisadducts 58 as main reaction
products. From this mixture, the regioisomers 58a—d with the
addends bound in trans-2-, trans-3-, trans-4- and e-positions*
were isolated by preparative HPLC. The target compounds 59a—d
where subsequently prepared by treatment of the corresponding
precursor adduct 58 with a mixture of trifluoroacetic acid and
hydrochloric acid. Structural characterization of the monoadducts
56 and 57 as well as of the bisadducts 58 and 59 was achieved
by '"H NMR, “C NMR and UV/Vis spectroscopy as well as
by mass spectrometry. The deprotected mono- and bisadducts
are insoluble in water and only slightly soluble in methanol and
ethanol. However, water solubility can be promoted or enhanced
by the addition of TWEEN20 as a surfactant. We prepared the
corresponding methyl ether 60 for comparison as a representative
of this group with even less polar side chains.

Treatment of C, with 0.8 equivalents of 55 produced the
monoadduct 61 as the major regioisomer; the malonate in this
case is bound to most reactive [6,6]-sites with the highest degree
of pyramidalization at the pole in 37% yield (Scheme 4). After
purification by flash chromatography and acidic deprotection,
the corresponding diol 62 was obtained in 75% yield. If a slight
excess of 55 was used for the cyclopropanation of the fullerene, a
mixture of regioisomeric bisadducts 63 was formed as the major
reaction products. Among these the 2 o’clock, 5 o’clock and 12
o’clock isomers* 63a—c were isolated by HPLC as the major
isomers. Preferred formation of C,, bisadducts in the form of 2
o’clock, 5 o’clock and 12 o’clock isomers with the addends bound
at the most reactive sites of the opposite poles has previously
been reported by Diederich and co-workers using other types of
malonate addends.* The final acidic deprotection of the TBDMS-
groups produced the tetraols 64a—c. Structural characterization of
the monoadducts 61 and 62 as well as of the bisadducts 63 and 64
was achieved by '"H NMR, “C NMR and UV/Vis spectroscopy
as well as by mass spectrometry. The solubility behavior of the
deprotected C;, adducts 62 and 64 is comparable to those of the
corresponding Cy, analogs.

Synthesis of water-soluble oxo-tetrapiperidinyl-[60]fullerenes

We discovered some time ago that Cg reacts with an excess of
amines in the presence of O, to form oxo-tetraamino-[60]fullerenes
of the general structure shown in Fig. 2. This addition pattern is
completely different from those modified fullerenes presented
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Scheme 3 Synthesis of mono- and bisadducts of Cy containing polyether malonates as addends: a) imidazole, TBDMSCI, 0 °C — rt, DMF; b) NEt;,
0 °C — rt, CH,Cl,; ¢) 0.8 eq 55, C4, CBr,, DBU, toluene; d) 2.2 eq 55, Cy, CBr,, DBU, toluene; ¢) 2 M HCI, THF; a = trans-2-, b = trans-3-, ¢ =

trans-4-, d = e-isomer.

thus far, and offers an opportunity to study antioxidant properties
of another novel class of modified fullerenes. As a consequence it
seemed worthwhile to synthesize a water soluble variant of this
adduct type.

In order to do so we followed an optimized procedure for the
synthesis of oxo-tetraamino-[60]fullerenes published recently by
Isobe er al.®® For the introduction of water solubility we used
the protected amino piperidine 65 (Scheme 5). Treatment of Cy,

R=H, Alkyl

Fig. 2 General structure of an oxo-tetraamino-[60]fullerene obtained as
major product by the treatment of C,, with amines in the presence of O,.

with 4 eq. of 65 in a mixture of DMSO and chlorobenzene in the
presence of O, produced the adduct 66 in 80% yield. Subsequent
deprotection of the BOC groups led to the formation of the
ammonium salt 67, which is very soluble in methanol and ethanol
and slightly soluble in acidic water (pH 4). In order to achieve
pH-independent water solubility, 67 was treated with Mel in the
presence of KHCO; to give 68, which is very soluble in water over
a wide pH range. Characterization of the oxo-tetrapiperidinyl-
[60]fullerenes 6668 was carried out by '"H NMR, *C NMR and
UV/Vis spectroscopy as well as by mass spectrometry.
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0-/OR

61 R=TBDMS 63 a-c R=TBDMS
o
62 R=H 64a-c R=H

Scheme 4 Synthesis of mono- and bisadducts of C;, containing polyether malonates as addends: a) 0.8 eq 55, C,,, CBr,, DBU, toluene; b) 2.7 eq 55, C,
CBr,, DBU, toluene; a = 2 o’clock-, b = 5 o’clock-, ¢ = 12 o’clock isomer.

Scheme 5 Synthesis of oxo-tetrapiperidinyl-[60]fullerenes: a) Cy, 4 eq 65, DMSO-PhCI 1 : 4, O, (20 min), rt 12 h; b) TFA, CH,Cl,; rt; ¢) KHCO;, Mel,
MeOH, 40 °C.

Antioxidant properties of water-soluble fullerenes shown to offer protection from oxidative injury in superoxide
dismutase (SOD2) knockout mice exposed to high levels of this
The superoxide anion is generally considered to be the pre- radical species.'” To evaluate the relative antioxidant capabilities

dominant ROS species produced within cells, and at least one of our new water soluble derivatives and to understand critical
water soluble fullerene, namely the trisadduct C3 (1), has been structure—function relationships related to antioxidant activity
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in a biological context, we focused initially on the ability of
various fullerenes to remove or reduce the free-radical activi-
ties of superoxide in biological buffers. The standard assay to
investigate the superoxide quenching ability of an antioxidant
is based on xanthine/xanthine oxidase to generate superoxide
causing the reduction of cytochrome C.* This process is followed
photometrically by looking at the changes in intensity of the
absorption band of reduced cytochrome C at 550 nm. Using this
protocol we compared our new fullerenes and dendrofullerene
3 with trisadduct 1 as standard. The results are summarized in
Table 1 and allow conclusions to be drawn concerning a structure—
function relationship. Increasing the number of addends on the
fullerene which leads to an increased rupture of the conjugated
n-system causes a decreasing ability of superoxide quenching. For
example, in the case of carboxyfullerenes, dendritic monoadducts
such as 3, 16, 51-53 are more effective than e,e,e-trisadducts like
1, 14 and 15 (Table 1, Fig. 3). In the case of the mono- and
bisadducts of Cq and C,, carrying oligoethylene glycol addends,
we observe that the monoadducts 57 (IC5, = 64 uM) and 62 (IC,, =
32 uM) are more effective than the corresponding bisadducts
59 and 64. Significantly, the antioxidant activity within a series
of bisadducts drops with increasing distance of the addends on
the fullerene core. For example, the very remote frans-2 binding
realized in the C, bisadduct 59a causes low activity (IC5, =
789 uM), whereas equatorial binding leads to a considerable
increase in activity (ICs, = 62 uM). The cationic fullerenes
investigated here are generally less effective antioxidants in this
assay compared with anionic fullerenes of similar structure. For
example, the oxo-tetrapiperidinyl adduct 67 is a less effective
antioxidant at pH = 6 (IC5, = 47 uM) than at pH = 7.4 (ICs, =
35 uM), where the fourfold protonation is incomplete. Similarly,
the corresponding permethylated derivative 68 whose tetracationic
state is pH independent, exhibits antioxidant activity comparable
to 67 at the lower pH (ICs, = 45 uM). Moreover, the triscationic

Table 1 1Cs, values for the superoxide quenching activities of fullerene
derivatives in xanthine/xanthine oxidase assays

Compound 1Csy/pumol
1 18.5
2 16.8
3 11.0
13 202.0
14 36.5
15 56.0
16 6.2
49 24.0
50 26.1
51 13.3
52 154
53 14.7
57 64.0
60 289.0
62 32.0
67 (pH 7.4) 35.0
67 (pH 6.0) 47.0
68 45.4
59a 789.0
59b 139.6
59¢ 55.5
59d 62.5
64a 50.0
64c 76.9

800 —

I negative mono ¥ C,
o I neutral 72/ bis R C,,
W positive W44 tris

400 oxotetraamino
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Fig. 3 IC;, values for the superoxide quenching activities of fullerene
derivatives in xanthine/xanthine oxidase assays.

e,e,e-trisadduct 13 (IC5, = 202 uM) is significantly less effective as
an antioxidant compared with its anionic counterparts 14 (IC5, =
36.5 uM) and 15 (IC,, = 56 uM) as well as the trisadduct standard
1 (IC5 = 18.5 uM).

Cytochrome C binding

The relatively low IC50 activity observed for cationic water soluble
fullerenes in the cytochrome C-based superoxide quenching assay
compared with anionic fullerenes of almost identical regioisomeric
structure was somewhat surprising given the expectation that
positively charged compounds would be more likely to capture
negatively charged superoxide anions. These expectations had
been shown previously for addition of hydroxyl radicals to the
fullerene core, where positively charged fullerenes exhibited greater
rate constants for the radical addition reaction.” In this regard it
is important to ask whether the activity of the fullerene adducts
against the xanthine/xanthine oxidase/cytochrome C assay is
exclusively due to the ability of quenching superoxide or due
to additional effects caused by the interplay of the components
present in the matrix. One possible interaction, which may play a
crucial role both in such an assay and also in biological systems is
electrostatic interaction between the charged fullerene derivatives
and the positively charged cytochrome C. In a previous investiga-
tion we have studied the electrostatic binding and photoinduced
electron transfer between cytochrome C and 3 and related anionic
fullerene adducts.®® Indeed strong electrostatic binding with an
association constant of K, = 1.7 x 10° M~! (pH = 6) was observed.

We therefore wanted to complement the aforementioned results
of the assay by subjecting the different fullerene derivatives to bind-
ing studies with cytochrome C. In the case of intact cytochrome
C, the protein shell that surrounds the iron(11)/iron(111)-porphyrin
hampers the direct electronic interactions that are readily ob-
served, between fullerenes and unbound porphyrins. Therefore,
we turned to excited interactions, which, however, necessitated
the implementation of a zinc(11)-porphyrin chromophore rather
than the iron(11)/iron(11r)-porphyrin. This was deemed necessary,
because iron(11) or iron(111) centers tend to deactivate excited states
efficiently.
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In the corresponding experiments, aqueous solutions of Zn(11)-
cytochrome C (i.e., 0.9-1.4 x 10~° M) buffered at pH 7.2 were
titrated with variable concentrations of the different fullerene
derivatives (i.e., 0.7-22.4 x 10~ M). Regardless of the strength of
fullerene/Zn(11)-cytochrome C interactions using other assays, the
absorption spectra were not sufficiently sensitive to detect these in-
teractions, and are best described as the linear superimposition of
the component spectra, namely, fullerene and Zn(11)-cytochrome
C. In particular, Zn(11)-cytochrome C absorptions are seen at 424,
545 and 580 nm. Those of the fullerenes depend strongly on the
number of functional addends (i.e., mono- versus tris-addition)
and the respective addition pattern—see Experimental section for
details.

Fluorescence-quenching experiments provided a more sensitive
and consistent assay for fullerene/Zn(11)-cytochrome C interac-
tions. For Zn(11)-cytochrome C, recording the typical fluorescence
pattern of a zinc(11)-porphyrin with maxima at 585 and 644 nm
and with high quantum yields of ca. 0.04, demonstrates the
ability of this method to measure Zn(11)-porphyrin photoactivity
inside of the protein matrix. In the presence of the fullerene
derivatives, a non-linear quenching of the Zn(1)-cytochrome C
centered fluorescence is clearly discernable (Fig. 4). It is important
to note that the fluorescence emission spectrum remains constant
throughout the titrations, although the amplitude varies due to
quenching by the fullerenes. This nicely mirrors the trend seen in
the absorption spectra, where no notable impact due to fullerene
binding was seen on the absorption spectra. It is important in
this context to consider the mechanism of fluorescence quenching
of Zn(m)-cytochrome C in the presence of fullerenes: past work
has provided thermodynamic, kinetic and spectroscopic evidence
in support of an intra-ensemble charge separation that evolves
between the photoexcited Zn(i)-cytochrome C and the electron
accepting fullerene 3.3

35
30

25

.. 20
Emission
/a.u.

550 600 650 700

Fig.4 Room temperature fluorescence spectra of 1.4 x 10~¢ M Zn(11)-cyt
C in aqueous solutions in the presence of variable concentrations of 49
(i.e, 0,39 x 107,54 x 1075, 6.9 x 10°, 8.5 x 107, 9.2 x 10, 1.2 x
1075, 1.3 x 10~° M); excitation wavelength 420 nm.

In the next step, the non-linear quenching dependences were
used to determine the binding constants (i.e., K,) for forming
Zn(1)-cytochrome C/fullerene donor—acceptor ensembles held
together by electrostatic forces (Table 2)—see Fig. 5. At first
glance, the positively charged fullerene derivative 13 gives rise to
binding constants below our detection limit of ca. 10 M. This is
rationalized on the basis of repulsive interactions between equally
charged donor and acceptor constituents. On the other hand, all

Table 2 Binding constants and fluorescence lifetimes of Zn(11)-cyt
C/fullerene complexes

Fluorescence
Compound  K,/M~" lifetimes/ns K.b/M™! Net charge
16 22x 107 0.45 4.3 x 107 6—
52 1.8 x 10° 0.97 1.2 x 10° 9—
1 1.5 x 10°  0.25 8.6 x 10° 6—
15 1.5 x 10°  0.39 3—
14 1.3 x 10° 3—
49 82 x 10* 0.76 3—
13 <10? 3+

“ Steady-state fluorescence measurements. ® Time-resolved fluorescence
measurements

ol v vt vy 1 PP BRI B RS

e " 310° 410
[M]

0 110 210

fullerene

Fig. 5 A plot of the change in fluorescence intensity as a ratio of 1/1,
versus 52 concentration, the solid line represents the estimated curve fit
obtained by non-linear least-squares analysis.

negatively charged fullerene derivatives (i.e., 1, 14, 15, 16, 49, 52)
reveal binding constants that ranged from 8.2 x 10* M~ all the
way to 2.2 x 10" M.

A closer look allows for some conclusions based on structure—
function relationships. All fullerene derivatives that bear three
negative charges (i.e., 14, 15 and 49) exhibit the lowest binding
constants. It is interesting to note that the more flexible arrange-
ment of the three carboxylic groups in 14 and 15 rather than the
topologically more predefined motif in 49 (8.2 x 10* M) results
in a more synergistic binding pattern.

Placing, however, more than three negative charges on the
fullerene further augments the binding: when comparing, for
instance, 49 with 52 (1.8 x 10° M™') a more than 20-fold
enhancement is seen. This argument is in line with the presence of
eight positive charges that are located within the docking station
of cytochrome C in general. In strong contrast to this conclusion,
however, are the high binding constants of 1.5 x 10° M~ and
2.2 x 10" M for 1 and 16, respectively. Both fullerene derivatives
carry only six carboxylic groups, that is, three less than are present
in 52. Also notable is the topology of the addends in 1 and
16: the six carboxylates in 1 are more evenly spread over the
fullerene core although in a still rather rigid pattern. In 16, which
undoubtedly gives rise to the strongest binding, the two dendritic
wedges may adjust flexibly to the binding sites of the cytochrome
C pocket.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3599-3613 | 3607





Independent confirmation was gathered using time-resolved
fluorescence experiments (Table 2, Fig. 4). In particular, the Zn(11)-
cytochrome C fluorescence lifetime was measured in the absence
and presence of the electron accepting fullerene derivatives. When
no fullerene was present we recorded fluorescence time profiles that
are well fitted by a mono-exponential decay function. A lifetime
of 2.2 4+ 0.2 ns was determined under such conditions. In contrast,
adding any of the studied fullerene derivatives led to fluorescence
decays that were only reasonably fitted—with a x> value of close
to 1—Dby a bi-exponential function. Here, a long-lived component
(i.e., 2.2 + 0.2 ns) and a short-lived component were registered.
Interestingly, the exact value of the short-lived component was
found to be dependent on the structure of the fullerene derivative.
The largely different reduction potentials of mono- (i.e., 16,49 and
52) versus trisadducts (i.e., 15 and 1) should be considered, since
they exert a major impact on the driving force for the electron
transfer deactivation of the Zn(1r)-cytochrome C singlet excited
state. Moreover, a closer donor—acceptor separation also effects
the electron transfer deactivation—please compare 1 (0.25 ns) with
15 (0.39 ns) or 16 (0.45 ns) with 49 (0.76 ns) (Table 2).

Throughout the titration experiments the two lifetimes re-
mained constant. The only variable is the relative ratio between the
long-lived and short-lived components. The long-lived component
decreased continuously, while the short-lived component increased
simultaneously. Similar to the steady-state experiments, the dif-
fering ratios were used to derive the binding constants (Fig. 6).
Notably, an excellent agreement with the steady-state analysis is
observed for the tested systems 52 (1.2 x 10° M), 16 (4.3 x
10" M") and 1 (8.6 x 10° M"). This confirmation carries even
more weight when considering the vastly different fluorescence
lifetime (i.e., electron transfer rates) of 0.97 ns (52), 0.45 ns (16)
and 0.25 ns (1).
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Fig. 6 A plot of the change in relative fluorescence intensities versus 52
concentration, the solid line represents the estimated curve fit obtained by
non-linear least-squares analysis.

Discussion

The preponderance of data from biological systems strongly
indicates that water soluble fullerenes can protect cells and tissues
from injury and death related to chemical and biological insults
including ischemia-reperfusion, direct oxidative injury, radiation
injury (UV and y) and chemical toxins such as adriamycin, 3141635
It has been assumed that the mechanism underlying this broad

cytoprotection is directly related to the scavenging of reactive
oxygen species by water soluble fullerenes, although the evidence
underlying this assumption has been more circumstantial than
direct. Our current work was initially intended to address the
structure—function relationships underlying antioxidant activity
for a subset of water soluble fullerenes against superoxide, but our
observations have led us to understand also that direct interactions
of the fullerene derivatives with charged redox proteins like
cytochrome C may play an important role as well. We have
described the design and synthesis for a number of novel water
soluble fullerenes with the ultimate goal of assessing their potential
as therapeutic antioxidants and cytoprotective drugs. Multiple
independent factors are likely to play a role for each fullerene
species, and these include: redox potential, size, electrostatic
charge, shape and possibly other currently unknown factors. As a
general trend an increased disruption of the fullerene m-system
leads to a decrease in the ability of superoxide quenching. In
this context monoadducts like 3, 16, 51-53 are more effective
antioxidants than bisadducts 59 or trisadducts 1, 14 and 15.
For the different regioisomeric bisadducts 59a—d the quenching
ability is reduced with increasing distance of the addends on
the fullerene surface. These observations correlate well with the
fact that fullerene derivatives with a more pronounced distortion
of the m-system are less efficiently reduced to the corresponding
anions. Concerning the electrostatic charge anionic fullerenes like
1-3 and 51-53 seem to be more effective than cationic (13, 67
and 68) or neutral derivatives (59, 60, 62 and 64). Since there
should be stronger electrostatic interaction between the superoxide
radical anion and positively charged fullerenes this phenomenon
is not fully understood and maybe other factors than redox
potential and charge play a major role. For example, the e,e,e-
trisadducts 14 and 15 were designed as variants of 1, but have
a very different shape and hydrophobic configuration based on
the tethered linker used in their synthesis. Adducts 14 and 15 have
similar capacity to 1 as antioxidants against superoxide, but appear
to interact with cytochrome C in an entirely different manner from
1. Electrostatic binding of negatively charged fullerene adducts
may cause changes in the absorption characteristics of cytochrome
C which could interfere with changes in absorption due to
reduction by superoxide determined in the xanthine/xanthine
oxidase/cytochrome C assay. This has to be kept in mind upon
the careful evaluation of antioxidant properties.

The interactions of fullerenes with cytochrome C may also
play an important role in the previously described ability of
various fullerenes to protect against apoptotic cell death by
physical, chemical and biological toxins.*'***1635 Biologically, cy-
tochrome C occupies a critical pathway in cellular redox reactions
within both mitochondria and cytosol. Within mitochondria,
cytochrome C is a critical component of electron transport and
mitochondrial energy production. In the event of a slowdown
or disruption of the electron transport chain, the ability of
anionic fullerene adducts to bind cytochrome C could conceivably
protect the cell from undesired production of oxygen-derived free
radicals, including superoxide, hydrogen peroxide, peroxynitrite
and hydroxyl radicals. In addition, release of cytochrome C from
mitochondria to the cytosol represents a critical and possibly
irreversible step in the activation of both apoptotic and non-
apoptotic pathways leading to cell death. The ability of fullerenes
to bind cytochrome C could conceivably play an important role in
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the release of cytochrome C from mitochondria or the ability of
cytosolic cytochrome C to trigger cell death pathways. Since water-
soluble fullerenes have already been shown to protect against
cell death in the presence of a variety of different diseases and
toxic insults,*>7-10:1622.2428.30.34.3546-53 1 observations with respect
to cytochrome C binding raise interesting and important questions
with respect to a novel mechanism for cytoprotection by fullerenes.

Conclusions and outlook

In conclusion, our structure—function studies indicate that antiox-
idant properties of water soluble fullerenes depend on a number
of factors, not all of which are completely understood at present.
Some of these factors include redox behaviour, charge, size, shape
and hydrophobicity. However, within closely related structural
families, the similarities of behavior are sufficient to allow a
rational approach to design and testing of fullerenes as therapeutic
antioxidants. To achieve sufficient water solubility without the aid
of a surfactant or co-solvent at least three charges on the addends
are required. In vivo studies of some of the water soluble fullerene
adducts introduced in this study using zebrafish (Danio rerio)
embryos as model systems reveal that they can protect against
chemical toxin-induced apoptotic cell death.¢

Experimental

Chemicals: Cg was obtained from Hoechst AG/Aventis and sep-
arated from higher fullerenes by a plug filtration.** All chemicals
were purchased by chemical suppliers and used without further
purification. All analytical reagent-grade solvents were purified by
distillation. Dry solvents were prepared using customary literature
procedures.” Thin layer chromatography (TLC): Riedel-de Haén
silica gel F254 and Merck silica gel 60 F254. Detection: UV lamp
and iodine chamber. Flash column chromatography (FC): Merck
silica gel 60 (230-400 mesh, 0.04-0.063 nm). Analytical high
performance liquid chromatography (HPLC): Shimadzu Liquid
Chromatograph LC-10 with Bus module CBM-10A, auto injector
SIL-10A, two pumps LC-10AT, diode array detector. The HPLC-
grade solvents were purchased from SDS or Acros Organics;
analytical column Nucleosil 5 pm, 200 x 4 mm, Macherey-Nagel,
Diiren. Preparative high performance liquid chromatography
(HPLC): Shimadzu Class LC 10 with Bus module CBM-10A,
auto injector SIL-10A, two pumps LC-8A, UV detector SPD-10A,
fraction collector FRC-10A. Solvents were purified by distillation
prior to use. UV/Vis spectroscopy: Shimadzu UV-3102 PC
UV/Vis/NIR scanning spectrophotometer; absorption maxima
Amax ar€ given in nm. Mass spectrometry: Micromass Zabspec, FAB
(LSIMS) mode, matrix 3-nitrobenzyl alcohol. NMR spectroscopy:
JEOL JNM EX 400 and JEOL JNM GX 400 and Bruker Avance
300. The chemical shifts are given in ppm relative to TMS. The
resonance multiplicities are indicated as s (singlet), d (doublet),
t (triplet), q (quartet), quin (quintet) and m (multiplet), non-
resolved and broad resonances as br. Elemental analysis (C, H, N):
succeeded by combustion and gas chromatographic analysis with
an EA 1110 CHNS analyser (CE Instruments). 16 was synthesized
following the procedure described for 3.2 The synthetic procedures
and characterization details of the precursor compounds 4, 20—
31, 3741, 54 and 55 and the fullerene compounds 43-47, 49-53

and 60—64 are available as electronic supplementary information
(ESD).F

Superoxide quenching activity assays

Superoxide quenching activity was measured by the method of
McCord and Fridovich* using xanthine and xanthine oxidase
(both obtained from Sigma Aldrich, St. Louis, MO) to generate
superoxide radicals and reduction of ferricytochrome C to track
the amount and rate of superoxide present in the presence and
absence of various fullerenes. Reduced ferricytochrome C was
detected by absorbance at 550 nm. Comparable rates of superoxide
quenching were observed for several different fullerenes using
potassium superoxide and radiolysis-generated superoxide in
addition to xanthine/xanthine oxidase generated superoxide.

Photophysics

Fluorescence lifetimes were measured with a Laser Strope Fluores-
cence Lifetime Spectrometer (Photon Technology International)
with 337 nm laser pulses from a nitrogen laser fiber-coupled
to a lens-based T-formal sample compartment equipped with a
stroboscopic detector. Details of the Laser Strobe systems are
described on the manufacture’s web site. Emission spectra were
recorded with a SLM 8100 Spectrofluorometer. The experiments
were performed at room temperature. Each spectrum represents an
average of at least 5 individual scans, and appropriate corrections
were applied whenever necessary.

1,3,5-Tris((2'-(2”-bromoethyl)malonyl)ethoxy)benzene (7)

DCC (1.39 g, 6.73 mmol) was added to a solution of 1,3,5-
tris((2'-hydroxy)ethoxy)benzene 5 (0.50 g, 1.94 mmol), 4 (1.42 g,
31.0 mmol) and 4-DMAP (83 mg, 0.68 mmol) at 0 °C, under N,
atmosphere and the reaction mixture was stirred for 72 h at room
temperature. The solution was filtered and after evaporation of
the solvent the residue was dissolved in ethyl acetate and filtered
again several times to remove the remaining DCU. Separation by
flash column chromatography (SiO,; toluene/-THF, 4 : 1) gave 7
as a yellow high viscous oil (900 mg, 1.07 mmol, 55%). '"H NMR
(400 MHz, rt, CDCl;): 0 = 6.10 (s, 3H, ArH), 4.49 (t,°J = 4.6 Hz,
6H, OCH,CH,), 4.44 (t,°J = 6.1 Hz, 6H, BrCH,CH,), 4.15 (t,
3J = 4.6 Hz, 6H, OCH,), 3.49 (t, *J = 6.1 Hz, 6H, BrCH,), 3.48
(s, 6H, OCCH,CO) ppm. C NMR (100.5 MHz, rt, CDCl;): =
166.10 (3C, CO), 165.81 (3C, CO), 160.23 (3C, ArC-0), 94.64 (3C,
ArC-H), 65.71 (3C, OCH,), 64.69 (3C, BrCH,CH,), 63.68 (3C,
OCH,CH,), 41.16 (3C, OCCH,CO), 28.03 (3C, BrCH,) ppm. MS
(FAB, NBA): m/z = 836 [M]*. C;;Hy;Br;0,5: caled C 38.73, H
3.97, Br 28.63, O 28.66; found C 38.20, H 3.99%.

e,e,e-Trisadduct 10

Ce (200 mg, 0.278 mmol) was dissolved in 350 mL of dry
and degassed toluene, under an argon atmosphere and vigorous
stirring. Subsequently, iodine (275 mg, 1.08 mmol) and 7 (220 mg,
0.263 mmol) were added, followed by the dropwise addition of a
solution of DBU (370 pL, 2.48 mmol) in 200 mL of dry toluene
over a period of four hours. The reaction mixture was stirred for
20 h at room temperature, filtered through a paper filter to remove
the DBU salts and subjected to flash column chromatography on
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Si0,. Elution with toluene afforded traces of unreacted C4 and
after changing the eluent to toluene-EtOAc 8§ : 2 10 was obtained
as a red solid, which was further purified by reprecipitation
from CHCl;—pentane and drying under high vacuum (140 mg,
0.090 mmol, 32%). '"H NMR (400 MHz, rt, CDCl;): 6 = 5.83 (s,
3H, ArH), 4.84 (d, *J = 12.0 Hz, 3H, OCH,CH,), 4.74 (dt, *J =
12.0 Hz,*J = 5.8 Hz, 3H, BrCH,CH,), 4.59 (dt,>J = 12.0 Hz,*J =
5.8 Hz, 3H, BrCH,CH,), 4.48 (dd,*J = 12.0 Hz,*J = 10.2 Hz, 3H,
OCH,CH,), 4.26 (dd, *J = 11.5 Hz, *J = 10.2 Hz, 3H, OCH,),
4.08 (d, *J = 11.5 Hz, 3H, OCH,), 3.62 (t, *J = 5.8 Hz, 6 H,
BrCH,). "C NMR (100.5 MHz, rt, CDCl;): 6 = 162.65 (3C, CO),
162.28 (3C, CO), 160.22 (3C, ArC-0), 146.95, 146.89, 146.71,
146.41, 146.36, 146.16, 145.94, 145.71, 145.12, 144.13, 143.56,
143.16,142.21,142.03, 141.78, 140.86, 140.82 (54 C, C4-sp*), 94.05
(3C, ArC-H), 70.47, 69.19 (6 C, C-sp?), 66.03 (9C, OCH,CH,,
BrCH,CH,), 52.17 (3C, OCCCO), 27.95 (3C, BrCH,) ppm. MS
(FAB, NBA): m/z = 1552 [M]*. UV/Vis (CH,CL): ., = 251,
280.5, 304 (sh), 380 (sh), 482, 568 (sh) nm.

e,e,e-Trisadduct 13

A solution of 10 (50.0 mg, 0.0322 mmol) in 5 mL of dry pyridine
was stirred for four days at 60 °C. After the addition of 10 mL
of toluene, the reaction mixture was filtrated and the residue was
suspended in toluene and distilled under vacuum for several times
to remove traces of pyridine. Reprecipitation from methanol-
diethyl ether gave 13 (52.3 mg, 0.0292 mmol, 91%). '"H NMR
(400 MHz, rt, DMSO-d,): 6 =9.19 (d, *J = 6.1 Hz, 6H, 0-PyrH),
8.66 (t, °J = 7.8 Hz, 3H, p-PyrH), 8.20 (dd, *°J = 6.1, 7.8 Hz,
6H, m-PyrH), 5.82 (s, 6H, ArH), 5.09 (m, 3H, Pyr-CH,), 4.98
(m, 3H, Pyr-CH,CH,), 4.90 (m, 3H, Pyr-CH,CH,), 4.70 (d, *J =
12.2 Hz, 3H, OCH,CH,), 4.42 (dd, *J = 12.2 Hz, *J = 10.3 Hz,
3H, OCH,CH,), 4.18 (d,?J = 11.7Hz, 3H, OCH,), 4.02 (dd, *J =
11.7Hz,*J =10.3 Hz, 3H, OCH,) ppm. "C NMR (100.5 MHz, rt,
DMSO-d¢):0 = 162.13 (6C, CO), 160.34 (3C, ArC-0), 146.92 (3C,
p-PyrC), 146.83, 146.78, 146.73, 146.52, 146.23, 146.19, 146.10,
145.75, 145.68 (6C, o-PyrC), 145.57, 144.80, 144.03, 143.81,
143.08, 142.51, 141.38, 140.93, 140.92, 140.53 (54 C, Cg-sp’),
128.56 (6C, m-PyrC), 94.16 (3C, ArC-H), 70.73, 69.46 (6C Cy-
sp?), 66.85 (3C, OCH,CH,), 66.15 (6C, OCH,, Pyr-CH,CH,),
59.32(3C, Pyr-CH,), 52.96 (3C, OCCCO) ppm. UV/Vis (CH,Cl,):
Amax = 265.5, 285 (sh), 305 (sh), 383 (sh), 480, 568 (sh) nm.

Asymmetric malonate (G1) 36

A solution of 29 (500 mg, 1.65 mmol) and 32 (688 mg, 1.65 mmol)
in dry CH,CL,-THF 1 : 1 (150 mL) was cooled to 0 °C
under nitrogen atmosphere. DMAP (41 mg, 0.33 mmol), 1-HOBt
(223 mg, 1.65 mmol) and EDC (317 mg, 1.65 mmol) were added
subsequently. After stirring the solution under N, for 2 h at 0 °C,
it was left at room temperature for another 24 h. Progress of the
reaction was monitored by TLC. The organic phase was washed
with water (2 x 100 mL) and dried over MgSO,. After evaporation
of the solvent, the resulting product was purified by flash column
chromatography (SiO,, hexane—ethyl acetate, 20 : 15). The purified
material was dried under vacuum affording 36 as a colourless oil
(716 mg, 1.02 mmol, 62%). '"H NMR (400 MHz, rt, CDCl;): 6 =
6.01 (s, br, IH, CONH), 4.16 (t, *J = 6.8 Hz, 2H, OCH,), 4.14 (t,
*J = 6.9 Hz, 2H, OCH,), 3.32 (s, 2H, OCCH,CO), 2.34 (t,*J =

7.5 Hz, 6H, CH,COO'Bu), 2.18 (t, 3J = 7.2 Hz, 2H, OCCH,),
1.99 (t, °J = 7.6 Hz, 6H, NHC(CH,),), 1.62 (m, 6H, CH,), 1.45
(m, 2H, CH,), 1.41 (s, 27H, C(CH,),), 1.28 (m, 6H, CH.), 0.89 (t,
3J = 6.5 Hz, 3H, CH;) ppm; “C NMR (100.5 MHz, rt, CDCl;):
0 =172.98 3C, COO'Bu), 172.14 (1C, CONH), 166.75 (1C, CO),
166.69 (1C, CO), 80.44 (3C, C(CHy;),), 65.77 (1C, OCH,), 65.25
(1C, OCH,), 57.34 (1C, NHC(CH.,),), 41.58 (1C, OCCH,CO),
36.99 (1C, CH,CO), 31.33 (1C, CH,), 29.87 (3C, NHC(CH.,),),
29.63 (3C, CH,COO'Bu), 28.36, 28.07 (2C, CH,), 28.01 (9C,
C(CH;)3), 25.98 (1C, CH,CH,CO), 25.40, 24.19, 22.55 (3C, CH,),
13.95 (1C, CHs) ppm. MS (FAB, NBA): m/z = 700 [M]", 528
[M — -3'Bu]*. CyyHNO,: caled C 63.49, H9.36, N 2.00, O 25.15;
found: C 63.12, H 9.44, N 2.03%.

C monoadduct 42

Ce (494 mg, 0.69 mmol) was dissolved in dry toluene (ca.
0.5 mL toluene per mg Cq) under a nitrogen atmosphere. 36
(400 mg, 0.57 mmol) and CBr, (209 mg, 0.63 mmol) were added
subsequently. DBU (94 uL, 0.63 mmol) in 50 mL toluene was
added dropwise over a period of 1 h to the stirred solution
at room temperature. The reaction mixture was stirred at room
temperature for an additional 6 h and the progress of the reaction
was monitored by TLC. The product was isolated by flash
chromatography (SiO,, toluene—ethyl acetate, 80 : 15to 80: 30) and
dried under vacuum affording 42 as a red brownish solid (396 mg,
0.28 mmol, 49%). '"H NMR (400 MHz, rt, CDCl;): 0 = 5.99 (s, br,
1H, CONH), 4.54 (t,°J = 6.7 Hz,2H, OCH,), 4.52 (t,°J = 6.8 Hz,
2H, OCH,), 2.36 (t,*J = 7.5 Hz, 6H, CH,COO'Bu), 2.22 (t,°J =
7.1 Hz, 2H, OCCH,), 2.00 (t,°J = 7.5 Hz, 6H, NHC(CH,);), 1.86
(m,2H, CH,), 1.67 (m,4H, CH,), 1.49 (m, 2H, CH,), 1.41 (s, 27H,
C(CHs);), 1.28 (m, 6H, CH,), 0.91 (t,*J = 6.5 Hz, 3H, CH) ppm;
BC NMR (100.5 MHz, rt, CDCL): § = 172.93 (3C, COO'Bu),
172.03 (1C, CONH), 163.66 (1C, CO), 163.57 (1C, CO), 145.15,
145.14, 145.12, 145.07, 145.05, 145.03, 145.01, 144.76, 144.57,
144.53, 144.52, 144.49, 144.48, 143.75, 142.93, 142.92, 142.88,
142.85, 142.09, 142.05, 141.79, 141.71, 140.86, 140.75, 139.05,
138.89 (58C, Cy-sp?), 80.49 (3C, C(CHj;);), 71.78 (2C, Cg-sp?),
67.66 (1C, OCH,), 67.28 (1C, OCH,), 57.30 (1C, NHC(CH,)5),
51.38 (1C, OCCCO), 37.09 (1C, CH,CO), 31.29 (1C, CH,), 29.85
(3C, NHC(CH,);), 29.65 (3C, CH,COO'Bu), 28.36, 28.12 (2C,
CH,), 28.02 (9C, C(CHs;)5), 25.96 (1C, CH,CH,CO), 25.41, 24.20,
22.43 (3C, CH,), 13.89 (1C, CH;) ppm. MS (FAB, NBA): m/z =
1442 [M + NaJ*, 1419 [M]*, 720 [Cg]*. UV/Vis (CH,CL): Aoy =
254,323, 425, 475 nm.

C monoadduct 48

42 (200 mg, 0.14 mmol) was dissolved in formic acid (20 mL).
The reaction mixture was stirred for 24 h at room temperature
and the progress of the reaction was monitored by TLC. The
reaction mixture was concentrated and purified by reprecipitation
from MeOH-Et,0. Drying under vacuum afforded 48 as a red
brownish solid (170 mg, 0.14 mmol, 97%) (broadening of the NMR
signals of the deprotected C¢ monoadducts through aggregation
was observed). "HNMR (400 MHz, rt, DMSO-d,):6 = 11.09 (s, br,
3H,COOH),7.01 (s, br, IH,CONH), 4.49 (m, br, 4H, OCH,), 2.05
(m, br, 6H, CH,COOH, OCCH,), 1.79 (m, br, 8H, NHC(CH,);,
CH,), 1.51 (m, br, 2H, CH,), 1.39 (m, br, 8H, CH,), 1.19 (m, br,
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4H, CH,), 0.88 (m, br, 3H, CH;) ppm; *C NMR (100.5 MHz,
rt, DMSO-d,): 6 = 174.97 (3C, COOH), 171.95 (1C, CONH),
162.87 (1C, CO), 162.79 (1C, CO), 145.48, 145.01, 144.79, 144.26,
143.56, 143.01, 142.59, 141.71, 141.43, 140.69, 140.42, 139.12,
137.91 (58C, Cg,-sp?), 71.59 (2C, Cg,-sp?), 67.53 (2C, OCH,), 56.99
(1C, NHC(CH,);), 52.03 (1C, OCCCO), 37.43 (1C, CH,CO),
31.01 (1C, CH,), 30.01 (3C, NHC(CH,);),29.78 (3C, CH,COOH),
28.44, 28.22 (2C, CH,), 26.01 (1C, CH,CH,CO), 25.44, 24.26,
22.39 (3C, CH,), 13.98 (1C, CH;) ppm. MS (FAB, NBA): m/z =
1250 [M]*, 720 [Cy]*. UV/Vis (DMSO): Ay = 252, 322, 424 nm.

C, monoadduct 56

DBU (74.8 uL, 0.50 mmol) was added dropwise to a solution
of Cg (360 mg, 0.50 mmol), malonate derivative 55 (230 mg,
0.38 mmol) and CBr, (134 mg, 0.40 mmol) in dry toluene
(250 mL) under a nitrogen atmosphere. The reaction mixture
was stirred at room temperature for 20 h and the progress of
the reaction was monitored by TLC. The product was isolated by
flash chromatography (SiO,; toluene—ethyl acetate, 90 : 10) and
dried under vacuum to afford 200 mg (0.15 mmol, 40%) of a red
brownish solid. "H NMR (400 MHz, rt, CDCl;): 6 = 4.62 (t,°J =
5.0 Hz, 4H, OCOCH,), 3.86 (t, °J = 5.0 Hz, 4H, OCH,), 3.74 (t,
*J =5.5Hz,4H,OCH,), 3.63 (m, 8H, OCH,), 3.53 (t,°J = 5.5 Hz,
4H, OCH,), 0.87 (s, 18H, C(CH;),, 0.04 (s, 12H, Si(CH;),) ppm;
“C NMR (100.5 MHz, rt, CDCl): 6 = 163.48 (2C, CO), 145.23,
145.15, 144.87, 144.65, 144.58, 143.85, 143.04, 142.98, 142.95,
142.16, 141.83, 140.89, 139.05 (58C, C4-sp?), 72.70 (2C, OCH.,),
71.40 (2C,Cq-sp?), 70.75 (2C, OCH,), 70.72 (2C, OCH,), 68.76
(2C, OCH,), 66.19 (2C, OCH,), 62.66 (2C, OCH,), 52.03 (1C,
OCCH,CO), 25.92 (6C, (C(CH;);), 18.35 (2C, (C(CHj;);), —5.24
(4C, SiCH;) ppm. MS (FAB, NBA): m/z = 1316 [M]*. UV/Vis
(CH,CL): Zppay = 254, 322,423, 475 nm.

Cg monoadduct 57

The protected alcohol 56 (100 mg, 0.076 mmol) was dissolved
in THF (10 mL) and 2 N HCI (1 mL) was added under vigorous
stirring. The progress of the reaction was monitored by TLC. After
complete deprotection the solution was diluted with CH,Cl,
(50 mL), washed with a saturated solution of NaHCO; (100 mL)
and with water (100 mL). After drying over MgSQO,, filtering and
concentrating, the product was isolated as a red brownish solid
(60 mg, 0.056 mmol, 73%). '"H NMR (400 MHz, rt, CDCl;): 6 =
4.63 (t, °J = 4.8 Hz, 4H, OCOCH,), 3.88 (t, °J = 4.8 Hz, 4H,
OCH,), 3.72 (m, 8H, OCH,), 3.65 (4H, OCH,), 3.58 (m, 4H,
OCH.), 2.96 (s, br, 2H, OH) ppm; “C NMR (100.5 MHz, rt,
CDCL): 0 = 163.41 (2C, CO), 145.21, 145.12, 145.08, 144.84,
144.62, 144.56, 144.53, 143.82, 143.03, 142.97, 142.92, 142.13,
141.78,140.87, 139.00 (58C, C-sp?), 72.66 (2C, OCH,), 71.32 (2C,
Cg-sp*), 70.67 (2C, OCH,), 70.32 (2C, OCH,), 68.65 (2C, OCH,),
66.04 (2C, OCH,), 61.68 (2C, HOCH,), 51.80 (1C, OCCCO) ppm.
MS (FAB, NBA): m/z = 1109 [M + 2Na]*; 1087 [M + Na]*.
UV/Vis (CH,CL): Ay, = 255, 322, 423.5, 475 nm.

C,o bisadducts 58a—d

DBU (187 pL, 1.25 mmol) was added dropwise to a solution
of Cg (360 mg, 0.50 mmol), malonate derivative 55 (627 mg,
1.05 mmol) and CBr, (365 mg, 1.10 mmol) in dry toluene (400 mL)

under a nitrogen atmosphere. The reaction mixture was stirred at
room temperature for 20 h and the progress of the reaction was
monitored by TLC. After chromatographic purification (SiO,;
toluene—ethyl acetate, 90 : 10 to 70 : 30; HPLC; toluene—ethyl
acetate, 84 : 16) the pure regioisomers were obtained as dark solids.
58a (trans-2) 57 mg (30 umol, 6%), 58b (trans-3) 124 mg (65 pmol,
13%), 58¢ (trans-4) 38 mg (20 umol, 4%), 58d (¢) 153 mg (80 umol,
16%).

58a. 'H NMR (400 MHz, rt, CDCL): § = 4.75 (m, 4H,
OCOCH.), 4.60 (m, 4H, OCOCH.), 3.97 (m, 4H, CH,O0Si), 3.83
(m, 4H, CH,0Si), 3.74 (m, 12H, OCH.), 3.68 (m, 4H, OCH.), 3.61
(m, 8H, OCH.), .3.57 (m, 4H, OCH.), 3.53 (m, 4H, OCH.,), 0.87
(s, 18H, C(CH,),), 0.86 (s, 18H, C(CH.),), 0.05 (s, 12H, Si(CH,),),
0.03 (s, 12H, Si(CH,),) ppm. *C NMR (100.5 MHz, rt, CDCL):
5 = 163.87 (2C, CO).. 163.44 (2C, CO), 147.89, 146.94, 146.28,
146.19, 145.81, 145.59, 145.46, 145.13, 145.08, 144.46, 144.23,
144.16, 144.03, 144.00, 143.67, 143.14, 143.03, 142.97, 142.49,
142.30, 142.21, 142.15, 142.04, 141.60, 140.78, 140.11, 137.71,
137.57 (56C, Co-sp?), 72.74 (2C, OCHL,), 72.70 (2C, OCH,), 71.43
(4C, Cq-sp’), 70.81, 70.72, 70.70 (8C, OCHS), 68.88 (2C, OCH,),
68.72 (2C, OCH,), 66.33 (2C, OCH,), 66.14 (2C, OCH,), 62.69
(2C, SIOCH,), 62.65 (2C, SIOCH,), 49.69 (2C, OCCCO), 25.92
(12C, C(CH,),), 18.35 (4C, C(CH,),), —5.24 (8C, Si(CH.,),) ppm.
MS (FAB, NBA): m/z = 1910 [M]", 720 [Cq]*. UV/Vis (CH,CL):
Jma = 265, 321, 405 (sh), 435, 470 nm.

58b. 'H NMR (400 MHz, rt, CDCL): 6 = 4.63 (m, 4H,
OCOCH,), 4.53 (m, 4H, OCOCH,), 3.88 (m, 4H, CH,0Si), 3.77
(m, 4H, CH,08i), 3.74 (m, 8H, OCH,), 3.66 (m, 8H, OCH,), 3.59
(m, 8H, OCH,), 3.53 (m, 8H, OCH), 0.87 (s, 18H, C(CH,);), 0.86
(s, 18H, C(CH;),),0.05, (s, 12H, Si(CH3;),), 0.03 (s, 12H, Si(CH3;),)
ppm. "C NMR (100.5 MHz, rt, CDCL): § = 163.40 (4C, CO),
147.22, 146.95, 146.55, 146.47, 146.41, 146.35, 146.02, 145.96,
145.64, 145.43, 145.29, 144.61, 144.40, 144.15, 143.79, 143.53,
143.36, 142.98, 142.48, 142.29, 142.18, 141.88, 141.59, 140.27,
139.23, 138.58 (56C, Cq-sp?), 72.74 (2C, OCH,), 72.70, (2C,
OCH,), 71.57, 71.08 (4C, C-sp?), 70.78, 70.76, 70.73, 70.69 (8C,
OCH,), 68.79 (2C, OCH,), 68.68 (2C, OCH,), 66.19 (2C, OCH,),
66.10(2C, OCH,), 62.69 (2C, SiOCH,), 62.67 (2C, SiOCH,), 51.45
(2C, OCCCO), 25.94 (12C, C(CH,;)5), 18.36 (4C, C(CH5;);), —5.23
(8C, Si(CH;),) ppm. MS (FAB, NBA): m/z = 1910 [M]*, 720
[Csol". UV/Vis (CH,CL): Anay = 251, 310 (sh), 400, 415, 425, 491
(br) nm.

58c. 'H NMR (400 MHz, rt, CDCL): d = 4.60 (m, 4H,
OCOCH.), 4.53 (m, 4H, OCOCH.), 3.85 (m, 4H, CH,OSi), 3.78
(m, 4H, CH,0Si), 3.74 (m, 8H, OCH.,), 3.65 (m, 8H, OCH.), 3.62
(m, 8H, OCH.), .3.53 (m, 8H, OCH.), 0.87 (s, 18H, C(CH,),), 0.86
(s, 18H, C(CH.),), 0.04 (s, 12H, Si(CH,),), 0.03 (s, 12H, Si(CH,),)
ppm. “C NMR (100.5 MHz, rt, CDCL): 6 = 163.51 (2C, CO),
163.44 (2C, CO), 148.19, 146.99, 146.49, 146.12, 146.03, 145.56,
145.44, 145.31, 145.09, 145.00, 144.67, 144.17, 143.95, 143.09,
142.94, 142.83, 142.73, 142.22, 142.10, 142.06, 141.86, 141.56,
141.30, 140.92, 140.65, 139.00, 138.48, 135.36 (56C, Cy-sp?), 72.72
(2C, OCH,), 72.67, (2C, OCH,), 71.02 (4C, Cy,-sp*), 70.75, 70.72,
70.70 (8C, OCH,), 68.74 (2C, OCH,), 68.65 (2C, OCH,), 66.09
(2C, OCH,), 66.06 (2C, OCHS,), 62.65 (2C, SIOCHS,), 62.63 (2C,
SIOCHS,), 49.92 (2C, OCCCO), 25.92 (12C, C(CH,),), 18.35 (4C,

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3599-3613 | 3611





C(CHs;);), —5.24 (8C, Si(CH;),) ppm. MS (FAB, NBA): m/z =
1910 [M]*, 720 [Ce]*. UV/Vis (CH,CL): Ay = 244, 316 (sh), 394
(sh), 414, 470.5 (br) nm.

58d. 'H NMR (400 MHz, rt, CDCL): § = 4.55 (m, 4H,
OCOCH.,), 4.48 (m, 4H, OCOCH.), 3.79 (m, 8H, CH,0S), 3.73
(m, 8H, OCH,), 3.61 (m, 16H, OCH.), 3.52 (m, 8H, OCH.),
0.86, 086 (2s, 18H, C(CH),) 0.03, 0.03 (2's, 24H, Si(CH),) ppm.
3C NMR (100.5 MHz, rt, CDCL): 6 = 163.43 (1C, CO), 163.27
(3C, CO), 147.52, 147.23, 146.44, 146.15, 146.04, 145.56, 145.40,
145.13, 145.01, 144.69, 144.58, 144.42, 144.35, 144.02, 143.95,
143.72, 143.69, 143.35, 143.24, 143.15, 142.86, 142.43, 141.82,
141.67, 141.50, 138.77, 138.60 (56C, Cg-sp?), 72.70 (1C, OCH,),
72.68 (2C, OCH,), 72.67, (1C, OCH,), 71.44, 71.34 (3C, C-Sp°),
70.73, 70.71, 70.70, 70.68 (8C, OCH,), 70.18 (1C, Ce-sp°), 68.73
(1C, OCH,), 68.65 (3C, OCH,), 66.11 (1C, OCH.), 66.03 (3C,
OCH.,), 62.65 (1C, SIOCH,), 62.63 (3C, SiOCH.,), 53.25 (IC,
OCCH,CO), 51.11 (1C, OCCCO), 25.92 (12C, C(CH,),), 18.36
(4C, C(CH,):), —5.24 (8C, Si(CH,),) ppm. MS (FAB, NBA):
m/z = 1910 [MJ*, 720 [Cs,]*. UV/Vis (CH,CL): /e = 251, 305
(sh), 401 (sh), 410 (sh), 425, 484 (br) nm.

C bisadducts 59a—d

The protected alcohol 58a—d (50 mg, 0.026 mmol) was dissolved
in THF (5§ mL) and 1 N HCI (I mL) was added under vigorous
stirring. The progress of the reaction was monitored by TLC. After
complete deprotection the solution was diluted with CH,Cl,
(50 mL), washed with a saturated solution of NaHCO; (100 mL)
and with water (100 mL). After drying over MgSO, the mixture
was concentrated and dried under vacuum for a further 24 h.
59a (trans-2) 26 mg (0.018 mmol, 69%), 59b (trans-3) 27 mg
(0.019 mmol, 72%), 59c¢ (trans-4) 24 mg (0.016 mmol, 63%), 59d
(e) 28 mg (0.020 mmol, 75%).

59a. 'H NMR (400 MHz, rt, THF-dy): 06 = 4.75 (m, 4H,
OCOCH,), 4.58 (m, 4H, OCOCH,), 3.98 (m, 4H, CH,OH), 3.84
(m,4H, CH,0H), 3.74 (m,4H, OCH,), 3.65 (m, 16H, OCH,), 3.56
(m, 6H, OCH,), 3.48 (m, 6H, OCH,), 2.52 (s, br, 4H, OH) ppm.
BC NMR (100.5 MHz, rt, THF-dy): 6 = 164.15 (2C, CO), 163.76
(2C, CO), 149.41, 147.94, 147.17, 146.96, 146.81, 146.32, 146.26,
146.06, 145.86, 145.49, 145.40, 145.08, 145.04, 144.73, 144.52,
144.42, 143.86, 143.31, 143.13, 142.81, 142.46, 141.78, 140.87,
138.69, 138.60 (56C, Cg-sp?), 74.09, 74.03 (4C, OCH,), 72.80,
72.23 (4C, Cg-sp?), 71.59, 71.55, 71.47 (8C, OCH,), 69.67, 69.53
4C, OCH,), 62.27, 62.23 (8C, HOCH,), 51.31 (2C, OCCCO)
ppm. MS (FAB, NBA): m/z = 1453 [M]*, 720 [C]*. UV/Vis
(THF): e = 265, 320, 405 (sh), 435, 469 nm.

59b. 'H NMR (400 MHz, rt, THF-d): & = 4.63 (m, 4H,
OCOCH.,), 4.52 (m, 4H, OCOCH.), 3.89 (m, 4H, CH,0Si), 3.79
(m, 4H, CH,0Si), 3.70 (m, 8H, OCH.), 3.63 (m, 8H, OCH.), 3.57
(m, 8H, OCH.), 3.49 (m, SH, OCH.), 2.62 (s, br, 1H, OH) ppm.
3C NMR (100.5 MHz, rt, THF-dy): § = 163.93 (2C, CO), 163.91
(2C, CO), 148.40, 148.16, 147.83, 147.73, 147.66, 147.58, 147.51,
147.45, 147.07, 146.69, 146.25, 145.58, 145.38, 145.17, 144.92,
144.66, 144.49, 144.24, 144.15, 143.42, 143.39, 143.38, 142.84,
142.66, 141.31, 140.35, 139.83 (56C, C-sp?), 74.15 (2C, OCH,),
74.11 (2C, OCH,), 73.10, 72.67 (4C, C-sp*), 71.62, 71.60, 71.53
(8C, OCH.,), 69.67 (2C, OCH,), 69.58 (2C, OCH,), 62.32 (2C,

HOCH,), 62.30 (2C, HOCH,), 53.14 (2C, OCCCO) ppm; MS
(FAB, NBA): m/z = 1453 [M]*, 720 [C,]*. UV/Vis (THF): 4., =
251, 309 (sh), 400, 416, 425, 490 (br) nm.

59¢. 'H NMR (400 MHz, rt, THF-dy): 6 = 4.57 (m, 4H,
OCOCH,), 4.50 (m, 4H, OCOCH,), 3.83 (m, 4H, CH,0H), 3.80
(m, 4H, CH,OH), 3.64 (m, 8H, OCH,), 3.59 (m, 8H, OCH,), 3.53
(m, 8H, OCH,), .3.46 (m, 8H, OCH,), 2.52 (s, br, 4H, OH) ppm.
BC NMR (100.5 MHz, rt, THF-dy): 6 = 163.77 (2C, CO), 163.69
(2C, CO), 148.82, 147.82, 147.00, 146.99, 146.63, 146.43, 146.23,
146.08, 146.00, 145.85, 145.77, 145.43, 145.27, 144.80, 144.01,
143.74, 143.71, 143.44, 143.30, 142.95, 142.74, 142.62, 142.17,
141.65, 141.54, 139.93, 139.41, 136.56 (56C, Cq-sp?), 73.93 (2C,
OCH,), 73.89 (2C,OCH,), 72.27,71.97 (4C, C-sp°®), 71.38, 71.35,
71.33 (8C, OCH,), 69.43 (2C, OCH,), 69.37 (2C, OCH,), 62.11
(4C,HOCH,), 51.43 2C, OCCCO) ppm. MS (FAB,NBA): m/z =
1453 [M]*, 720 [Cy]*. UV/Vis (THF): Ay, = 245, 316 (sh), 395
(sh), 414, 471 (br) nm.

59d. 'H NMR (400 MHz, rt, THF-dy): & = 4.53 (m, 8H,
OCOCH,), 4.10 (br, 4H, OH), 3.80 (m, 8H, CH,OH), 3.63 (m,
8H, OCH.), 3.56 (m, 16H, OCH.), 3.48 (m, 8H, OCH.) ppm. C
NMR (100.5 MHz, rt, THF-d;): 6 = 163.88 (1C, CO), 163.83 (1C,
CO), 163.78 (2C, CO), 149.10, 148.10, 147.50, 147.29, 147.27,
147.00, 146.43, 146.27, 146.23, 146.04, 145.87, 145.60, 145.59,
145.52, 145.44, 145.25, 144.92, 144.75, 144.71, 144.70, 144.35,
144.15, 143.77, 143.37, 142.88, 142.60, 142.56, 140.02, 139.45
(56C, Cyp-sp?), 74.05 (1C, OCH,), 74.03 (2C, OCH,), 74.01 (1C,
OCH,), 72.95,72.92, 71.67 (4C, Cq-sp®) 71.48,71.47,71.46, 71.45
(8C, OCH,), 69.51 (1C, OCH,), 69.48 (2C, OCH,), 69.46 (1C,
OCH,), 62.22 (4C, HOCH,), 54.95 (1C, OCCCO), 52.72 (IC,
OCCCO) ppm. MS (FAB, NBA): m/z = 1453 [M]*, 720 [Cg]*.
UV/Vis (THF): .« = 250, 304 (sh), 401 (sh), 410 (sh), 425, 482
(br) nm.

Oxotetraamino fullerene 67

Trifluoroacetic acid (3.0 mL, 39.0 mmol) was added to a solution
of 66 (200 mg, 0.13 mmol) in CH,Cl, (20 mL) under a nitrogen
atmosphere. The reaction mixture was stirred for 12 h at room
temperature and the progress of the reaction was monitored by
TLC. The reaction mixture was concentrated and dried under
vacuum to afford 196 mg (124 pmol, 95%) of the product as a
orange solid. "H NMR (400 MHz, rt, MeOD-d,): 6 = 8.16 (s, br,
12H, NH), 3.76 (m, 8H, CH.), 3.00 (m, 12H, CH,, CH), 2.08 (m,
8H, CH,), 1.68 (m, 8H, CH,) ppm. *C NMR (100.5 MHz, rt,
MeOD-d;): 6 = 151.60, 151.17, 150.93, 149.53, 149.47, 149.02,
148.73, 148.61, 148.54, 148.37, 147.93, 147.58, 146.86, 146.45,
145.86, 145.79, 145.58, 145.05, 144.97, 144.85, 144.76, 144.70,
142.36, 142.16 (54C, Cy-sp?), 77.80 (1C, Cy-sp’-C-0), 76.41 (2C,
Cyo-sp*-C-N), 73.26 (1C, Cg-sp*-C-0), 73.19 (2C, Cq-sp*-C-N),
51.26 (2C, CH,), 50.70 (4C, CH,), 50.24 (2C, CH,), 47.01 (4C,
CH), 31.55 (4C, CH,), 31.19 (2C, CH,), 30.85 (2C, CH,) ppm.
MS (FAB, NBA): m/z = 1133 [M]*. UV/Vis (MeOH): A, = 273,
350, 394 nm.

Oxotatraamino fullerene 68

To a solution of 67 (150 mg, 94.0 umol) in dry MeOH (10 mL)
was added KHCO; (1.0 g, 9.90 mmol) and methyl iodide (6.0 ml,
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96.00 mmol) under a nitrogen atmosphere. After the reaction
was stirred at room temperature for 72 h the suspension was
concentrated and subsequently dissolved in water. After Celite
plug-filtration the orange solution was concentrated to a small
volume and dialyzed with the aid of dialysis tubes against water
for several hours. The molecular weight cut off of the dialysis
membranes was 500. After repeated dialysis with replaced water
and rotary evaporation, the product was dried under vacuum to
afford 51 mg (28.2 umol, 30%) of the product as an orange solid.
'"H NMR (400 MHz, rt, D,0): 6 = 3.76 (m, 12H, CH,, CH),
3.53 (m, 8H, CH,), 3.25 (18H, CH;), 3.19 (18H, CH;), 2.47 (m,
8H, CH,), 2.33 (m, 8H, CH,) ppm. MS (ESI): 795.212 [M +
MeOHJ*, 488.172 [M + MeOHJ**. UV/Vis (H,0): A, = 273.5,
346.5, 393 nm.
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A mannose-derived furanoid sugar amino acid (Maa) induced helical turns in peptides having
repeat units of Maa(Bn,)-Phe-Leu, which aggregated into head-to-tail duplexes in the longer oligomers.

Introduction

Since they were first reported as useful peptide building blocks,
the pyranoid' and furanoid® sugar amino acids have been used
extensively by many research groups world wide as conforma-
tionally constrained scaffolds in peptidomimetic studies.* They
have also emerged as an important class of synthetic monomers
leading to many de novo oligomeric libraries with interesting
structures and properties.* For example, the linear homooligomers
of a glucose-derived furanoid sugar amino acid (Gaa) had a
well-defined structure in CDCIl; with repeating B-turns, each
involving a 10-membered ring structure with intramolecular
hydrogen bonds between NH, — C=O0,_,.** A very similar
structure was also seen in the corresponding heterooligomers
with repeating Gaa-Leu-Val units which displayed well-defined
turn structures with repetitive 10/10/9-H-bonding patterns.* In
contrast, the octameric chain of C-glycosyl o-D-/yxofuranose
configured tetrahydrofuran amino acid, having the C-2 and C-
S substituents on the tetrahydrofuran ring trans to each other,
adopted a well-defined helical secondary structure stabilized by
16-membered (i, i — 3) inter-residue hydrogen bonds, similar
to a z-helix, in a nonpolar solvent like CDCl,.* However,
homooligomers of a mannose-derived sugar amino acid (Maa),
having a similar 2,5-trans configuration, failed to exhibit any
well-defined structure in polar solvents.*” In the present study,
we investigate the conformational biases imposed by the Maa
residues in the linear oligomeric peptides 1-4 having repeat units
of Maa(Bn,)-Phe-Leu.
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1:n=1,22n=2,3:n=3,4:n=4
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i Electronic supplementary information (ESI) available: Characterisa-
tion data for 1-4 and MD simulation details for 3 and 4. See DOI:
10.1039/b712365p

Results and discussion

Compounds 1-4 were synthesized using standard solution phase
peptide coupling methods and the final products were purified
by silica gel column chromatography and fully characterized by
spectroscopic methods before the conformational studies.

Detailed NMR studies of 1-4 were carried out in CDCl;.
For 1 and 2, only one set of peaks was observed, even when
the temperature was lowered to 228 K. Amide proton chemical
shifts and solvent titration studies support the involvement of the
PheNH in hydrogen bonding.’ The presence of NOE connectivities
between PheNH and the preceding MaaC5H support PheNH-
CO(Boc) H-bonds in 1 and 2 and PheNH(5)-Maa(4)CO H-bonds
in 2, which result in a 10-membered pseudo B-turn in 1 and
two such turns in 2, like those observed earlier.* Evidence for
these sheet-like structures is further provided by the *Jy_c.n being
>8 Hz.

NMR spectra of both 3 and 4 in CDCI; displayed two sets
of peaks. The major to minor populations are in the ratio of
about 3 : 2 for 3, whereas for 4 we could not obtain the exact
population of the minor isomer; however it was believed to be
<5%. The exchange peaks in the ROESY spectra between these
species show that they are in equilibrium with each other. The
rate of exchange between the two species was slow in the NMR
time scale, being 0.9 Hz and 0.1 Hz for 3 and 4, respectively.>*
The first indications of the major isomer having a different and
compact structure in 3 and 4, compared to 1 and 2, reside in the
very large (~8 ppm) chemical shifts of all the amide protons (Oxy),
excluding the BocNH. Solvent titration studies were carried out
by adding DMSO-d, to the CDCl, solutions of the peptides 3 and
4. Insignificant changes were observed in the chemical shifts of the
amide protons on addition of up to 6% DMSO-d;. This indicates
that most of the amides of the major species of 3 and 4 were H-
bonded. Fig. 1 shows the solvent titration plots for 4. When more
DMSO-d, was added to the CDCl, solution, a gradual growth of
the minor species at the expense of the major one was observed.
In pure DMSO-d, only the peaks of the minor species were seen,
that belonged to structures similar to those observed for 1 and 2.

The NMR data for the major species in 3 and 4 strongly
suggest the presence of dimeric structures in CDCI; solution.
The extensive network of H-bonds seen in the NMR spectra
probably arises due to the formation of this dimer-like association
of the individual strands. These observations, along with the
changes in the isomer populations during variable temperature
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Fig.1 Solvent titration plots of 4 (500 MHz, 303 K, CDCI; with 0-33.3%
DMSO-d;): (a) NMR spectrum of 4 in pure CDCl;; (b) to (i) NMR spectra
of 4 on addition of 20 pL, 40 puL, 60 pL, 80 uL, 120 puL, 160 pL, 200 uL.
and 300 pL of DMSO-d; to 600 uL CDCI; solution.

and dilution studies, imply a possible equilibrium between a single-
(minor) and a double-stranded (major) species. The dimerisation
constants (K, ), for 3 with 40% and 4 with 5% populations of the
monomer, were 4.7 x 10> M~' and 3.2 x 10* M", respectively.>’
ESI mass spectral studies of compounds 3 and 4 showed the
presence of doubly-charged dimeric species, in addition to the
singly-charged monomer, further supporting the dimerisation of
two monomeric units. The experimental peak shapes were matched
with the calculated isotopic distribution patterns and the mass
differences between the isotopic peaks arising from the doubly-
charged dimeric species were 0.5 Da and those from the singly
charged monomeric species showed differences of 1.0 Da.®

The structure of 4 is discussed here in detail as it existed almost
exclusively as a single species. The *Jyucn being >9 Hz for
all but the Maa(1) residue strongly supported an antiperiplanar
arrangement of the amide and the Co protons, corresponding to ¢
~ —120° in the B-region of the Ramachandran map, suggesting a
basic B-stranded structure. Additional evidence for this structure
was provided by the CaH chemical shifts being >5 ppm for both
Phe and Leu residues. Since the proteins containing a [B-sheet
structure have been shown to have the B-strands with a natural
right handed twist, it was envisaged that the structure in 4 could

also have twisted strands. The 3Jyy con Of >10.5 Hz for Phe was
followed by <9.3 Hz for Leu throughout the strand implying the
presence of alternating ¢ magnitudes, a requirement for twisted
fB-sheets.®

The dimer-like association of the individual strands is evident
from the large number of inter-residue NOEs shown schemat-
ically in Fig. 2. The observed NOEs between the protons
at two termini, like Boc-OMe, Maa(1)NH-OMe, Maa(1)NH-
Leu(12)CoH and Phe(2)NH-OMe (Fig. 3 shows some of
them), provide strong evidence for the proposed anti-parallel
dimeric structure. NOE connectivities, Leu(3)CaH-Leu(9)CoH,
Leu(3)CaH-Maa(10)NH, Leu(3)NH-Leu(12)NH, Maa(1)C2H-
Phe(11)CaH, Maa(4)NH-Leu(9)CaH, Phe(2)CaH-Maa(10)C2H
and Leu(6)NH-Leu(9)NH, are consistent with a distinctly com-
plex duplex structure consisting of two anti-parallel twisted -
strands, with all the above-mentioned NOEs being inter-strand
in nature.” All the NMR observations, e.g. 3Jyy cai» H-bonding
information and NOEs across the strands, support the formation
of a duplex structure from twisted strands.

8.0 —
_] 1 23
_o® VL [}
_| o8
55 g 2
£_|
%—_
_a9 ’2 -
9'°:§o6 ® 3 .
T T T 1 T 11

9!0 d/ppm 8.0 E>I.2 ' 4!8 I 5I.O I 4I.6
Fig. 2 The characteristic NOEs in the ROESY spectrum of 4:
1, Phe(2)NH-Leu(3)NH; 2, Phe(5)NH-Leu(6)NH; 3, Phe(8)NH-
Leu(9)NH; 4, Phe(11)NH-Leu(12)NH; 5, Leu(3)NH-Leu(12)NH;
6, Leu(6)NH-Leu(9)NH; 7, Maa(4)NH-Leu(9)CaoH; 8, Leu(3)CaH-
Maa(10)NH; 9, Phe(2)CaH-Maa(10)C2H; 10, Leu(3)CaH-Leu(9)CuH;
11, Maa(l)C2H-Phe(11)CoH; 12, Maa(4)C2H-Phe(8)CaH and
Phe(5)CaH-Maa(7)C2H; 13, Maa(1)NH-Leu(12)CaH.

The B-sheets and strands, especially in globular proteins, display
right handed twists' and the extent of curvature depends on many
factors like the entropic considerations, the number and types of
residues, the torsional angles of the peptide chains, intra- and

Fig. 2 Schematic representation of the intra- and inter-residue NOEs seen in the ROESY spectrum of 4.
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inter-strand non-covalent interactions, efc.!'™** Theoretical calcu-
lations have shown that periodicity of the twists depends on the
nature of the B-sheets.'™" For an anti-parallel arrangement, the
periodicity is about 15 residues per turn. The mannose-derived
furanoid sugar amino acid with 2,5-trans geometry permitted
significant changes in the direction of the chain propagation,
thereby introducing enhanced twists in the strands, which might
have resulted in the nucleation of novel structures deduced from
the NMR data.

Incorporating all the above information, molecular dynamics
calculations were carried out using the distance constraints from
the volume integrals from the ROESY correlations and two-spin
approximation. Fig. 4 shows the stereo-view of one of the lowest
energy MD structures. The structures were revealing. The presence
of anti-parallel twisted dimeric -strands, as envisaged, resulted
in an unprecedented right-handed double helical structure. The
average values of the dihedral angles, ¢ and w, of the backbone
from these structures are —127 £ 9° and —59 + 8° for Phe and
—96 + 12° and 138 + 14° for Leu, respectively.

Fig. 3 Stereo-view of one of the energy-minimized MD structures of 4
(top) and its top view (bottom). The benzyl groups and the amino acid
side-chains are not shown for clarity.

The MD structures clearly show that the Maa residues impart
significant twists in the individual strands with a pitch of ~18 A
and a periodicity of about 6 residues per turn. Two of these
strands intertwine in an anti-parallel double helical structure with
an inner pore of ~1 A in diameter (Fig. 4). All the observed
NOESs can now be rationalized based on the findings from the
MD calculations. We have, for further discussion, differentiated
the two strands by marking the residues as natural and primed
numbers. Leu carbonyls are involved in three centre H-bonds with
Phe and Leu amide protons in the other chain, e.g. Leu(3)CO
with Phe(11")NH and Leu(12)NH, Leu(6)CO with Phe(8)NH
and Leu(9)NH, Leu(9)CO with Phe(5)NH and Leu(6')NH and

Leu(12)CO with Phe(2’)NH and Leu(3')NH. The strong NOE
correlations between all the adjacent PheNH and LeuNH are
consistent with these observations. The observed H-bonding
patterns are also supported by the IR spectrum of 4 in CHCl;,
where three amide bands were seen, both in the NH stretch region
with values of 3376, 3331 and 3280 cm™' and the C=O stretch
region with values of 1676, 1653, and 1639 cm™'. The presence
of these bands in the IR spectrum is attributed to all the amides
with no H-bonds, single H-bonds as well as three centre H-bonds,
based on earlier studies.'

All the NMR observations, like *Jyu.car, H-bonding infor-
mation and NOEs across the strands, suggest a similar duplex
structure for 3. The structures for the minor species in both 3 and
4 could not be obtained in detail. However, some of the NMR
spectral parameters and NOEs which could be attributed to the
minor conformers suggest that their structures were like those
proposed for 1 and 2.

Conclusion

In conclusion, detailed NMR and mass spectral studies carried
out here indicate strong aggregation of 3 and 4 into dimeric
structures. Furthermore, the inter-strand NOEs seen across the
length of these oligomers strongly suggest that the strands are
intertwined. The double helical structure described here is unique,
very similar to those observed earlier for gramicidins and their
structural analogs.” Tt is likely that studies in other solvents and
on peptides with different sequences can lead to other interesting
structures. Incorporation of charged residues in lieu of Phe and
Leu can also provide scope for additional interactions, though at
the cost of deviation from a hydrophobic peptide core important
for generation of the twisted f-strands.

Experimental section

The peptides 1-4 were synthesized following standard so-
lution phase peptide coupling methods' using 1-ethyl-3-[3-
(dimethylamino)propyl]-carbodiimide hydrochloride (EDCI) and
1-hydroxybenzotriazole (HOBt) as coupling agents and dry DMF
and/or CH,CIl, as solvents. In the racemization free fragment
condensation strategy that was followed, the Boc-Maa(Bn,)-OH
was first coupled with the dipeptide H-Phe-Leu-OMe as efficiently
as with any normal amino acid using the reagents mentioned
above to give the tripeptide Boc-Maa(Bn,)-Phe-Leu-OMe 1. While
saponification of one-half of 1 using LiOH in THF-MeOH-H,O
gave the acid, Boc-deprotection of the other half using TFA-
CH,Cl, freed the N-terminus, which was then coupled with the
acid to furnish 2. Coupling of 1 and 2 under similar conditions
gave 3 and ‘2 + 2’ provided the linear tetramer 4.

Spectral data of peptide 1

'H NMR (CDCl;, 500 MHz): see Table Sl in the support-
ing informationf; HRMS (ESI) m/z calculated for [M + H]*
C, HyyN;Oy: 732.3860, found: 732.3850.
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Spectral data of peptide 2

'H NMR (CDCl,;, 500 MHz): see Table S2 in the supporting
informationi; HRMS (ESI) m/z calculated for [M + NH,]*
C;sHyN;O,5: 1348.7120, found: 1348.7154.

Spectral data of peptide 3

'H NMR (CDCl;, 600 MHz): see Table S3 in the supporting
informationi; HRMS (ESI) m/z calculated for [M + NH,]*
Ci1Hi3N,0,;: 1948.0116, found: 1948.1011.

Spectral data of peptide 4

'H NMR (CDCl;, 750 MHz): see Table S4 in Supporting
Informationf; HRMS (ESI) m/z calculated for [M + Na]*
C4H,76N,0,;Na: 2552.2665, found: 2552.2766.
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The promutagenic process known as translesion DNA synthesis reflects the ability of a DNA
polymerase to misinsert a nucleotide opposite a damaged DNA template. To study the underlying
mechanism of nucleotide selection during this process, we quantified the incorporation of various
non-natural nucleotide analogs opposite an abasic site, a non-templating DNA lesion. Our kinetic
studies using the bacteriophage T4 DNA polymerase reveal that the n-electron surface area of the
incoming nucleotide substantially contributes to the efficiency of incorporation opposite an abasic site.
A remaining question is whether the selective insertion of these non-hydrogen-bonding analogs can be
achieved through optimization of shape and n-electron density. In this report, we describe the synthesis

and kinetic characterization of four novel nucleotide analogs, 5-cyanoindolyl-2'-deoxyriboside
5'-triphosphate (5-CyITP), 5-ethyleneindolyl-2'-deoxyriboside 5'-triphosphate (5-EyITP),
5-methylindolyl-2'-deoxyriboside 5'-triphosphate (5-MelITP), and 5-ethylindolyl-2'-deoxyriboside
5'-triphosphate (5-EtITP). Kinetic analyses indicate that the overall catalytic efficiencies of all four
nucleotides are related to their base-stacking properties. In fact, the catalytic efficiency for nucleotide
incorporation opposite an abasic site displays a parabolic trend in the overall n-electron surface area of
the non-natural nucleotide. In addition, each non-natural nucleotide is incorporated opposite
templating DNA ~100-fold worse than opposite an abasic site. These data indicate that selectivity for
incorporation opposite damaged DNA can be achieved through optimization of the base-stacking

properties of the incoming nucleotide.

Introduction

DNA polymerases catalyze the incorporation of a nucleoside
triphosphate into a growing polymer chain using the template
strand as coding information. Mechanistic and structural stud-
ies of DNA polymerases have demonstrated that hydrogen-
bonding and geometrical constraints play important roles for
nucleotide selection during correct DNA synthesis."* However,
the mechanisms by which polymerases mis-replicate DNA still
remain undefined, as the rules of base-pairing based solely on
hydrogen-bonding patterns and steric fit are violated in many
cases.*® The best example of this phenomenon occurs during the
process of translesion DNA synthesis, which reflects the ability
of a polymerase to incorporate opposite a DNA lesion. One
common lesion is an abasic site that lacks coding information
in the template strand. Abasic sites can be generated non-
enzymatically®’ or enzymatically through the action of DNA
repair pathways.*® Despite the lack of coding information at an
abasic site, we demonstrated that the bacteriophage T4 DNA
polymerase preferentially inserts dATP opposite this type of
lesion,' a phenomenon known as the “A-rule”.!*** By exploring
the mechanism underlying the “A-rule”, we developed a strategy to
inhibit the propagation of genomic errors by using S-substituted
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indolyl triphosphates that are selectively incorporated opposite
this non-templating DNA lesion." Although these non-natural
nucleotides differ with respect to solvation energy, dipole moment,
and shape/size (Fig. 1A), many are incorporated very effectively
opposite the DNA lesion. In general, analogs containing extensive
n-electron surface areas such as 5-nitroindolyl-2'-deoxyriboside
5'-triphosphate (5-NITP)," 5-phenylindolyl-2'-deoxyriboside 5'-
triphosphate (5-PhITP),' and 5-napthylindolyl-2'-deoxyriboside
5'-triphosphate (5-NapITP)"” are incorporated opposite the abasic
site with incredibly high catalytic efficiencies that result from high
binding affinity (low K, values of <20 uM) coupled with fast
incorporation rate constant (k,, values >25s7"). In addition, most
of these non-natural nucleotides are poorly incorporated opposite
templating nucleobases.’**” Surprisingly, this discrimination oc-
curs through vast reductions in the k,,,; values during incorporation
opposite templating nucleobases rather than through alterations
in binding affinity as predicted by a simple steric fit model.

These results lead us to hypothesize that selectivity for incor-
poration opposite an abasic site could be achieved by balancing
the contributions of n-electron density with the relative size of the
nucleobase.' In this model, increasing the m-electron surface area
of the incoming nucleotide should allow for favorable stacking
interactions within the void present at an abasic site. In addition,
increasing its overall size should sterically perturb interactions
with templating bases and thus prevent incorporation opposite
undamaged DNA. Indeed, this approach works with a subset
of indolyl analogs such as 5-PhITP and 5-cyclohexylindolyl-2'-
deoxyriboside 5'-triphosphate (5-CEITP) which are ~1000-fold

This journal is © The Royal Society of Chemistry 2007
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Fig. 1 (A) Structures of non-natural nucleobases used or referred to
in this study. Surface ionization potentials for each nucleobase are
provided for comparison and were generated using Spartan *04 software.
Red indicates the highest electronegative regions, green is neutral, and
blue indicates electropositive regions. The partial atomic charges were
calculated using the DFT 3-21G** model. (B) Defined DNA substrates
used for kinetic analysis. The X in the template strand denotes any of the
four natural nucleobases or the presence of 1',2'-dideoxyribose designed
to functionally mimic an abasic site.

more selective for translesion DNA synthesis. However, selec-
tivity diminishes significantly as the m-electron surface area of
a nucleobase increases beyond 200 A2 The reduced selectivity
results primarily from an unexpected increase in the efficiency for
incorporation opposite templating DNA. These results imply that
nucleotides with large m-electron surface areas can hinder fidelity
through an increased propensity for non-selective intercalation
during the polymerization process.

In this report, we quantified the selective incorporation of
several non-natural nucleotides possessing n-electron surface areas
less than 180 A2. In general, these analogs are incorporated
opposite an abasic site with high catalytic efficiency (~10° M~ s7")
regardless of m-electron density at the 5-position of the indole
ring. These data argue that nucleotide incorporation opposite a
non-templating DNA lesion can occur via enhanced base-stacking
interactions caused by reductions in solvation energies and proper
steric arrangements rather than through overall increases in -
electron surface area. All four analogs are poorly incorporated
opposite templating nucleobases, as their overall catalytic efficien-
cies are 100-fold lower than during translesion DNA synthesis.
Collectively, these data indicate that selectivity for translesion
DNA synthesis can be achieved by judiciously optimizing the base-
stacking properties of the incoming nucleotide.

Results and discussion

Synthesis and chemical characterization of
5-cyanoindolyl-2'-deoxyriboside 5'-triphosphate (5-CyITP),
5-ethylindolyl-2'-deoxyriboside 5'-triphosphate (5-EtITP),
5-ethyleneindolyl-2'-deoxyriboside 5'-triphosphate (5-EyITP) and
5-methylindolyl-2’-deoxyriboside 5'-triphosphate (5-MelTP)

We previously synthesized a series of non-natural nucleotide
analogs that are incorporated opposite an abasic site with high
efficiency and selectivity.’> In general, the overall catalytic
efficiency for incorporation is dependent upon the presence of
significant m-electron density at the 5-position of the indole ring.
The goal of this study is to expand the repertoire of these non-
natural nucleotides to include those with smaller -electron surface
areas. The indole triphosphate derivatives reported in this study
were synthesized using previously described protocols.” In brief,
we first generated the S-substituted indole nucleosides using the
protocol of Girgis et al.*® The corresponding triphosphates were
then synthesized using the procedure originally established by
Smith and coworkers.”® As previously reported, the yields of
the nucleoside triphosphates were limited by the competition of
an acid-catalyzed furanoside-pyranoside isomerization step.’ As
such, the proton sponge, 1,8-bis(dimethylamino)naphthalene, was
included in the reactions to suppress the competing reactions. The
structures of the nucleosides were verified by proton nuclear mag-
netic resonance ('H-NMR) and mass spectrometry (MS) analyses.

Enzymatic incorporation opposite an abasic site

The kinetic parameters for the incorporation of 5-CyITP, 5-
EyITP, 5-EtITP and 5-MelITP (Fig. 1A) opposite an abasic site
were measured using a defined DNA substrate (Fig. 1B). Time
courses were generated using single turnover conditions in which
1 uM exonuclease-deficient T4 DNA polymerase (gp43 exo~)
was incubated with 250 nM DNA and mixed with variable
concentrations of non-natural nucleotide (5-1000 uM) and 10 mM
Mg?. Representative time courses for the incorporation of 5-
CyITP opposite an abasic site are provided in Fig. 2A. Each time
course was fitted using an equation describing a single exponential

A B

1 : ; 30

(sec™)

k
obs

nM product / nM DNA

100 200 300 a00 500

5-CyITP (uM)

] 01 02 03 04 05
Time (sec)

Fig. 2 (A) Rate constants for the incorporation of 5-CyITP opposite
an abasic site on as a function of nucleotide concentration. Assays were
performed using 1 uM gp43 exo~, 250 nM 13/20 SP, 10 mM Mg(OAc),,
and 5-CyITP in variable concentrations: 5 uM (@), 20 uM (H), 40 uM
(®), 75 mM (4), 200 uM (O), and 425 uM (OJ). The solid lines represent
the fit of the data to a single exponential. (B) Measured rate constants for
incorporation (@) were plotted against 5-CyITP concentration and fitted
using the Michaelis-Menten equation to determine values corresponding
to Ky and k.
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Table 1

Summary of kinetic parameters for the incorporation of non-natural nucleotides opposite an abasic site

n-Electron surface

Solvation

Nucleotide k,u/M™'s™'  K,/uM (kpu/Kq)/M™' 5! area®/ A2 logP¢  Dipole moment? energy/kJ mol-'  Volume//A®
dATP? 0.15+0.01 35+£5 4.6 x 10° 145.86 —-1.5 2.57 —18.90 124.49
IndTP" 028 £0.07 145£10 1.9 x10° 148.11 1.64 2.11 —5.45 132.83
5-MelTP 60.1 +3.6 58410 7.6 x10° 148.11 212 1.92 —-5.29 151.01
5-CyITP 200+1.4 794+ 13 5.0 x 10° 168.87 1.67 7.18 —7.03 152.29
5-EyITP 94.0 +4.7 50+ 8 1.9 x 10° 181.45 227 2.56 —4.67 165.07
5-EtITP 88.5+4.5 864+ 12 1.0 x 10° 148.11 2.54  1.90 -5.07 167.57
5-NITP! 126 =7 18+ 3 7.0 x 10° 174.00 1.67 7.32 —-6.92 154.52
5-PhITP! 53+4 1443 3.8 x 10° 225.16 331 2.66 —6.59 215.64
5-CEITP* 25+2 51 £1.7 55x10° 238.02 3.15 2.06 =511 224.15
5-CHITP*  0.70 £ 0.13 44 +£14 7.4 x 10 148.11 3.63 197 —4.23 228.93
5-NapITP! 27+4 10£5 2.6 x 10° 274.59 4.31 2.73 -7.21 267.54
5-AnITP' 53+04 254+19 2.0 x10° 318.87 531 291 —8.17 321.53

“ kpor» Ka, and k., / K4 values were obtained using single turnover reaction conditions (1 uM gp43 exo~, 250 nM DNA substrate, 10 mM Mg**, and varying
concentrations of non-natural nucleotide triphosphate (5-1000 uM). ® -electron surface area was calculated using Spartan 2004 software. In all cases, the
calculated value represents the surface area of the indole ring in addition to the surface area of the conjugated species of the substituent group. ¢ The logP
values, the oil-to-water partition coefficients, were calculated using Spartan 2004 software and are used as an indicator of relative hydrophobicity. ¢ Dipole
moments were calculated using Spartan 2004 software and are used as an indicator of relative electronegativity. ¢ Solvation energies were calculated using
Spartan 2004 software. ” Volumes were calculated using Spartan 2004 software are used as an indicator of relative size of the nucleobase. ¢ Values taken
from Berdis." # Values taken from Zhang et al." These values are representative of k., /K, in which assays were performed using 50 nM gp43, 1000 nM
DNA substrate, and variable concentrations of IndTP in the presence of 10 mM Mg**. ‘ Values taken from Reineks and Berdis.”® / Values taken from
Zhang et al.'® * Values taken from Zhang et al.** ' Values taken from Zhang et al."?

process to define k,,, the rate constant in product formation. The
plot of k., versus 5-CyITP concentration is hyperbolic (Fig. 2B),
and a fit of the data to the Michaelis-Menten equation yields a
kyo value of 29.0 + 1.4 s7', a K, value of 58 + 10 pM, and a
kp/ Kq of 5 x 10° M™' s7'. Similar analyses were performed for
the incorporation of 5-EyITP, 5-EtITP and 5-MeITP opposite
the abasic site (data not shown). Kinetic rate and dissociation
constants for the incorporation of all four analogs opposite an
abasic site are summarized in Table 1.

Our structure—activity analyses begin by comparing the ki-
netic parameters for 5-CyITP with those reported for 5-NITP,
since both analogs are similar with respect to size, solvation
energies, dipole moments, and presence of m-electron density
(Table 1). Despite these biophysical similarities, it is clear that
the kinetic parameters for 5-CyITP differ from those reported
for 5-NITP. Specifically, the k,, of 29 s™' for 5-CyITP is ~4-fold
slower than the k,, value of 126 s™' for 5-NITP.”® In addition,
the K, of 58 uM for 5-CyITP is 3-fold higher than 18 uM for
5-NITP.® A possible mechanism to explain this dichotomy is
provided by comparing the ionization potentials of both non-
natural nucleotides analogs (Fig. 1A). The nitrogen atom of the
nitro substituent group of 5-NITP possesses a partial positive
charge (indicated by the blue color in the ionization potential
map). As illustrated in Fig. 3A, this functional group can interact
with the O4 group of thymine at the n + 1 position in the template
such that the induced dipole—dipole interactions could account
for the ability of 5-nitroindole to stack within the void of the
abasic site. The resulting stabilization of 5-NITP in an interhelical
conformation is manifest by its exquisite catalytic efficiency (~7 x
10° M~ s7),’ which is unmatched by any other 5-substituted
indolyl analog to date.

We next compare the kinetic data for 5-EyITP with that for
S-NITP. Although these analogs are similar with respect to -
electron density, they differ significantly in overall shape, size,
solvation energies, and dipole moment. Despite these differences,

5-EyITP

Fig. 3 Theoretical models for the structures of various non-natural
nucleotides paired opposite an abasic site. All models were constructed
using Spartan ’04 and are designed to illustrate the influence of n-electron
surface area, shape, and size on the overall catalytic efficiency for
incorporation.

the kinetic parameters for 5-EyITP are nearly identical to those for
5-NITP. In particular, the &, of 94 s7' is only 1.3-fold slower than
that of 126 s™! measured for 5-NITP.”® In addition, the K, value
of 50 uM for 5-EyITP is ~3-fold higher than that for 5-NITP.**
These results are somewhat surprising, since 5-EyITP does not
possess a partial positive charge (as does 5-NITP) that can interact
with the templating base to stabilize the interhelical conformation.
Thus, it appears that the n-electron density and solvation energies
present on 5-EyITP provide the biophysical forces required
for stabilizing the nucleobase at the DNA primer-template. To
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emphasize this point, we draw upon comparisons between 5-
EyITP and 5-CEITP (Fig. 3B), as both analogs have identical n-
electron surface areas as well as comparable dipole moments (Ta-
ble 1). The most notable differences between these two nucleotides
are the larger overall size (volume) and hydrophobicity of 5-CEITP
compared to 5-EyITP (refer to Fig. 1A). Indeed, 5-EyITP binds
10-fold more weakly than 5-CEITP?? (compare 50 uM versus
5 uM, respectively). This most likely reflects the reduced size and
hydrophobicity of 5-EyITP which limits its ability to adequately
displace any water molecules that may occupy the void of the
abasic site as effectively as the larger 5-CEITP (Fig. 3B). However,
the faster k,, value of 94 s™' for 5-EyITP compared to 255" for 5-
CEITP?* likely reflects the ability of the smaller analog to facilitate
the conformational change preceding phosphoryl transfer more
effectively than the larger 5-CEITP analog.

Based upon these results, we predicted that the related analog,
S-EtITP, would be poorly incorporated opposite an abasic site
since it lacks both the size and n-electron density at the 5-position
that are required for efficient stacking interactions. Consistent
with this argument is the fact that the K, of 86 uM for 5-EtITP
is higher than that of 50 pM measured for 5-EyITP. However, 5-
EtITP is inserted opposite the DNA lesion with a fast k,, value
of 88.5 s7! that is esssentially identical to that of 94 s™' measured
with 5-EyITP. This result suggests that n-electron density plays a
minimal role during nucleotide incorporation opposite an abasic
site. Perhaps the most intriguing result, however, is the relatively
fast k,, value of 60 s™' measured for 5-MelTP, as this analog
also lacks m-electron density at the 5-position. In fact, 5-MelTP
is incorporated 2-fold faster than 5-CyITP, an analog containing
significant m-electron density. The binding affinity for 5-MelTP is
identical, within error, to that of 5-CyITP. This last feature is likely
related to their similarity in shape and size (compare volumes of
151.0 versus 152.3 A3, respectively).

Enzymatic insertion opposite templating nucleobases

The unexpected kinetic behavior for these non-natural nucleotides
opposite an abasic site prompted us to test their incorporation
opposite templating DNA. Time courses were generated using
single turnover conditions as described above. Representative time
courses for the incorporation of 5-CyITP opposite a templating
thymine are provided in Fig. 4A. The plot of k,, versus 5-CyITP
concentration is hyperbolic (Fig. 4B), and a fit of the data to
the Michaelis-Menten equation yields a k,, value of 0.18 =+
0.02 s7', a K, value of 127 &+ 55 uM, and a k,,/K, of 1.4 x
10° M~! s7!. Identical analyses were performed with 5-EyITP, 5-
EtITP, and 5-MelTP (data not shown). Kinetic parameters for the
incorporation of these analogs opposite a templating thymine are
summarized in Table 2.

Table 2 Summary of kinetic rate and dissociation constants for the
incorporation of 5-CyITP, 5-MeITP, 5-EtITP, and 5-EyITP opposite
thymine

Nucleotide Kpor/87" K./uM (kpot/Kq)/M™' 57!
5-CyITP 0.18 +0.02 127 £ 55 1.4 x 10°
5-MelTP 1.8+ 0.1 107 £ 22 1.7 x 10*
5-EtITP 0.61 +0.08 157 £ 57 39 x 10°
5-EyITP 2.6 £0.1 159 + 20 1.6 x 10*
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Fig. 4 (A) Rate constants for the incorporation of 5-CyITP opposite a
templating thymine as a function of nucleotide concentration. Assays were
performed using | M gp43 exo~, 250 nM 13/20;-mer, 10 mM Mg(OAc),,
and 5-CyITP in variable concentrations: 5 uM (@), 10 uM (O), 20 uM
(M), 80 uM (), 400 uM (A), and 750 uM (A). The solid lines represent
the fit of the data to a single exponential. (B) Observed rate constants for
incorporation (@) were plotted against 5-CyITP concentration and fitted
using the Michaelis—Menten equation to determine values corresponding
to Ky and k.

In general, the smaller non-natural nucleotides synthesized
in this study are poorly incorporated opposite any templating
nucleobase. For example, the catalytic efficiency (k,,/K,4) for
incorporation opposite a templating thymine is approximately 2
orders of magnitude lower than that for incorporation opposite
an abasic site. This lower catalytic efficiency is caused primarily by
dramatic reductions in the k,, values (30-60-fold) with minimal
effects in binding affinity (~2-3-fold). These results are consistent
with our previously proposed model outlined in Fig. 5.2%% In
this model, the templating base is oriented in an extrahelical
position, creating a “void” in the DNA that functionally mimics
an abasic site. Since direct hydrogen-bonding interactions between
the templating base and the incoming nucleotide are precluded,
discrimination is primarily dictated by the conformational change
step (k,q effect) rather than initial ground state binding (K, effect).
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Fig.5 (A) Proposed model for the enzymatic incorporation of non-nat-
ural nucleotides. The first kinetic step represents binding of dXTP to the
polymerase-DNA complex (K,). After nucleotide binding, the polymerase
undergoes a conformational change (k,,) that is required to stack the
nucleotide into the hydrophobic environment of duplex DNA. The final
stage of the catalytic cycle is the phosphoryl transfer step that is required
for elongation of the primer strand (k.o )-

It should be noted that the binding affinities of these smaller non-
natural nucleotides are influenced by the presence of a templating
nucleobase, since the K, values measured opposite thymine are
~3-fold higher compared to those measured opposite an abasic
site. However, the larger discriminatory factor amongst these
molecules is reflected in the k,, step, which we attribute to the
conformational change step required to position the templating
base into an intrahelical position for proper alignment during the
phosphoryl transfer step. Indeed, the kinetic data for 5-CyITP,
S-EyITP, 5-MeITP, and 5-EtITP reveal dramatic reductions in the
kyo values (~30-60-fold) when thymine is present in the templating
strand.

[tisinteresting to note that two of the four analogs characterized
in this study (5-EyITP and 5-MeITP) are incorporated relatively
fast opposite a templating thymine. At face value, the fast &,
values of ~2 s™! are consistent with the shape complementarity
model,® since these non-natural analogs resemble adenine with
respect to shape and size. However, the kinetics of nucleotide
incorporation do not always follow the rules set by geometrical
constraints. For example, 5-MeITP is incorporated 10-fold faster
than 5-CyITP despite obvious similarities in their shape and size.
Identical arguments can be made for the 4-fold difference in &,
values between 5-EyITP and 5-EtITP. Collectively, the kinetic
data reveal that neither the rate constants for the conformational
change step nor their binding affinities increase as the shape
and size of the non-natural nucleotide approaches that for the
“natural” base-pairing partner.

To ensure that this anomalous behavior is not unique for
incorporation opposite thymine, we compared the incorporation
of 5-MelITP and 5-CyITP opposite all four templating bases
under identical reaction conditions (1 uM gp43 exo~, 500 nM
13/20x-mer, and 100 uM non-natural nucleotide). Representative
data provided in Fig. 6 reveals that 5-MeITP is preferentially
incorporated opposite adenine and thymine compared to cytosine
and guanine. An identical trend is observed using 5-CyITP as
the non-natural nucleotide (data not shown). These results are

nM Product / nM DNA

0 FIN PRI SNSRI BN S U U SR ST S B SN T SN E R
0 2 4 6 8 0 12 14 16
Time (seconds)

Fig. 6 Representative time courses for to display the dependency of k.,
for 1 uM gp43 exo™ incorporation of 100 uM 5-MelTP opposite in 250 nM
13/20x-mer when the templating base is varied from T (O), A (@), G (D),
and C (M). The k., values were determined by fitting the data with a single
exponential equation: &, opposite T (O) = 0.70 £ 0.01 s™', k,,, opposite
A(@)=0.4240.01s7", k, opposite G ((J) = 0.10 £ 0.04 s, k.., opposite
C(H)=0.13+0.07s7".

unusual, since both purine analogs were predicted to be preferen-
tially inserted opposite pyrimidines due to projected similarities in
overall shape and size compared to a normal Watson—Crick base
pair. One possibility to explain these unusual results is that the
non-natural nucleotides used in this study preferentially exist in the
syn conformation as opposed to the predicted anti conformation.
Indeed, it has been demonstrated by Hamm and Billig* that
adenine and guanine preferentially pair opposite 8-oxoguanine
and 7-methyl-8-oxoguanine in the syn conformation. In both cases,
the binding of the modified bases in the syn conformation increases
the thermal stability of duplex DNA.

Collectively, these mechanistic studies demonstrate that the
selectivity for incorporation opposite an abasic site can be
modulated through simple alterations to the m-electron surface
area of a non-natural nucleotide. This is best illustrated in Fig. 7A,
which plots the catalytic efficiency of each 5-substituted indolyl
nucleotide as a function of its respective n-electron surface area.
The data are best fitted to a parabolic function describing the
combined contributions of m-electron density and overall size of
the incoming nucleotide toward influencing the optimal catalytic
efficiency for nucleotide incorporation in the absence of templating
information.”

While it is relatively simple to design nucleotides that are
selectively incorporated opposite a non-templating DNA lesion,
it appears far more challenging to rationally design a nucleotide
for selective incorporation opposite a templating nucleobase. As
illustrated in Fig. 7B, a defined parabolic trend is non-existent
when examining the catalytic efficiency for the incorporation
of non-natural nucleotides opposite a templating base. It was
previously demonstrated that “large” non-natural nucleotides
such as 5-NapITP and 5-AnITP show anomalous kinetic behavior,
as they are incorporated with unexpectedly high catalytic effi-
ciencies despite being poor pairing partners for thymine, based
on shape/size constraints.’” In this report, we demonstrate that
“smaller” indolyl analogs such as 5-MeITP and 5-EtITP are
incorporated poorly opposite templating DNA although they are
relatively good shape mimetics of natural purines. All four indolyl
analogs are poorly incorporated opposite templating nucleobases,
as the overall catalytic efficiencies are ~100-fold lower compared
to that for translesion DNA synthesis. The decreased efficiency
derives mainly from reductions in k,, rather than through
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Fig. 7 (A) Dependency of the catalytic efficiency for incorporation
opposite an abasic site as a function of n-electron surface area. The solid
line represents the fit of the data to a parabolic equation (R = 0.70). (B)
Dependency of catalytic efficiency for incorporation opposite a templating
cytidine as a function of total volume.

alterations in K, values. Their poor utilization is somewhat
surprising, since the overall shape and size of the analogs are very
similar to natural purine analogs such as adenine and guanine.
Even more intriguing is the fact that none of these modified
indolyl nucleotides are preferentially incorporated opposite their
predicted “size/shape” partners, i.e., cytosine and thymine. For
example, the total surface area of 5-MelTP paired opposite
thymine and cytosine is 286.8 A? and 295.0 A2, respectively.
Both values are close to the total surface area of 283.8 A* for
a natural G:C base pair. In addition, the facile incorporation
of 5-MelTP and 5-CyITP opposite adenine is counterintuitive,
since the predicted surface area of the 5-MelTP:adenine pair
of 312.6 A? is significantly larger than that of ~285 A2 for a
natural base pair. Thus, the kinetic data do not support a model
based solely on shape complementarity. However, we hasten to
note that other models invoking hydrogen-bonding interactions,

hydrophobicity, and m-electron density also cannot completely
explain the kinetic behavior of these non-natural nucleotides in-
corporated opposite templating nucleobases. This deficiency likely
reflects the fact that nucleotide incorporation opposite templating
DNA isinfluenced by these interrelated biophysical features. Thus,
altering a functional group of an incoming nucleotide undoubtedly
influences each of these biophysical features to varying degrees and
makes it difficult to unambiguously assess which features are most
important. In contrast, the non-instructional nature of an abasic
site appears to reduce the overall complexity of these interactions
such that the catalytic efficiency for incorporation is primarily
influenced by only the size and n-electron density of the incoming
nucleotide. These differences suggest that accurately comparing
the mechanisms of correct versus translesion DNA synthesis is
impossible, since the rules governing nucleotide incorporation
differ as a result of these different biophysical parameters.

Experimental
Synthesis of non-natural nucleosides and nucleotides

Materials. Tributyl ammonium pyrophosphate was pur-
chased from Sigma. 1-Chloro-1,2-deoxy-3,5-di-O-p-toluoyl-
o-D-erythropentofuranose, ethyl acetate, hexane, methanol,
dichloromethane, phosphoryl oxychloride, dimethyl formamide,
and tributylamine were purchased from ACROS. Trimethyl phos-
phate and tributylamine were dried over 4 A molecular sieves.
DMF was distilled over ninhydrin and stored in 4 A molecular
sieves. All NMR spectra were recorded in a Gemini-300 FT
NMR spectrometer or a Varian 400 MHz NMR spectrometer.
Proton chemical shifts are reported in ppm, downfield from
tetramethylsilane. Coupling constants (J) are reported in hertz
(Hz).*'P NMR spectra were taken in D,O in the presence of 50 mM
Tris (pH 7.5) and 2 mM EDTA, and 85% phosphoric acid was used
as the external standard. Ultraviolet quantification of triphosphate
was performed on a Cary 50 spectrophotometer. High-resolution
electrospray mass spectrometery analyses were performed on an
Tonspec HiRES ESI-FTICRMS at the University of Cincinnati.
5-Cyanoindole and 5-methylindole were purchased from Acros.
5-Ethylindole was purchased from Wako Chemicals.

The general procedure for preparing the S-substituted in-
dole triphosphates utilized in this study has been published
previously.'”*?* In brief, the 5-substituted indole (5 mmol) was
reacted with sodium hydride (6 mmol) in 120 mL of anhydrous
acetonitrile at room temperature for 30 min. 1-Chloro-1,2-deoxy-
3,5-di-O-p-toluoyl-a-D-erythropentofuranose (6 mmol) was then
added, and the resulting mixture was stirred at room temperature
overnight. Upon evaporation to dryness, the crude reaction
mixture was purified by flash column chromatography on silica
using dichloromethane and methanol as the solvents (95 : 5). The
purified nucleosides were characterized by '"H NMR and mass
spectrometry.

To prepare the triphosphates, phosphoryl oxychloride (3 mol
equiv, 0.18 mmol) was added dropwise to a pre-chilled (0 °C)
solution of the 5-substituted indolyl nucleoside (0.06 mmol)
and triethylamine (5 mol equiv., 0.33 mmol) in 0.37 mL of
trimethylphosphate. The reaction mixture was stirred for 1.5 h
and then treated with a 0.5 M solution of tributylammonium py-
rophosphate (0.75 mmol) in DMF and tributylamine (0.75 mmol).
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After stirring at room temperature for 20 min, the reaction
mixture was neutralized with 15 mL of 1 M TEAB, followed
by an additional 2 h of stirring at room temperature. The
crude reaction mixture was evaporated by rota-evaporation under
reduced pressure, and then purified by preparative reverse HPLC
using a linear gradient of 50% to 80%B within 14 min at a flow
rate of 17 mL min~' (mobile phase A: 0.1 M TEAB; B: 50% ACN
in 0.1 M TEAB). The desirable nucleotides were characterized by
mass spectrometry and *'P NMR.

Synthesis of 5-cyanoindole 2'-deoxyribofuranoside 5'-triphos-
phate (5-CyITP). 5-Cyanoindole (5-Cy-Ind) was reacted
with 1-chloro-2-deoxy-3,5-di-O-p-toluoyl-a-D-erythropentofura-
nose to yield the nucleoside. "H-NMR (DMSO, 400 MHz) ¢:
2.15-2.21 (m, 1H, 2’-H), 2.37-2.39 (m, 1H, 2’-H), 3.40-3.54 (m,
2H, 5-H), 3.80 (m, 1H, 4-H), 4.33 (m, 1H, 3-H), 4.90 (m, 1H,
5-OH), 5.30 (br s, 1H, 3-OH), 6.39 (t, 1H, J = 6.4 Hz, I'-H),
6.60 (d, 1H, J = 3.2 Hz, 3-H), 7.40 (dd, 1H, J = 1.6 Hz, 8.64 Hz,
Ar), 7.71-7.73 (m, 2H, Ar), 8.01-8.02 (m, 1H, Ar). ESI-MS (+),
calculated mass spectrum formula C,H ;N,NaO; for M + Na):
281.0902; experimental mass spectrum: 281.0894. UV (MeOH)
Jps (nm), e =27933 cm™' M.

The purified 5-cyanoindole 2'-deoxyribofuranoside was
then converted to 5-cyanoindole 2'-deoxyribofuranoside 5'-
triphosphate (5-CyITP) using the general procedure for synthesiz-
ing the triphosphate as described above. The yield of this reaction
was 25%. 5-Cyanoindole 2'-deoxyribofuranoside 5'-triphosphate
(5-CyITP): *'P NMR (D,0) : —6.5 (y-P), —10.5 (a-P), —21.9
(B-P). HiRes ESI-MS (—): calculated mass spectrum formula
C,H(N,O,,P; for M — H: 496.9916; experimental mass spectrum:
496.9905.

Synthesis of 5-ethyleneindole 2'-deoxyribofuranoside 5'-triphos-
phate (5-EyITP). 5-Ethyleneindole was synthesized from vinyl
bromide and indole boronic acid via the Suzuki coupling method."”
5-Ethyleneindole: '"H NMR (CDCl;, 300 MHz) J: 5.2 (d, J =
11 Hz, 1H, CH), 5.7 (d, J = 18 Hz, 1H, CH), 6.6 (s, 1H, 3-H), 6.85
(m, 1H, CH), 7.2 (m, 2H, Ar), 7.4 (m, 1H, Ar), 7.65 (m, 1H, Ar),
8.17 (brs, 1H, NH).

The purified S-ethyleneindole was first converted to 5-
ethyleneindole 2'-deoxyribofuranoside and then to 5-ethyl-
eneindole 2’-deoxyribofuranoside 5'-triphosphate (5-EyITP) us-
ing the general method outlined above. The yield of 5-EyITP
was 44%. 5-Ethyleneindole 2'-deoxyribofuranoside: '"H NMR
(DMSO, 400 MHz) J: 2.20-2.40 (m, 1H, 2’-H), 2.25-2.38 (m,
1H, 2"-H), 3.34-3.45 (m, 2H, 5-H), 3.72-3.73 (m, 1H, 4-H),
4.24-4.26 (m, 1H, 3-H), 4.77-4.82 (m, 1H, 5-OH), 5.04 (dd, 1H,
J = 0.9 Hz, 11 Hz, CH), 5.20 (d, 1H, J = 4.3 Hz, 3-OH), 5.7
(dd, 1H, J = 1.17 Hz, 17.76 Hz, CH), 6.28 (t, J = 6.93 Hz,
1H, 1'-H), 6.40 (d, 1H, J = 3.51 Hz, 3-H), 6.66-6.74 (m, 1H,
CH), 7.24 (dd, 1H, J = 1.66 Hz, 8.68 Hz, Ar), 7.44-7.52 (m, 3H,
Ar). ESI-MS (+): calculated mass spectrum formula C,sH;sNO;
for M + H: 260.13; experimental mass spectrum: 260.08. UV
(MeOH) Ay (nm): ¢ = 19325 cm™' M~!. 5-Ethyleneindole 2'-
deoxyribofuranoside 5'-triphosphate (5-EyITP): *P NMR (D,O,
300 MHz) 6 —6 (y-P), —11 (0-P), —22.3 (B-P). HiRes ESI-MS
(—): calculated mass spectrum formula C,sH,,NO,,P; for M — H:
498.0126; experimental mass spectrum: 498.0112.

Synthesis of 5-ethylindole 2’-deoxyribofuranoside 5'-triphosphate
(5-EtITP). 5-Ethylindole was used as the starting material for
synthesizing the 5-ethylindole 2’-deoxyribofuranoside using the
general procedure outlined above. "H NMR (DMSO, 400 MHz)
0: 1.18 (t, J = 7.61 Hz, 3H, CH,), 2.06-2.14 (m, 1H, 2’-H), 2.34-
2.48 (m, 1H, 2'-H); 2.62 (q, 2H, J = 7.61 Hz, CH,), 3.40-3.56 (m,
2H, 5-H), 3.77-3.78 (m, 1H, 4-H), 4.27-4.33 (m, 1H, 3'-H), 4.89
(t, J = 5.37 Hz, 1H, 5-OH), 5.20 (d, J = 4.1 Hz, 1H, 3-OH),
6.29-6.31 (m, 1H, 1I'-H), 6.40 (d, J = 3.52 Hz, 1H, 3-H), 6.97 (dd,
J =1.56Hz, 8.39 Hz, 1H, Ar), 7.30-7.32 (m, 1H, Ar), 7.44 (d, J =
8.4 Hz, 1H, Ar), 7.49 (d, J = 3.2 Hz, 1H, Ar). HiRes FAB-MS
(+): calculated mass spectrum formula C;sH, NO; for M + H:
262.14432; experimental mass spectrum: 262.14270. UV (MeOH)
Joge (nm): & = 4774 cm™' M.

The purified 5-ethylindole 2'-deoxyribofuranoside was then
converted to 5-ethylindole 2'-deoxyribofuranoside 5'-triphosphate
(5-EtITP) using the general procedure described above. The yield
of this reaction was 10%. 5-Ethylindole 2'-deoxyribofuranoside 5'-
triphosphate (5-EtITP): P NMR (D,0/Tris) § —8.2 (y-P), —10.9
(a-P), —22.9 (B-P). HiRes ESI-MS (—): calculated mass spectrum
formula C;sH, NO,P; for M — H: 500.0277; experimental mass
spectrum: 500.0259.

Synthesis of 5-methylindole 2'-deoxyribofuranoside 5'-tri-
phosphate (5-MeITP). 5-Methylindole was used as the
starting material for synthesizing the S-methylindole 2'-
deoxyribofuranoside using the general procedure outlined above.
'"H NMR (DMSO, 400 MHz) o: 2.07-2.123 (m, 1H, 2'-H), 2.293—
2.396 (m, 1H, 2'-H), 2.27 (s, 3H, CH,), 3.35-3.47 (m, 2H, 5-
H), 3.69-3.72 (m, 1H, 4-H), 4.22-4.26 (m, 1H, 3-H), 4.78 (t,
J = 547 Hz, 1H, 5-OH), 5.185 (d, J = 4.29 Hz, 1H, 3-OH),
6.22-6.26 (m, 1H, 1I'-H), 6.31 (d, J = 3.20 Hz, 1H, Ar), 6.88
(dd, J = 1.56 Hz, 8.39 Hz, 1H, Ar), 7.23 (s, 1H, Ar), 7.35 (d,
J = 8.40 Hz, 1H, Ar), 7.43 (d, J = 3.20 Hz, 1H, Ar). HiRes
ESI-MS (+): calculated mass spectrum formula C,,H;;NNaO,
for M + H: 270.1106; experimental mass spectrum: 270.1104. UV
(MeOH) Ay (nm): 2563 cm™' M~'. The purified 5-methylindole
2'-deoxyribofuranoside was then converted to 5-methylindole 2'-
deoxyribofuranoside 5'-triphosphate (5-MelTP) using the general
procedure described above. The yield of this reaction was 33%. 5-
Methylindole 2'-deoxyribofuranoside 5'-triphosphate (5-MelITP):
'PNMR (D,0) 6 —6 (y-P), —10.4 (a-P),—21.7 (B-P). HiRes ESI-
MS (—): calculated mass spectrum formula C,H,,NO,P; for M —
H: 486.0120; experimental mass spectrum: 486.0272.

Nucleotide incorporation analyses

Materials. [y-P]ATP was purchased from Perkin Elmer
Life and Analytical Sciences (Boston, MA). Unlabeled dNTPs
(ultrapure) were obtained from Pharmacia. Magnesium acetate
and Trizma base were from Sigma. Urea, acrylamide, and bis-
acrylamide were from National Diagnostics (Rochester, NY).
Oligonucleotides, including those containing a tetrahydrofuran
moiety mimicking an abasic site, were synthesized by Operon
Technologies (Alameda, CA). Single-stranded and duplex DNA
were purified and quantified as described.® All other materials
were obtained from commercial sources and were of the highest
quality available. The exonuclease-deficient mutant of gp43 (Asp-
219 to Ala mutation) was purified and quantified as previously
described.”*
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Enzyme assay methods. The assay buffer used in all kinetic
studies consisted of 25 mM Tris-OAc (pH 7.5), 150 mM KOAc,
and 10 mM 2-mercaptoethanol. All assays were performed at
25 °C. Polymerization reactions were monitored by analysis of
the products on 20% sequencing gels as previously described.'
Gel images were obtained with a Packard Phosphorlmager using
the OptiQuant software supplied by the manufacturer. Product
formation was quantified by measuring the ratio of **P-labeled ex-
tended and non-extended primer. The ratios of product formation
are corrected for the substrate in the absence of polymerase (zero
point). Corrected ratios are then multiplied by the concentration
of primer/template used in each assay to yield the total product.
All concentrations are listed as final solution concentrations.

Pre-steady-state nucleotide incorporation assays. Kinetic pa-
rameters k,,, Kq, and k,,/K, for each non-natural nucleotide
were determined by monitoring the rate constants in product
formation using a fixed amount of gp43 (1 uM) and DNA substrate
(500 nM) at varying concentrations of nucleoside triphosphate
(0.01-1 mM). Aliquots of the reactions performed by manual
quenching techniques were quenched in 350 mM EDTA, pH 8,
at times ranging from 5-300 s.

A rapid quench instrument (KinTek Corporation, Clarence, PA)
was also used to monitor the time course in non-natural nucleotide
incorporation. Experiments were performed using single turnover
reaction conditions in which 250 nM DNA was incubated with
10 mM Mg(OAc), and variable concentrations of the nucleotide
analog (5-500 pM). This solution was mixed with 500 nM gp43
exo~ and 10 mM Mg(OAc),. The reactions were quenched with
350 mM EDTA, pH 8, at variable times (0.005-5 s).

In all cases, samples were diluted 1 : 1 with sequencing gel
load buffer and products were analyzed for product formation by
denaturing gel electrophoresis. Data obtained for the pre-steady-
state rates in DNA polymerization measured under single turnover
reaction conditions were fitted with eqn (1):

y=A(l -+ C, (1)

where A is the burst amplitude, & is the observed rate constant (k)
in product formation, 7 is time, and C is a defined constant. Data
for the dependency of k., as a function of dANTP concentration
was fitted with the Michaelis—Menten equation (eqn (2)) to provide
values corresponding to k,, and Kj:

Kovs = kpu[dXTP]/ (K + [dXTP]), 2)

where k., is the observed rate constant of the reaction, k,, is
the maximal polymerization rate constant, K, is the dissociation
constant for dXTP, and [dXT]P is the concentration of non-natural
nucleotide substrate.
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A convenient method for the stereoselective synthesis of cyclic f-amino esters from an iodo
of-unsaturated ester and a-methylbenzylamine is described. Subsequent enolate generation and
alkylation proceeds with complete stereocontrol, with the two stereogenic centres working together. In
this way, a functionalised piperidine suitable for alkaloid natural product synthesis was prepared. The
usefulness of the methodology is exemplified with the concise synthesis of a (—)-sparteine surrogate.

Introduction

The piperidine structural motif is a common feature of numer-
ous biologically active pharmaceutical compounds and natural
products. As a result, the development of new methods for the
asymmetric synthesis of chiral piperidines is an important topic
that continues to capture the imagination of synthetic chemists."
With this in mind, our group has an ongoing interest in the
preparation of cyclic B-amino esters 1 and their stereoselective
alkylation to amino esters anti-2 (Scheme 1).>* A number of
research groups have shown that the conversion of amino esters
1 — anti-2 is a particularly useful reaction for alkaloid natural
product synthesis and successful total syntheses of (+)- and (—)-
lupinine,** (—)-stelettamide B® and (=%)-thermopsine’ have been
successfully reported in recent times. In this paper, we report
a simple method for the preparation of either enantiomer of
cyclic f-amino esters 1 together with a study of the stereoselective
alkylation of amino esters 1 — anti-2 where R! = a-methylbenzyl.
The usefulness of this methodology is demonstrated with the
concise synthesis of a (—)-sparteine surrogate.

Results and discussion

Stereoselective synthesis of cyclic f-amino esters

Due to the importance of cyclic f-amino esters 1 in natural product
synthesis, it is not surprising to find that several approaches
for their asymmetric synthesis have been developed. These in-
clude chemical* and enzymatic resolutions,® homologation of
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pipecolic esters,” conjugate addition of chiral amine derivatives
to af-unsaturated esters and subsequent cyclisation,>!%!* S\ 2
displacement-—cyclisation of af-unsaturated esters using a chiral
amine,>'? stereoselective allylation of a chiral iminium ion® and
hydrogenation of enamide esters using a chiral auxiliary'®"* or
chiral catalyst."

Previous research in our group has led to the development of
two different approaches for the asymmetric synthesis of cyclic
B-amino esters: (i) conjugate addition of chiral lithium amides to
ap-unsaturated esters followed by N-deprotection and cyclisation?
and (i) Sy2 displacement of an iodo-substituted of-unsaturated
ester using a chiral amine and concomitant cyclisation.® Of these
two methods for synthesising cyclic f-amino esters 1, our preferred
approach, which we have now optimised, is the diastereoselective
Bunce-style'® Sy2 substitution-cyclisation of iodo-af-unsaturated
ester 3 and (S)-o-methylbenzylamine to amino esters (R,S)-
4 and (S,S)-4 (Scheme 2). The required iodo ester 3 can be
readily prepared in gram quantities from 5-chloropentanol via
Swern oxidation,!” Horner—Wadsworth-Emmons reaction'® and
Finkelstein reaction' (84% yield over 3 steps, see Supporting
Informationt). The initial conditions examined for the cycli-
sation process involved refluxing of iodo ester 3 and (S)-o-
methylbenzylamine in EtOH for 16 hours. This gave a 65 : 35
mixture of diastereomeric amino esters (R,S)-4 and (S,S)-4.}
However, we have recently found that carrying out the reaction
in DMF at room temperature for 64 hours (due to a slower
cyclisation step at this temperature) led to slightly improved
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Scheme 2 Reagents and conditions: i, (S)-o-methylbenzylamine or
(S)-(1-naphthyl)ethylamine, Et;N, DMF, rt, 64 h.

stereoselectivity. In this way, a 75 : 25 mixture of (R,S)-4 and
(S,S)-4 was produced from which we isolated a 68% yield of amino
ester (R,S)-4 after chromatography.” Using the same conditions,
a 63% yield of amino ester (R,S)-5 was obtained using (S)-(1-
naphthyl)ethylamine (Scheme 2).

In order to rationalise the preferred formation of amino esters
(R,S)-4/5 over (S,S)-4/5, we devised the following model (Fig. 1).
Bunce et al. have already shown that the reaction of benzylamine
with iodo ester 3 proceeds via intermolecular S\2 substitution
of the iodide followed by intramolecular conjugate addition of
the amine onto the of-unsaturated ester.'® It is reasonable to
assume that the same mechanistic pathway occurs with (.S)-0-
methylbenzylamine and (S)-(1-naphthyl)ethylamine and this has
allowed us to construct two preferred conformations A and B
for cyclisation to (R,S)-4/5 and (S,S)-4/5 respectively (Fig. 1).
In both A and B, the hydrogen of the chiral amine occupies the
most sterically hindered “inside” position. The major products
(R,S)-4/5 arise via A in which the sterically larger aryl (Ar) group
minimises its steric clash with the axial hydrogen on the carbon
labelled with a *. Thus, better stereoselectivity is obtained with the
more sterically demanding 1-naphthyl substituent.

H
Ar /~|

H
|\ Me
o S o

CO,Et E0.C 4~ Dar

Me H
A B

Fig.1 Model to explain the sense of induction in the S\2 substitution—in-
tramolecular cyclisation of iodo ester 3.

To demonstrate the usefulness of the cyclisation methodology, it
was necessary to develop suitable conditions for N-deprotection of
the a-methylbenzyl chiral auxiliary. In our hands, the most useful
procedure involved transfer hydrogenolysis using Pd(OH),/C and
ammonium formate (Scheme 3). Thus, under these conditions,
amino ester (R,S)-4 was converted into amine (R)-6 (=95 : 5 er
by chiral shift NMR spectroscopy) in 84% yield after distillation.
Subsequent Boc-protection delivered N-Boc protected amino ester
(R)-71n 89% yield. Alternatively, N-Boc protected amino ester (R)-
7 could be directly prepared in 82% yield from (R,S)-4 without
isolation of the intermediate amine. The naphthylamino ester

CO,Et
84% 89% NBoc
(R-6 (R-7
(RS)-4

Scheme 3  Reagents and conditions: i, PA(OH),/C, NH,*HCO, ", EtOH,
reflux, 90 min; ii, Boc,O, Et;N, CH,Cl,, rt, 16 h.

(R,S)-5 was similarly deprotected to amine (R)-6 (86% yield).
An alternative N-deprotection method using reaction with a-
chloroethyl chloroformate was lower yielding.

Stereoselective alkylation of cyclic f-amino esters

Next, we studied the stereoselectivity of the alkylation of enolates
derived from the cyclic B-amino esters. The anti-stereoselective
alkylation of enolates generated from amino esters such as (R,S)-
4 was first reported by Lhommet et al. in 1999.% Since enolate
alkylations of (R,S)-4 show better stereoselectivity than similar
reactions of N-Boc amino esters such as (R)- or (S)-7,*¢ we
speculated that the two stereogenic centres in amino ester (R,S)-
4 were working together to produce high stereoselectivity. To
specifically probe this, the stereoselectivity of enolate alkylation
of diastereomeric amino esters (R,S)-4 and (S,S)-4 was studied;
additionally, we included the achiral N-benzyl group (amino ester
12) as part of this study.

Alkylations of amino esters (R,S)-4, (S,S)-4 and 12 were carried
out by deprotonation using LHMDS at —78 °C and subsequent
reaction with benzyl bromide or methyl iodide (Scheme 4). The
ratio of diastereomeric alkylation products was determined from
the "H NMR spectra of the crude products; the yields quoted
are of single diastereomers (8/9) or of mixtures of diastere-
omeric adducts (10/11/13/14) after chromatography. Further

< COEt
: i
N{}Me -

Ph Ph
(RS)-4 R=PhCH, (RRS)-8 >98:2 88%
R=Me (RRS)-9 >982 88%
anti F}
@COZEt i @COZEt
N\H(Me — N\H(Me +
Ph Ph
(5,54 R=PhCH, (5595-10 60:40 (RS,5-10 98%
R=Me (55,5-11  60:40 (RS,9)-11 80%

Ph Ph Ph

rac-12 R = PhCH,

R =Me

(5,513  90:10 (RS)-13  94%
(8,814 9555 (R.S)-14 82%

Scheme 4 Reagents and conditions: i, (a) LHMDS, —78 °C, THF, 1 h;
(b) PhCH,Br or Mel.
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chromatography of the benzylated adducts 10 led to a 48% yield
of the major diastereomer which was identified as (S,S,S)-10
by X-ray crystallography (Fig. 2). A series of N-deprotections
and NMR spectroscopic correlations (detailed in the Supporting
Informationt) enabled assignment of the stereochemistry of all
of the benzyl adducts and the methyl adducts were assigned by
analogy.

H_ .CHcPh
COEt
N H
H " Me
Ph
CHoPh
7 COE
NW';ME
Ph
(5,5,9-10

Fig. 2 X-Ray crystal structure of anti-10.

As shown in Scheme 4, alkylation of amino ester (R,S)-4
proceeded with complete anti-stereoselectivity (as reported earlier
by Lhommet er al*) to give adducts (R,R,S)-8 and (R,R,S)-
9.2! This was clearly the situation in which the two stereogenic
centres worked together since the analogous reactions with amino
ester (S,5)-4 generated 60 : 40 mixtures of diastereomeric adducts
10 and 11. Removal of the stereogenic centre on the N-alkyl
substituent restored high anti-stereoselectivity as shown by the
alkylations of amino ester 12 which proceeded in >90 : 10
diastereoselectivity. Thus, for alkylations of enolates derived from
cyclic B-amino esters, good levels of stereocontrol (~90 : 10
diastereoselectivity) can be obtained using N-benzyl- or N-Boc-
protection*® but complete stereoselectivity (>98 : 2) requires the
use of the appropriately configured N-a-methylbenzyl substituent.
Such a pronounced difference with enolate alkylations of the
two diastereomers is significant since stereoselective routes to
amino esters such as (S,S5)-4 via the conjugate addition of chiral
lithium amides to af-unsaturated esters (followed by cyclisation)
have already been established by ourselves® and Davies and co-
workers."

Concise total synthesis of a (—)-sparteine surrogate

In order to demonstrate the usefulness of the synthesis and alky-
lation of cyclic B-amino esters such as (R,S)-4, we elected to carry
out the asymmetric synthesis of a (—)-sparteine surrogate (Fig. 3).
The intention was to use our new methodology to complete the
synthesis in significantly fewer steps than the previously published
asymmetric routes.

Due to the lack of availability of (+)-sparteine, we have been
actively engaged in the search for a chiral ligand that behaves as
the enantiomer of naturally occurring (—)-sparteine. Our efforts
culminated with the disclosure in 2002 of a suitable (+)-sparteine
surrogate which could be readily synthesised in three steps from

H H _Me
N
N N
(-)-sparteine (+)-sparteine (-)-sparteine
surrogate surrogate

Fig. 3 Structures of (—)-sparteine and the (+)- and (—)-sparteine
surrogates.

(—)-cytisine.”? Work from our group has demonstrated that the
(+)-sparteine surrogate behaves in an enantiocomplementary fash-
ion in a wide range of reactions.” In addition, other groups have
utilised the (+)-sparteine surrogate in syntheses of P-stereogenic
phosphine boranes, chiral diarylmethanes and (—)-kainic acid.**
In recent work, we have shown that sec-butyllithium complexes of
the (+)-sparteine surrogate are not only more reactive than their
(—)sparteine counterparts but also more effective in asymmetric
catalysis using sub-stoichiometric amounts of chiral diamine
ligands.® As a result, the development of an efficient route to
the (—)-sparteine surrogate is currently of much importance. This
is exacerbated by the fact that the previous asymmetric routes for
the preparation of the (—)-sparteine surrogate are either long or
low yielding.?

Our retrosynthetic analysis of the (—)-sparteine surrogate is
shown in Scheme 5. It was envisaged that bis-lactam 15 would be a
suitable precursor to the (—)-sparteine surrogate. Disconnection of
the amides in bis-lactam 15 reveals a bis-f-amino ester 16 which
we anticipated disconnecting in two different ways. In the first
strategy, a chiral B-amino ester enolate 17 would be reacted with
Michael acceptor 18. By analogy with the highly anti-selective
enolate alkylations shown in Scheme 4, it was hoped that such a
Michael reaction would proceed with high anti-stereoselectivity.

H
N
N
(—)-sparteine
surrogate
First strategy: NHMe
Me. Ph
H ”/r
CO,R? OEt
<X N Y Ph
;\ H o +
CO.Et N_ R (o} Me
CO,R2
17 18
Second strategy:
_NHMe

Scheme 5
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For stereocontrol at the more remote stereogenic centre, we
planned using a chiral auxiliary attached to the amine in the
Michael acceptor, as precedented in methodology developed by
a group at Pfizer for the synthesis of structurally related f-amino
acid derivatives.”” In the event, this strategy was flawed as we were
unable to bring about reaction of the enolate 17 with Michael
acceptor 18 under a range of conditions.

Thus, the second strategy (Scheme 5) was eventually adopted.
Here, the plan was to introduce an amino substituent by conjugate
addition to the ofi-unsaturated ester functionality in amino ester
19. Amino ester 19 would itself be generated by stereoselective
alkylation chiral B-amino ester enolate 17 using an appropriate
a-bromomethyl acrylate. Originally, we had hoped to achieve
stereocontrol in the amine conjugate addition reaction using a
Davies-style chiral lithium amide nucleophile but no products were
obtained from any of our attempts. In the end, however, we had to
accept a stereorandom incorporation of this amino functionality
(vide infra).

Our five-step synthesis of the (—)-sparteine surrogate using the
second strategy from Scheme 5 is summarised in Scheme 6. Thus,
reaction of (S)-a-methylbenzylamine with iodo ester 3 under the
optimised conditions (Et;N, DMF, room temperature, 64 hours)
gave a 68% yield of cyclic B-amino ester (R,S)-4 after chromatog-
raphy. Next, enolate formation and stereoselective alkylation with
ethyl (o-bromomethyl)acrylate proceeded efficiently to give a single
diastereomeric alkylated B-amino ester 20 in 93% yield. The second
amino functionality in the (—)-sparteine surrogate was introduced
using conjugate addition of N-methyl hydroxylamine to the of3-
unsaturated ester.”® The reaction was high yielding (85% yield of
21) but, unsurprisingly, there was no stereocontrol at the newly-

= CO,Et i X CO,Et ii
- NW"}Me -
| 3 Ph

(RS)-4 68%

21 85% Ph
o
CO,Et
H : 2 H N/Me H N/M e
v
@j\ i N N
N =
CO,Et
22 34% o (-)-sparteine
15 48% surrogate 68%
5 steps from 3
17.5% overall

Scheme 6 Reagents and conditions: i, (S)-a-methylbenzylamine, Et;N,
DMF, rt, 64 h; ii, (a) LHMDS, —78 °C, THF, 1 h; (b) ethyl
(a-bromomethyl)acrylate; iii, MeHNOH-HCI, Et;N, CH,Cl,, rt, 64 h; iv,
Pd(OH),/C, NH,*HCO, ", EtOH, reflux, 16 h; v, LiAlH,, THF, reflux,
16 h.

formed stereogenic centre and an inseparable 50 : 50 mixture of
diastereomers was generated. All our attempts to introduce chiral
lithium amides or simple amines in conjugate addition reactions
with 20 were unsuccessful.

Our intention was to carry out transfer hydrogenolysis of 21
using Pd(OH),/C and ammonium formate with a view to cleaving
both the N-o-methylbenzyl and N-O bonds. If successful, this
should facilitate double lactamisation to generate the required
bis-lactam 15. Only one of the diastereomeric hydroxylamines 21
possesses the correct relative stereochemistry for bis-lactamisation
and we were thus delighted to observe formation of the desired bis-
lactam 15 which was isolated in 48% yield after chromatography.
Another product was isolated from this reaction and it was
eventually identified as a single diastercomer of enamine ester
22 (34% isolated yield).” The formation of enamine ester 22
was unexpected and presumably proceeds via N-o-methylbenzyl
cleavage and cyclisation of the unprotected amine onto an imine
(that could form by, for example, elimination of the hydroxyl group
from the hydroxylamine). Subsequent elimination of the amine
would then give the enamine ester. The relative stereochemistry of
enamine ester 22 has not been unequivocally proven but is assumed
to be as shown in Scheme 6 based on the relative stereochemistry
of 21.

Finally, LiAlH, reduction of both lactam units in bis-lactam
15 led to the efficient formation of the (—)-sparteine surrogate
{lalo —29.6 (¢ 1.0 in EtOH) ([a]p, +26.5 (¢ 1.0 in EtOH)
for the (+)-sparteine surrogate®”)}, isolated in 68% yield after
Kugelrohr distillation. This five-step synthesis of the (—)-sparteine
surrogate from iodo ester 3 is the most efficient (17.5% overall
yield) and shortest synthesis to date. The generation of the
mixture of diastereomeric hydroxylamines 21 and their subsequent
transformation into two products, 22 and 15, which then need to
be separated have thus far precluded synthesis on a multi-gram
scale.

Conclusion

To summarise, we have developed a convenient chiral auxiliary-
mediated cyclisation method for the preparation of cyclic f-amino
esters (R,S)-4. Furthermore, we have exemplified the synthetic
utility of the stereoselective alkylation of amino esters such as
(R,S)-4 with the shortest synthesis of the (—)-sparteine surrogate.
We hope that the methodology reported herein will be of use
to those involved in the asymmetric synthesis of piperidinyl-
containing natural products and pharmaceutical candidates.

Experimental
General

Water is distilled water. Et,O and THF were freshly distilled from
benzophenone ketyl whereas CH,Cl, was freshly distilled from
CaH,. Petrol refers to the fraction of petroleum ether with a
boiling point range of 40-60 °C. All reactions were carried out
under O,-free N, or Ar using oven-dried and/or flame dried
glassware. Flash column chromatography was carried out using
Fluka silica gel 60 (0.035-0.070 mm particle size). Thin layer
chromatography was carried out using Merck F,s, alumina-backed
silica plates. Proton (270 MHz or 400 MHz) and carbon (67.9
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or 100.6 MHz) NMR spectra were recorded using an internal
deuterium lock. All samples were recorded in CDCIl;. Chemical
shifts are quoted in parts per million and referenced to CHCl;
(7.27). Carbon NMR spectra were recorded with broadband
proton decoupling and were assigned using DEPT experiments.
Infra-red spectra were recorded on an FT-IR spectrometer. Optical
rotations were recorded at room temperature (20 °C) and [a]p
measurements are given in units of 10~ degcm? g='. For Kiigelrohr
distillation, the temperatures quoted correspond to the oven tem-
peratures.

General procedure for cyclisation of iodoester

A solution of chiral amine (3.85 mmol), iodoester 3 (1.00 g,
3.50 mmol) and Et;N (3.85 mmol) in DMF (20 mL) under N, was
stirred at rt for 64 h. Water (20 mL) and Et,O (20 mL) were added
and the two layers were separated. The aqueous layer was extracted
with Et,0 (2 x 20 mL) and the combined organic extracts were
dried (MgSO,) and evaporated under reduced pressure to give the
crude product.

Ethyl {(2R)-1-[(1.5)-1-phenylethyl]piperidin-2-yl } acetate (R,S)-4
and ethyl {(2.5)-1-[(15)-1-phenylethyl]piperidin-2-yl }acetate
($,5)-4

Using the general procedure for cyclisation, (.S)-o-methylbenzyl-
amine (0.5 mL, 3.85 mmol), iodoester 3 (1.00 g, 3.5 mmol)
and Et;N (0.55 mL, 3.85 mmol) in DMF (20 mL) gave the
crude product which contained a 75 : 25 mixture (by 'H NMR
spectroscopy) of amino esters (R,S)-4 and (S,S)-4. Purification by
flash chromatography with petrol-EtOAc (9 : 1) as eluent gave
amino ester (R,S)-4 (720 mg, 68%) as a pale yellow oil, [a], —36.1
(¢ 1.0 in CHClLy); R:(9 : 1 petrol-EtOAc) 0.3; IR (CDCl;): 1730
(C=0) cm™'; '"H NMR (400 MHz, CDCl;) ¢: 7.38 (dd, J = 8.0,
1.5Hz,2H), 7.30 (td, J = 8.0, 1.5 Hz, 2H), 7.22 (tt, J = 8.0, 1.5 Hz,
1H), 4.20-4.12 (m, 2H), 3.70 (q, / = 6.5 Hz, 1H), 3.51 (dq, J = 9.0,
4.5 Hz, 1H), 2.63-2.52 (m, 2H), 2.32 (dt, J = 12.0, 5.0 Hz, 1H),
2.21 (ddd, J = 12.0, 9.0, 4.0 Hz, 1H), 1.82-1.74 (m, 1H), 1.63—
1.52 (m, 2H), 1.50-1.36 (m, 3H), 1.31 (d, J = 6.5 Hz, 3H), 1.27 (t,
J =17.0 Hz, 3H); ®C NMR (67.9 MHz, CDCl;) o: 173.1 (C=0),
146.1 (ipso-Ph), 128.0 (Ph), 127.2 (Ph), 126.4 (Ph), 60.2 (CH,),
59.2 (C), 52.3 (CH), 44.9 (CH,), 32.0 (CH,), 29.9 (CH,), 25.6
(CH,), 20.7 (Me), 17.7 (CH,), 14.1 (Me); MS (CI, NH;) m/z 276
[(M + H)*, 100], 188 (80), 172 (40), 105 (50); HRMS (CI, NH;)
m/z [M + H]*" caled for C;H,sNO,, 276.1964; found, 276.1967
and amino ester (S,5)-4 (240 mg, 23%) as a pale yellow oil, [a]p
—6.5 (¢ 1.0 in CHCl;); Rg(9:1 petrol-EtOAc) 0.15; IR (film): 1730
(C=0) cm™'; "H NMR (400 MHz, CDCl;) ¢: 7.37-7.27 (m, 4H),
7.25-7.20 (m, 1H), 4.07 (q, J = 7.0 Hz, 2H), 3.84 (q, J/ = 6.5 Hz,
1H), 3.51 (dq, J = 9.0, 4.5 Hz, 1H), 2.69 (dd, J = 14.0, 4.5 Hz,
1H), 2.63-2.51 (m, 2H), 2.45 (dd, J = 14.0, 9.0 Hz, 1H), 1.71-
1.38 (m, 6H), 1.34 (d, J = 6.5 Hz, 3H), 1.20 (t, J = 7.0 Hz, 3H);
“C NMR (67.9 MHz, CDCl;) d: 172.9 (C=0), 144.8 (ipso-Ph),
128.1 (Ph), 127.3 (Ph), 126.6 (Ph), 60.0 (CH,), 59.0 (CH), 52.6
(CH), 43.4 (CH,), 32.7 (CH,), 28.9 (CH,), 24.9 (CH,), 21.2 (Me),
20.1 (CH,), 14.1 (Me); MS (EI) m/z 275 [M*, 20], 260 (65), 105
(100); HRMS (EI) m/z M* caled for C,;H,sNO,, 275.1885; found,
275.1884.

Ethyl {(2R)-1-[(15)-1-(1-naphthyl)ethyl|piperidin-2-yl } acetate
(R,S)-5 and ethyl {(25)-1-[(15)-1-(1-naphthyl)ethyl]piperidin-
2-yl}acetate (5,5)-5

Using the general procedure for cyclisation, (S)-(1-naphthyl)-
ethylamine (0.32 mL, 1.95 mmol), iodoester 3 (500 mg, 1.77 mmol)
and Et;N (0.21 mL, 1.95 mmol) in DMF (10 mL) gave the
crude product which contained an 85 : 15 mixture (by '"H NMR
spectroscopy) of amino esters (R,S)-5 and (S,S)-5. Purification by
flash chromatography with petrol-EtOAc (9 : 1) as eluent gave
amino ester (R,S)-5 (365 mg, 63%) as a pale yellow oil, [a], —84.2
(¢ 1.0 in CHCL); R:(9 : 1 petrol-EtOAc) 0.25; IR (CDClL;): 1720
(C=0)cm™'; "HNMR (400 MHz, CDCl;) 6: 8.49 (brs, 1H), 7.89—
7.84 (m, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.66 (br d, J = 6.0 Hz,
1H), 7.52-7.43 (m, 3H), 4.49-4.36 (m, 1H), 4.25-4.13 (m, 2H),
3.73-3.69 (m, 1H), 2.79 (dd, J = 13.5, 3.5 Hz, 1H), 2.68 (dd, J =
13.5, 10.0 Hz, 1H), 2.40 (dt, J = 12.0, 4.5 Hz, 1H), 2.25 (ddd,
J=12.0,10.0, 3.0 Hz, IH), 1.92-1.84 (m, 1H), 1.69-1.64 (m, 1H),
1.59-1.26 (m, 4H), 1.49 (d, J = 6.5 Hz, 3H), 1.31 (t, J = 7.0 Hz,
3H); *C NMR (100.6 MHz, CDCl;) d: 173.3 (C=0), 141.4 (ipso-
Ar), 134.0 (ipso-Ar), 131.6 (ipso-Ar), 128.6 (Ar), 127.1 (Ar), 125.4
(Ar), 125.2 (Ar), 125.1 (Ar), 124.6 (Ar), 124.0 (Ar), 60.3 (CH,),
57.0 (br, CH), 52.1 (CH), 45.1 (CH,), 30.6 (CH,), 29.7 (CH,), 25.7
(CH,), 20.2 (CH,), 18.1 (Me), 14.2 (Me); MS (CI, NH;) m/z 326
[(M + H)*, 100], 238 (10); HRMS (CI, NH;) m/z [M + H]J* calcd
for C, H,;NO,, 326.2120; found, 326.2125 and amino ester (S,S)-5
(40 mg, 7%) as a pale yellow oil, [a]p +5.5 (¢ 0.75 in CHCL,); R:(9 :
1 petrol-EtOAc) 0.15; IR (CDCl;): 1720 (C=0) cm™'; '"H NMR
(400 MHz, CDCl,) J: 8.57-8.54 (m, 1H), 7.87-7.82 (m, 1H), 7.73
(d, J = 8.0 Hz, 1H), 7.57-7.54 (m, 1H), 7.50-7.39 (m, 3H), 4.44
(q, J = 6.5 Hz, 1H), 3.95(q, J/ = 7.5 Hz, 2H), 3.47-3.41 (m, 1H),
2.92 (dt, J = 13.0, 3.0 Hz, 1H), 2.71 (dd, J = 13.5, 5.0 Hz, 1H),
2.54 (dt, J = 13.0, 2.5 Hz, 1H), 2.50 (dd, J = 13.5, 9.0 Hz, 1H),
1.77-1.25 (m, 6H), 1.49 (d, J = 6.5 Hz, 3H), 1.08 (t, J = 7.5 Hz,
3H); *C NMR (100.6 MHz, CDCl;) d: 173.1 (C=0), 141.3 (ipso-
Ar), 134.2 (ipso-Ar), 131.5 (ipso-Ar), 128.7 (Ar), 127.2 (Ar), 125.5
(Ar), 125.2 (Ar), 125.15 (Ar), 124.9 (Ar), 124.4 (Ar), 60.0 (CH,),
58.3 (CH), 51.9 (CH), 42.7 (CH,), 31.4 (CH,), 27.7 (CH,), 24.6
(CH,), 21.0 (Me), 19.2 (CH,), 14.0 (Me); MS (CI, NH;) m/z 326
[(M + H)*, 100], 238 (30); HRMS (CI, NH;) m/z [M + H]J* calcd
for C,;H,;NO,, 326.2120; found, 326.2122.

(R)-Ethyl piperidin-2-ylacetate (R)-6

A suspension of 20% Pd(OH), on C (35 mg, 0.04 mmol), amino
ester (R,S)-4 (200 mg, 0.74 mmol) and NH,"HCO,™ (140 mg,
2.22 mmol) in EtOH (2 mL) was stirred and heated at reflux
under N, for 90 min. After being allowed to cool to rt, the solids
were removed by filtration through Celite and washed with Et,O
(50 mL). Then, 2 M NH,OH,,,, (10 mL) was added to the filtrate
and the two layers were separated. The aqueous layer was extracted
with Et,0O (3 x 20 mL) and the combined organic extracts were
dried (MgSO,) and evaporated under reduced pressure to give
the crude product as a colourless oil. Purification by Kiigelrohr
distillation gave amine (R)-6 (104 mg, 84%, >90% ee by NMR
spectroscopy in the presence of 7.0 equiv. (S)-2,2,2-trifluoro-1-
(9-anthryl)ethanol) as a colourless oil, bp 80-85 °C/2.0 mmHg
(1it.,* 85-90 °C/1.5 mmHg); [a], —10.8 (¢ 1.0 in CHCL;); Re(9 :
1 CH,Cl,-MeOH) 0.2; '"H NMR (400 MHz, CDCl;) ¢: 4.08 (q,
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J = 7.0 Hz, 2H), 3.04-2.95 (m, 1H), 2.90-2.81 (m, 1H), 2.60 (td,
J=11.5,3.0Hz, 1H), 2.33-2.28 (m, 2H), 2.10 (brs, 1H), 1.75-1.64
(m, 1H), 1.58-1.46 (m, 2H), 1.40-1.27 (m, 2H), 1.23 (t, / = 7.0 Hz,
3H), 1.21-1.12 (m, 1H). Spectroscopic data consistent with that
reported in the literature.?®

(R)-tert-Butyl 2-(2-ethoxy-2-oxoethyl)piperidin-1-carboxylate
(R)-7

A solution of Boc,O (421 mg, 1.93 mmol) in CH,Cl, (6 mL) was
added dropwise to a stirred solution of amine (R)-6 (150 mg,
0.88 mmol) and Et;N (1.22 mL, 8.80 mmol) in CH,Cl, (6 mL) at
rt under N,. The resulting solution was stirred at rt for 16 h. Then,
2 M HCl,,, (5 mL) was added and the two layers were separated.
The organic layer was washed with brine (2 x 5 mL) and water
(5 mL), dried (MgSO,) and evaporated under reduced pressure
to give the crude product. Purification by flash chromatography
with petrol-EtOAc (3 : 1) as eluent gave N-Boc amino ester (R)-7
(212 mg, 89%) as a colourless oil, [a], +7.4 (¢ 1.0 in CHCl,); Rp(3:
1 CH,Cl,-MeOH) 0.45; '"H NMR (400 MHz, CDCl;) 0: 4.72-4.62
(m, 1H), 4.09 (q, J = 7.0 Hz, 2H), 4.00-3.91 (m, 1H), 2.76 (br
t, J = 13.0 Hz, 1H), 2.55 (dd, J = 14.0, 7.5 Hz, 1H), 2.50 (dd,
J = 14.0, 8.0 Hz, 1H), 1.67-1.47 (m, 6H), 1.43 (s, 9H), 1.23 (t,
J =7.0Hz, 3H), 1.21-1.12 (m, 1H). Spectroscopic data consistent
with that reported in the literature.®

General procedure for alkylation of amino esters

LHMDS (1.06 M solution in THF, 1.30 mmol) was added
dropwise to a stirred solution of the amino ester (250 mg,
0.90 mmol) in THF (6 mL) at —78 °C under N,. After stirring
at —78 °C for 1 h, the alkyl halide (1.30 mmol) was added
dropwise. The resulting solution was allowed to warm to rt over
4 h and stirred at rt for 12 h. Then, the solvent was evaporated
under reduced pressure. The residue was partitioned between water
(10 mL) and 1 : 1 Et,O-CH,Cl, (10 mL). The two layers were
separated and the aqueous layer was extracted with Et,0-CH,Cl,
(3 x 10 mL). The combined organic layers were dried (MgSO,)
and evaporated under reduced pressure to give the crude product
as a yellow oil.

Ethyl (2R)-3-phenyl-2-{(2R)-1-[(1S)-1-phenylethyl]piperidin-
2-yl}propionate (R,R,S)-8

Using the general procedure for alkylation, amino ester (R,S)-4
(183 mg, 0.66 mmol), LHMDS (0.94 mL of a 1.06 M solution
in THF, 1.00 mmol) and benzyl bromide (0.12 mL, 1.00 mmol)
in THF (3.7 mL) gave the crude product as a single diastereomer
(by "H NMR spectroscopy). Purification by flash chromatography
with petrol-EtOAc-Et;N (90 : 10 : 1) as eluent gave benzylated
amino ester (R,R,S)-8 (212 mg, 88%) as a colourless oil, [a], —6.4
(¢ 1.0 in CH,Cl,); R:(9 : 1 petrol-EtOAc) 0.35; IR (CHCI;): 1720
(C=0)cm™'; "H NMR (400 MHz, CDCl;) 9: 7.45 (d, / = 7.5 Hz,
2H), 7.34 (t, J = 7.5 Hz, 2H), 7.28-7.10 (6H, m), 4.30 (q, J =
6.5 Hz, 1H), 4.18-3.97 (m, 2H), 3.25 (q, J = 7.0 Hz, 1H), 2.96
(d, J = 7.0 Hz, 2H), 2.94-2.88 (m, 1H), 2.68 (ddd, J = 12.5,
6.0, 3.5 Hz, 1H), 2.40 (ddd, J = 12.5, 8.5, 3.0 Hz, 1H), 1.79-1.02
(m, 6H), 1.34 (d, J = 6.5 Hz, 3H), 1.16 (t, J = 7.0 Hz, 3H);
“C NMR (100.6 MHz, CDCl;) 6: 174.1 (C=0), 144.6 (ipso-Ph),
140.9 (ipso-Ph), 128.8 (Ph), 128.3 (Ph), 128.0 (Ph), 127.6 (Ph),

126.5 (Ph), 125.9 (Ph), 60.2 (CH,), 58.9 (CH), 55.4 (CH), 49.0
(CH), 44.1 (CH,), 31.9 (CH,), 25.1 (CH,), 24.1 (CH,), 23.3 (CH,),
14.1 (Me), 12.7 (Me); MS (CI, NH;) m/z 366 [(M + H)*, 100], 188
(40). The optical rotation of benzylated amino ester (R, R,S)-8 was
erroneously reported with a positive sign.?

Ethyl (2R)-{(2R)-1-[(1.5)-1-phenylethyl]piperidin-2-yl } propionate
(R aR aS )'9

Using the general procedure for alkylation, amino ester (R,S)-4
(250 mg, 0.90 mmol), LHMDS (1.28 mL of a 1.06 M solution
in THE, 1.30 mmol) and Mel (85 uL, 1.36 mmol) in THF
(6 mL) gave the crude product as a single diastereomer (by 'H
NMR spectroscopy). Purification by flash chromatography with
petrol-EtOAc-Et;N (90 : 10 : 1) as eluent gave methylated amino
ester (R,R,S)-9 (224 mg, 88%) as a colourless oil, [a], —12.2 (c
1.1 in CH,Cl,); Rg(9 : 1 petrol-EtOAc) 0.3; IR (CHCl;): 1725
(C=0)cm™'; '"H NMR (400 MHz, CDCly)¢0: 7.41 (d, J = 7.5 Hz,
2H), 7.30 (t, J = 7.5 Hz, 2H), 7.21 (t, J = 7.5 Hz, 1H), 4.26-4.05
(m, 3H), 3.07 (quintet, J = 7.0 Hz, 1H), 2.93-2.85 (m, 1H), 2.60
(ddd, J = 12.0, 6.0, 3.5 Hz, 1H), 2.33 (ddd, J = 12.0, 9.0, 3.0 Hz,
1H), 1.78-1.20 (m, 6H), 1.32 (d, J = 6.5 Hz, 3H), 1.26 (t, J =
7.0 Hz, 3H), 1.14 (d, / = 7.0 Hz, 3H); “C NMR (100.6 MHz,
CDClL,) 0: 175.4 (C=0), 144.7 (ipso-Ph), 127.9 (Ph), 127.5 (Ph),
126.3 (Ph), 60.2 (CH,), 58.8 (CH), 54.9 (CH), 44.3 (CH,), 40.1
(CH), 24.7 (CH,), 24.6 (CH,), 23.5 (CH,), 14.2 (Me), 12.0 (Me),
10.6 (Me); MS (CI, NH;) m/z 290 [(M + H)*, 100], 188 (20);
HRMS (CI, NH;) m/z [M + HJ* calced for C;3sH,,NO,, 290.2120;
found, 290.2121. The optical rotation of benzylated amino ester
(R,R,S)-9 was erroneously reported with a positive sign.?

Ethyl (25)-3-phenyl-2-{(2.5)-1-[(15)-1-phenylethyl]piperidin-2-
yl}propionate anti-10 and ethyl (2R)-3-phenyl-2-{(25)-1-[(1.5)-1-
phenylethyl]piperidin-2-yl } propionate syn-10

Using the general procedure for alkylation, amino ester (S,S5)-4
(199 mg, 0.72 mmol), LHMDS (1.03 mL of a 1.06 M solution
in THF, 1.09 mmol) and benzyl bromide (0.13 mL, 1.09 mmol)
in THF (6 mL) gave the crude product as a 60 : 40 mixture
of benzylated amino esters anti-10 and syn-10 (by 'H NMR
spectroscopy). Purification by flash chromatography with petrol—-
EtOAc (97 : 3) as eluent gave benzylated amino ester anti-10
(127 mg, 48%) as a white solid, mp 69-71 °C; [a], —44.8 (c
1.0 in CH,Cl,); R:(9 : 1 petrol-EtOAc) 0.3; IR (CHCl;): 1725
(C=0)cm™'; "HNMR (270 MHz, CDCl;) §: 7.30-7.10 (10H, m),
4.13 (q, J = 6.5 Hz, 1H), 4.05 (q, J = 7.0 Hz), 3.47-3.25 (m,
2H), 2.98-2.80 (m, 3H), 2.23 (br d, J = 13.5 Hz, 1H), 1.75-1.50
(m, 6H), 1.31 (d, J = 6.5 Hz, 3H), 1.01 (t, / = 7.0 Hz, 3H); “C
NMR (67.9 MHz, CDCl;) 6: 174.5 (C=0), 145.9 (ipso-Ph), 139.9
(ipso-Ph), 128.7 (Ph), 128.3 (Ph), 128.0 (Ph), 127.2 (Ph), 126.5
(Ph), 126.1 (Ph), 59.7 (CH,), 57.2 (CH), 55.7 (CH), 49.1 (CH),
42.9 (CH,), 35.5 (CH,), 21.7 (CH,), 21.5 (Me), 20.4 (CH,), 19.9
(CH,), 14.1 (Me); MS (CI, NH;) m/z 366 [(M + H)*, 80], 262
(20), 188 (100), 105 (10), 84 (35); HRMS (CI, NH;) m/z [M +
H]* caled for C,,H; NO,, 366.2433; found, 366.2428, a 15 : 85
mixture (by "H NMR spectroscopy) of benzylated amino esters
anti-10 and syn-10 (90 mg, 34%) as a colourless oil and benzylated
amino ester syn-10 (44 mg, 16%) as a colourless oil, [a], +2.9 (¢
1.75 in CH,CL,); Re(9 : 1 petrol-EtOAc) 0.3; IR (CHCl;): 1720
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(C=0)cm™'; "H NMR (400 MHz, CDCl;) §: 7.40-7.12 (10H, m),
422 (q,J =6.5Hz, 1H), 3.98 (q, J = 7.0 Hz), 3.47-3.25 (m, 3H),
2.80 (dd, J = 13.5, 11.0 Hz, 1H), 2.78-2.67 (m, 1H), 2.40 (br d,
J = 14.5 Hz, 1H), 1.85-1.47 (m, 6H), 1.34 (d, J = 6.5 Hz, 3H),
1.04 (t, J/ = 7.0 Hz, 3H); *C NMR (67.9 MHz, CDCl;) §: 175.2
(C=0), 146.4 (ipso-Ph), 140.5 (ipso-Ph), 128.8 (Ph), 128.2 (Ph),
127.2 (Ph), 126.7 (Ph), 125.9 (Ph), 59.9 (CH,), 57.5 (CH), 54.8
(CH), 48.8 (CH), 42.5 (CH,), 36.9 (CH,), 22.6 (CH,), 22.4 (Me),
20.2(CH,), 19.9 (CH,), 14.0 (Me) (one Ph resonance not resolved);
MS (CI, NH;) m/z 366 [(M + H)*, 100], 262 (20), 188 (70), 84 (30);
HRMS (CI, NH;) m/z [M + H]* caled for C,yH3; NO,, 366.2433;
found, 366.2428.

Crystal structure determination of ethyl (25)-3-phenyl-2-{(2S5)-1-
[(1.5)-1-phenylethyl]piperidin-2-yl} propionate anti-10

Crystal data. C,H;NO,, M = 365.50, monoclinic, a =
7.7573(6), b = 6.5351, ¢ = 20.5605(15) A, f = 93.341(2)°, U =
1040.54(14) A3, T = 115(2) K, space group P2,, Z = 2, u(Mo-
Ka) =0.073 mm™, 7226 reflections measured, 4564 unique (R;, =
0.0193) which were used in all calculations. The final R1 was 0.0373
(I > 20) and wR2 was 0.0889 (all data). CCDC reference number
6234521

Ethyl (25)-{(2S5)-1-[(15)-1-phenylethyl]piperidin-2-yl } propionate
anti-11 and ethyl (2R)-{(2.5)-1-[(15)-1-phenylethyl]piperidin-
2-yl}propionate syn-11

Using the general procedure for alkylation, amino ester (5,5)-4
(204 mg, 0.74 mmol), LHMDS (1.05 mL of a 1.06 M solution in
THF, 1.11 mmol) and Mel (70 pL, 1.12 mmol) in THF (6 mL)
gave the crude product as a 60 : 40 mixture of methylated amino
esters anti-11 and syn-11 (by "H NMR spectroscopy). Purification
by flash chromatography with petrol-EtOAc (95 : 5) as eluent gave
a 65 : 35 mixture (by 'H NMR spectroscopy) of methylated amino
esters anti-11 and syn-11 (172 mg, 80%) as a colourless oil, Rx(9 :
1 petrol-EtOAc) 0.3; IR (CHCL;): 1720 (C=0) cm™'; '"H NMR
(270 MHz, CDCl;) 0: 7.34-7.16 (m, 5H), 4.21-4.06 (m, 3H), 3.28-
3.11 (m, 2H), 2.87 (ddd, J = 14.5, 11.5, 3.0, 0.65H), 2.55 (ddd,
J =14.5,11.5, 3.0, 0.35H), 2.30 (dt, J = 14.5, 4.5, 0.35H), 2.24
(dt, J = 14.5, 4.0, 0.65H), 1.75-1.42 (m, 6H), 1.25-1.12 (m, 6H),
1.14 (d, J = 6.5 Hz, 3H); "C NMR (67.9 MHz, CDCl,) J: 176.7
(C=0), 176.2 (C=0), 146.5 (ipso-Ph), 146.0 (ipso-Ph), 128.2 (Ph),
128.0 (Ph), 127.2 (Ph), 126.6 (Ph), 126.5 (Ph), 60.0 (CH,), 59.9
(CH,), 57.3 (CH), 57.1 (CH), 56.2 (CH), 55.3 (CH), 43.0 (CH,),
42.5 (CH,), 40.3 (CH), 39.7 (CH), 22.6 (CH,), 22.4 (Me), 21.6
(Me), 20.8 (CH,), 20.4 (CH,), 20.3 (CH,), 20.0 (CH,), 15.5 (Me),
14.3 (Me), 14.2 (Me), 14.0 (Me); MS (CI, NH;) m/z 290 [(M +
H)*, 100], 188 (80), 105 (20), 84 (35); HRMS (CI, NH;) m/z [M +
HJ" calcd for C,sH,;NO,, 290.2122; found, 290.2121.

Ethyl (1-benzylpiperidin-2-yl)acetate rac-12

A stirred solution of benzylamine (0.55 mL, 4.98 mmol), iodoester
3 (1.27 g, 4.49 mmol) and Et;N (0.70 mL, 4.98 mmol) in EtOH
(12.5 mL) under N, was heated at reflux for 16 h. After being
allowed to cool to rt, the solvent was evaporated under reduced
pressure. Water (20 mL) was added and the mixture was extracted
with Et,O (2 x 30 mL). The combined organic extracts were
washed with water (30 mL), 5% Na,S,05,, (30 mL) and brine

(30 mL), dried (MgSO,) and evaporated under reduced pressure to
give the crude product. Purification by flash chromatography with
petrol-EtOAc (9 : 1) as eluent gave amino ester rac-12 (878 mg,
75%) as a pale yellow oil, Rx(9 : 1 petrol-EtOAc) 0.35; '"H NMR
(400 MHz, CDCl;) 6: 7.38-7.18 (m, 5H), 4.13 (q, / = 7.0 Hz, 2H),
3.80 (d, J = 13.5 Hz, 1H), 3.36 (d, J = 13.5 Hz, 1H), 3.01-2.93
(m, 1H, CHN), 2.71 (dd, J = 14.5, 4.5 Hz, 1H), 2.66-2.58 (m,
1H), 2.44 (dd, J = 14.5, 8.0 Hz, 1H), 2.21-2.13 (m, 1H), 1.81-
1.70 (m, 1H), 1.69-1.58 (m, 1H), 1.58-1.36 (m, 4H), 1.24 (t, J =
7.0 Hz, 3H). Spectroscopic data consistent with that reported in
the literature.'

Ethyl (25%)-2-phenyl-3-[(25%)-1-benzylpiperidin-2-yl]propionate
anti-13 and ethyl (2R*)-2-phenyl-3-[(25%)-1-benzylpiperidin-
2-yl]propionate syn-13

Using the general procedure for alkylation, amino ester rac-12
(212 mg, 0.81 mmol), LHMDS (1.15 mL of a 1.06 M solution
in THF, 1.21 mmol) and benzyl bromide (0.15 mL, 1.21 mmol)
in THF (6 mL) gave the crude product as a 90 : 10 mixture
of benzylated amino esters anti-13 and syn-13 (by 'H NMR
spectroscopy). Purification by flash chromatography with petrol—-
EtOAc (9 : 1) as eluent gave a 90 : 10 mixture (by 'H NMR
spectroscopy) of benzylated amino esters anti-13 and syn-13
(269 mg, 94%) as a colourless oil, R:(9 : 1 petrol-EtOAc) 0.3;
IR (CHCL,): 1730 (C=0) cm™'; '"H NMR (400 MHz, CDCl;) ¢:
7.35-7.10 (10H, m), 4.11-3.94 (m, 3H), 3.52 (d, J = 13.5 Hz,
0.1H), 3.45 (d, J = 13.5 Hz, 0.9H), 3.26 (ddd, J = 11.0, 7.0, 3.0,
1H), 3.00 (dd, J = 13.5, 2.5, 1H), 2.92-2.77 (m, 2H), 2.73 (td, J =
7.5,3.5Hz, 1H), 2.29 (ddd, J = 12.5,9.0, 3.5, 1H), 2.16 (ddd, J =
12.5,9.0, 3.5, 1H), 1.78-1.34 (m, 6H), 1.10 (t, / = 7.0 Hz, 2.7H),
1.03 (t, J = 7.0 Hz, 0.3H); HRMS (CI, NH;) m/z [M + H]* caled
for C;;H,,NO,, 352.2277; found, 352.2279.

Ethyl (25*)-2-[(2S*)-1-benzylpiperidin-2-yl|propionate anti-14
and ethyl (2R*)-2-[(25*)-1-benzylpiperidin-2-yl|propionate syn-14

Using the general procedure for alkylation, amino ester rac-12
(110 mg, 0.42 mmol), LHMDS (0.60 mL of a 1.06 M solution in
THE, 0.63 mmol) and Mel (39 pL, 0.63 mmol) in THF (2.5 mL)
gave the crude product as a 95 : 5 mixture of methylated amino
esters anti-14 and syn-14 (by "H NMR spectroscopy). Purification
by flash chromatography with petrol-EtOAc (9 : 1) as eluent gave
a 95 : 5 mixture (by '"H NMR spectroscopy) of methylated amino
esters anti-14 and syn-14 (96 mg, 82%) as a colourless oil, R:(9 :
1 petrol-EtOAc) 0.35; IR (CHCI;): 1735 (C=0) cm™'; '"H NMR
(400 MHz, CDCl;) d: 7.40-7.11 (m, 5H), 4.21-4.08 (m, 2H), 3.94
(d,J =13.5Hz,0.95H), 3.76 (d, J = 13.5 Hz, 0.05H), 3.33 (d, J =
13.5 Hz, 0.95H), 3.21 (d, J = 13.5 Hz, 0.05H), 3.10 (quintet, J =
7.0 Hz, 1H), 2.85(ddd, J = 12.5, 4.5, 3.5, 1H), 2.76-2.72 (m, 1H),
2.09 (ddd, J = 12.5, 9.5, 3.0, 1H), 1.71-1.63 (m, 1H), 1.55-1.20
(m, 5H), 1.24 (t,/ =7.0 Hz, 3H), 1.15(d, J = 7.0 Hz, 3H); HRMS
(CI, NH;) m/z [M + HJ* calcd for C;;H,sNO,, 276.1964; found,
276.1963.

Diethyl (4R)-2-methylene-4-{(2R)-1-[(1S5)-1-phenylethyl]piperidin-
2-yl}pentanedioate (R,R,S)-20

Using the general procedure for alkylation, amino ester (R,S)-4
(125 mg, 0.46 mmol), LHMDS (0.66 mL of a 1.06 M solution
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in THE, 0.69 mmol) and ethyl (a-bromomethyl)acrylate (134 mg,
0.69 mmol) in THF (3 mL) gave the crude product as a single
diastereomer (by "H NMR spectroscopy). Purification by flash
chromatography with petrol-EtOAc (9 : 1) as eluent gave alkylated
amino ester (R,R,S)-20 (165 mg, 93%) as a colourless oil, [a]p
—10.7 (¢ 1.0 in CHCl;); R:(9 : 1 petrol-EtOAc) 0.25; IR (film):
1720 (C=0) cm™'; '"H NMR (400 MHz, CDCl;) J: 7.37 (br d,
J = 7.5 Hz, 2H), 7.30 (br t, J = 7.5, Hz, 2H), 7.22 (br t, J =
7.5, Hz, 1H), 6.16 (d, J = 1.0 Hz, 1H), 5.57 (d, J = 1.0 Hz, 1H),
4.28 (q, J = 6.5 Hz, 1H), 4.24-4.02 (m, 4H), 3.30 (ddd, J = 12.0,
7.0, 3.0 Hz, 1H), 2.84 (td, J = 7.0, 3.5 Hz, 1H), 2.77 (ddd, J =
13.0, 8.0, 3.5 Hz, 1H), 2.66 (br d, J = 14.5 Hz, 1H), 2.54-2.44
(m, 2H), 1.76-1.37 (m, 6H), 1.31 (d, J = 6.5 Hz, 3H), 1.24 (t, J =
7.0 Hz, 3H), 1.22 (t, J = 7.0 Hz, 3H); "C NMR (100.6 MHz,
CDCl;) 0: 173.9 (C=0), 166.8 (C=0), 145.0 (ipso-Ph), 138.5 (C),
127.9 (Ph), 127.6 (Ph), 126.6 (CH,), 126.4 (Ph), 60.6 (CH,), 60.1
(CH,), 58.2 (CH), 55.9 (CH), 45.6 (CH), 43.6 (CH,), 29.5 (CH,),
23.9 (CH,), 23.2 (CH,), 22.5 (CH,), 14.7 (Me), 14.2 (Me), 14.1
(Me); MS (CI, NH;) m/z 388 [(M + H)*, 100], 188 (40); HRMS
(CI, NH;) m/z [M + H]* caled for C,;H33NO,, 388.2488; found,
388.2482.

(4R)-Diethyl 2-[(/N-hydroxy-N-methylamino)methyl]-4-{(2R)-1-
[(1.5)-1-phenylethyl]piperidin-2-yl} pentanedioate 21

Et;N (14 1L, 0.1 mmol) was added dropwise to a stirred solution of
N-methylhydroxylamine hydrochloride (9 mg, 0.1 mmol) in THF
(2 mL) at rt under N,. After stirring for 10 min, a solution of
alkylated amino ester (R,R,S)-20 (40 mg, 0.1 mmol) was added
dropwise via a cannula and the resulting solution was stirred at rt
for 64 h. The solvent was evaporated under reduced pressure and
Et,0 (5 mL) was added to the residue. The solids were removed by
filtration through a plug of silica and washed with Et,O (50 mL).
The solvent was evaporated under reduced pressure to give the
crude product. Purification by flash chromatography with petrol—
EtOAc (3 : 1) as eluent gave a 50 : 50 mixture (by '"H NMR
spectroscopy) of hydroxylamines 21 (38 mg, 85%) as a colourless
oil, Ri(3 : 1 petrol-EtOAc) 0.2; IR (film): 1730 (C=0) cm™;
'H NMR (400 MHz, CDCl;) ¢: 7.41-7.34 (m, 2H), 7.33-7.25
(m, 2H), 7.24-7.17 (m, 1H), 6.28 (br s, 0.5H), 5.79 (br s, 0.5H),
4.28-3.97 (m, 4.5H), 3.85 (dq, J = 11.0, 7.5 Hz, 0.5H), 3.20-
3.12 (m, 0.5H), 3.08-3.03 (m, 0.5H), 2.88-2.80 (m, 2H), 2.73—
2.55 (m, 3H), 2.60 (s, 1.5H), 2.52 (s, 1.5H), 2.42-2.36 (m, 0.5H),
2.32-2.25 (m, 0.5H), 2.04-1.85 (m, 2H), 1.68-1.58 (m, 1H), 1.50—
1.05 (m, 11H), 1.20 (t, J = 7.5 Hz, 1.5H), 1.07 (t, J = 7.5 Hz,
1.5H); *C NMR (100.6 MHz, CDCl;) J: 175.0 (C=0), 174.8
(C=0), 174.7 (C=0), 174.3 (C=0), 144.5 (ipso-Ph), 144.3 (ipso-
Ph), 128.0 (Ph), 127.8 (Ph), 127.6 (Ph), 127.4 (Ph), 126.5 (Ph),
126.3 (Ph), 63.8 (CH,), 63.0 (CH,), 60.5 (CH,), 60.41 (CH,),
60.38 (CH,), 60.3 (CH,), 58.8 (CH), 55.4 (CH), 54.7 (CH), 48.78
(CH), 48.76 (CH), 44.6 (CH), 44.4 (CH), 44.2 (CH,), 44.0 (CH,),
42.8 (CH,), 42.7 (CH,), 26.5 (CH,), 25.5 (CH,), 25.3 (CH,), 24.6
(CH,), 24.3 (CH,), 23.8 (CH,), 23.5 (CH,), 23.0 (CH,), 14.2 (Me),
14.15 (Me), 14.1 (Me), 14.0 (Me), 13.9 (Me), 13.1 (Me); MS
(CI, NH;) m/z 435 [(M + H)*, 100], 188 (65), 389 (30); HRMS
(CI, NH;) m/z [M + HJ* calced for C,,H3xN,Os, 435.2859; found,
435.2856.

(1R,9aR)-Diethyl 2,6,7,8,9,9a-hexahydro-1H-quinolizine-1,3-
dicarboxylate 22 and (1R,5S,11aR)-3-methyl-octahydro-1,5-
methanopyrido[1,2-a][1,5]diazocine-2,6-dione 15

A suspension of 20% Pd(OH), on C (20 mg, 0.02 mmol), a
50 : 50 mixture of hydroxylamines 21 (110 mg, 0.25 mmol) and
NH,*HCO,™ (48 mg, 0.75 mmol) in EtOH (1 mL) was stirred
and heated at reflux under N, for 16 h. After being allowed to
cool to rt, the solids were removed by filtration through Celite
and washed with CH,Cl, (50 mL). Then, 2 M NH,OH,,,, (5 mL)
was added to the filtrate and the two layers were separated. The
aqueous layer was extracted with CH,Cl, (3 x 10 mL) and the
combined organic extracts were dried (MgSO,) and evaporated
under reduced pressure to give the crude product. Purification
by flash chromatography with CH,Cl,-MeOH (50 : 1) and then
CH,CL,-MeOH (9 : 1) as eluent gave quinolizidine 22 (24 mg,
34%) as a colourless oil, [a]p, +94.4 (¢ 1.0 in CHCly); R:(9 : 1
CH,Cl1,-MeOH) 0.75; IR (film): 3015, 1730 (C=0), 1665 (C=0),
1620 (C=C), 1220 cm™'; '"H NMR (400 MHz, CDCl;) ¢: 7.31
(d, J = 2.0 Hz, 1H), 4.20 (q, J = 7.0 Hz, 2H), 4.15 (q, J =
7.0 Hz, 2H), 3.55-3.50 (m, 1H), 3.45-3.38 (m, 1H), 3.18 (td, J =
13.0, 3.0 Hz, 1H), 2.87 (dt, J = 12.0, 5.5 Hz, 1H), 2.62 (ddd,
J =16.5, 5.5, 1.5 Hz, 1H), 2.40 (ddd, J = 16.5, 12.0, 2.0 Hz,
1H), 1.92-1.87 (m, 1H), 1.73-1.34 (m, SH), 1.28 (t, J = 7.0 Hz,
3H), 1.27 (t, J = 7.0 Hz, 3H); “C NMR (100.6 MHz, CDCl;)
0:172.2 (C=0), 168.4 (C=0), 144.7 (CH), 94.9 (C), 60.7 (CH,),
59.2 (CH,), 55.7 (CH), 54.6 (CH,), 41.8 (CH), 26.5 (CH,), 25.8
(CH,), 24.6 (CH,), 19.0 (CH,), 14.7 (Me), 14.2 (Me); MS (CI,
NH;) m/z 282 [(M + H)*, 100]; HRMS (CI, NH;) m/z [M + H]*
caled for CsH»;N,O,, 282.1705; found, 282.1699 and bislactam 15
(27 mg, 48%) as a colourless oil, [a], +41.8 (¢ 1.0 in CHCL,); R:(9:
1 CH,CL,-MeOH) 0.4; IR (film): 3015, 2940, 1730 (C=0), 1635
(C=0), 1440, 1215 cm™'; '"H NMR (400 MHz, CDCl;) ¢: 4.74
(ddd, J =13.5,4.0,2.0 Hz, 1H), 3.51-3.40 (m, 2H), 3.38 (ddd, J =
12.0, 5.0, 3.0 Hz, 1H), 2.93 (s, 3H), 2.93-2.88 (m, 1H), 2.82-2.78
(m, 1H), 2.49 (td, J = 13.5, 3.5 Hz, 1H), 2.10-2.07 (m, 2H), 1.99—
1.92 (m, 1H), 1.87-1.83 (m, 1H), 1.73-1.68 (m, 1H), 1.40-1.20
(m, 3H); “C NMR (100.6 MHz, CDCl;) ¢: 170.0 (C=0), 168.1
(C=0), 59.2 (CH), 52.8 (CH,), 42.2 (CH,), 41.7 (CH), 37.1 (CH),
34.0 (Me), 31.3 (CH,), 25.0 (CH,), 24.8 (CH,), 24.1 (CH,); MS
(CI, NH;) m/z 282 [M + H)*, 100]; HRMS (CI, NH,) m/z [M +
H]J* caled for C;,H;3sN,0,, 223.1447; found, 223.1448.

(1S5,25,95)-11-Methyl-7,11-diazatricyclo[7.3.1.0*"]tridecane,
(—)-sparteine surrogate

LiAlIH, (77 mg, 2.03 mmol) was added in one portion to a stirred
solution of bislactam 15 (75 mg, 0.34 mmol) in THF (1.5 mL) at
0 °C under N,. The resulting suspension was stirred and heated
at reflux for 16 h. After cooling to rt, Et,O (1 mL) was added
and solid Na,SO,-H,0 was added portionwise until effervescence
ceased. The resulting mixture was stirred at rt for 30 min. The
solids were removed by filtration through Celite and washed with
9:1CH,Cl,-MeOH (30 mL). The filtrate was dried (MgSO,) and
the solvent evaporated under reduced pressure to give the crude
product as a yellow oil. Purification by Kugelrohr distillation gave
(—)-sparteine surrogate (44 mg, 68%) as a pale yellow oil, bp 110—
115 °C/0.3 mmHg (lit.,>” 95-110 °C/0.8 mmHg); [a]p —29.6 (¢
1.0 in EtOH) (lit.,?” [a]p +26.5 (¢ 1.0 in EtOH) for (+)-sparteine
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surrogate); 'HNMR (400 MHz, CDCl;)d: 3.03-2.96 (m, 2H), 2.89
(dt, J = 11.5, 2.0 Hz, 1H), 2.86-2.82 (m, 1H), 2.24 (ddd, J 11.0,
3.5,1.5Hz, 1H),2.18-2.12 (m, 1H), 2.15(s, 3H), 1.98 (dd, /= 11.5,
3.0Hz, 1H), 1.94-1.89 (m, 1H), 1.86-1.45 (m, 11H). Spectroscopic
data consistent with that reported in the literature.”””
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The mechanism of the Baeyer—Villiger rearrangement is modelled for the reaction of propanone with
trifluoroperacetic acid, catalyzed by trifluoroacetic acid in dichloromethane, using three DFT methods

(B3LYP, BH&HLYP and MPWBIK) and MP2. These results are refined and used to calculate the
overall reaction rate coefficient using conventional Transition State Theory. The excellent agreement
between the calculated (1.00 x 10~ L mol~' s7') and the experimental (1.8 x 10~* L mol™ s7') rate
coefficients at the MPWBI1K level strongly supports the mechanism recently proposed by our group.
This DFT method is then used to study the mechanism of a larger system: cyclohexanone +
trifluoroperacetic acid, for which a very good agreement between the calculated and the experimental

rate coefficients is also found (1.37 and 0.32 L mol~' s~

, respectively). The modelled mechanism is not

ionic but neutral, and consists of two concerted steps. The first one is strongly catalyzed while the
second one, the migration step, seems not to be catalyzed for the systems under study. The results of this
work could be of interest for understanding other reactions in non-polar solvents for which ionic

mechanisms have been assumed.

1. Introduction

The Baeyer—Villiger (BV) rearrangement' which involves the
oxidation of a ketone to an ester or lactone, is a powerful synthetic
tool frequently employed due to its excellent regioselective and
stereoselective control. Therefore the reaction has been the subject
of a large number of investigations for more than a century
(for reviews on this topic see references 2, 3 and 4). It is well
known that the BV oxidation initially involves the carbonyl
addition of a peroxyacid to a ketone (or an aldehyde) to produce
the tetrahedral Criegee intermediate.> However, there is still no
agreement on the mechanism of the acid catalysis for this step.
The most controversial part is whether the protonation of the
carbonyl oxygen and the carbonyl addition occur in a stepwise
or concerted manner. This distinction implies that in the former
case the reaction would occur through an ionic mechanism while
in the latter it would be neutral. A new concerted transition state

“Facultad de Quimica, Universidad Nacional Auténoma de México,
Ciudad Universitaria, 04510, México D.F., México. E-mail: jidaboy@
servidor.unam.mx

*Department of Chemistry, Thompson Rivers University, Kamloops, BC,
V2C 5N3, Canada

T Electronic supplementary information (ESI) available: Preliminary cal-
culations of the BV reaction of propanone at four levels of theory (Table
S1); calculated K.y, K@), ke and k (for the catalyzed and uncatalyzed
second step) values at different temperatures in the range of 280 to
320 K for the reactions of propanone and cyclohexanone with the
corresponding Arrhenius plots (Tables S2 and S3); comparison of the effect
of diffuse functions on the thermodynamic calculations of the reaction
of propanone (Table S4); Mulliken charge distribution of the stationary
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important stationary points of the calculated kinetic mechanisms. See
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(TS) for the addition step was recently reported by our group.®
This TS leads to a Gibbs free-energy of activation that is 12.7 kcal
mol~' lower than the previously reported concerted TS.” This result
confirmed the idea that the first step of the BV reaction in non-
polar solvents is termolecular (although effectively bimolecular)
and acid-catalyzed.

In the second part of this reaction, the adduct undergoes the
intramolecular migration of an alkyl or aryl group from the ketone
moiety to the nearest peroxide oxygen with the simultaneous
dissociation of the O-O bond.? Nevertheless, it is not totally clear
if this reaction is acid-catalyzed, or if it occurs in a concerted
(neutral) or stepwise (ionic) manner. A recent publication from
our group showed that the second part of the BV reaction of
propanone and cyclohexanone with performic acid, in a non-
polar solvent and in the presence of formic acid, occurs in a
concerted manner and appears not to be acid catalyzed.” The
lack of experimental data on this reaction limited us from going
any further.

Even though the migration process has been postulated to be the
rate-determining step (RDS), it has also been shown that a rate-
determining addition can be feasible depending on the reaction
conditions and the reactants.>'*' A recent experimental study
of the reaction of cyclohexanone with m-chloroperbenzoic acid
showed that the first (addition) step is the RDS.'® Our calculations
are in agreement with this finding.’

The currently accepted mechanism for the BV rearrangement
in organic chemistry books is an ionic mechanism (see Fig. 1).°
The generalization of the idea that in solution reactions should be
ionic in spite of the solvent polarity? is in clear contradiction with
the work of Benson,?* who proposed that the change in reaction
rates when performing a reaction in the gas phase and in non-polar
solvents is usually due to liquid-phase effects since the mechanism
is most likely unchanged. This difference in reaction rates is due to
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Fig. 1 Currently accepted mechanism for the BV rearrangement.?

the lost of translational degrees of freedom in Gibbs free-energy
barriers when going from the gas to the solvent phase. Since ions
are not stabilized in the gas phase and in non-polar solvents as
much as they are in polar environments, the assumption of their
existence when proposing a mechanism for a reaction that takes
place in non-polar solvents seems unjustified.

In a recent review,* a possible general mechanism for the BV
reaction is proposed that depends on the acidity of the reaction
medium but the polarity of the solvent in which this reaction
takes place is not taken into account. This review focuses on
the reactants, the Criegee intermediate and the ester product,
but it does not provide details on how the actual transformation
from one species to another takes place. The ketone protonation
is assumed to occur in high-acidity media. In addition, ionic
Criegee intermediates are proposed in both high- and low-acidity
(basic) media. The general mechanism proposed resembles more
a reaction scheme than a mechanism itself, probably because the
details of the reaction mechanism are still unclear.

Since the BV reaction is one of the most well known and widely
applied methods in synthetic organic chemistry, several computa-
tional studies of its mechanism have been published.®719-21:2331
Although most of these studies have modelled concerted TSs
and have assumed a neutral mechanism in non-polar solvents,
these findings have not yet been compiled in organic chemistry
textbooks or review papers.** To the best of our knowledge there
is no experimental evidence in favour of an ionic mechanism for
the BV reaction in non-polar solvents such as dichloromethane—
one of the most frequently used solvents for this reaction. The
complete reaction mechanism of the BV reaction, including the
addition and migration steps, and the Brensted acid catalysis,
has only been studied by Okuno,”® Grein er al,” and our
group.’

In this paper we aim at modelling the complete BV reaction
mechanism of propanone and cyclohexanone with trifluoroper-
acetic acid, catalyzed by trifluoroacetic acid in dichloromethane,
at reliable levels of theory. Using different ketones (as well as a new
peroxyacid and acid catalyst) we hope to explore their effect on the
BV mechanism we have previously proposed.®® Since experimental
rate coefficients are available for both reactions, calculations of
these quantities will be performed to test our hypothesis from a
quantitative point of view by applying conventional Transition
State Theory (TST). To the best of our knowledge, no theoretical
calculations of rate coefficients of BV reactions have yet been
performed. Furthermore, the mechanisms of these BV reactions
have not been previously studied computationally even though
they are the ones for which more reliable experimental kinetic
data exist.* We also hope to continue the theoretical verification
of our hypothesis that the mechanism of reactions that take place
in non-polar solvents, such as the case of most BV reactions, is
most likely not ionic.

2. Computational methodology

The calculations were performed with the Gaussian 03 program
package. For electronic energies, solvent effects and thermody-
namic corrections, we have tested four methods: MP2, B3LYP,
BH&HLYP, and MPWBIK, a functional that was recently
especially developed for kinetic calculations.** We have performed
gas-phase geometry optimizations with each method employing
the 6-311G(d,p) basis set, which were confirmed by frequency cal-
culations at the same level of theory. In all cases IRC calculations
were performed to test that the calculated TSs connect with the
proper reactants and products. The energy results were improved
by single-point energy calculations with the same method and the
6-311++G(d,p) basis set including solvent effects (the [IEF-PCM
continuum solvation model using dichloromethane as solvent
and the UFF radii). Using this procedure the method that
best reproduced the experimental rate coefficient of the reaction
of propanone was chosen to further refine the calculations.
Geometries and frequencies were then calculated with the Onsager
solvent model and the 6-311G(d,p) basis set, followed again by
single-point energy calculation with the IEF-PCM method and
the 6-311++G(d,p) basis set. This methodology was also used for
the study of the reaction of cyclohexanone. For modelling the
ionic system the relaxed scan was performed at the MPWBIK/6-
311G(d,p) level of theory including the IEF-PCM solvation
model.

In order to make appropriate comparisons between the calcu-
lated and experimental data, several thermodynamic corrections
were applied on the calculated AG values. The standard state
for the AG values was changed from 1 atm to 1 M, in order
to relate the calculated Gibbs free energies of activation (AG”)
with experimental rate coefficients that are reported in concentra-
tion units. As a consequence of the change in standard state, the
AG values decrease by 1.89 kcal mol™' for bimolecular reactions
at 298.15 K. In addition, we have used the approach proposed
by Benson?* according to which the AG” of reactions in non-
polar solutions at 298.15 K decreases by 2.56 kcal mol™' for
bimolecular reactions with respect to the AG” in the gas phase.
For a more detailed description of these corrections please see
references 6 and 34. To the best of our knowledge, these corrections
have not been simultaneously considered in previous theoretical
calculations on these reactions, except in our latest publications on
this topic using model reactions for which no experimental data are
available.®?

In a simplified approach, the complex mechanism of the BV
reaction could be rationalized as having an initial reversible step
in which the Criegee intermediate (a short-lived species) is formed,
followed by a second step that leads to the formation of the
corresponding ester. The last step is exergonic (AG < 0) enough
to be irreversible. In the first step the ketone and the acid form a
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ketone-acid complex + peroxyacid 4____71* Criegee + acid —— ester + acid + acid'
1

Scheme 1

stable (reactant) complex (Scheme 1), whose formation between
propanone and trifluoroacetic acid has been empirically proven.'!
Assuming the steady-state approximation the overall rate coef-
ficient could be expressed as:
kk,

k= 1
ko+k M

This equation has two limiting cases. The first one is for k_, >
k,, i.e., the barrier of the second step is considerably larger (by
2 kcal mol~' or more) than that of the reverse first-step. In this
case, eqn (1) becomes eqn (2) and the second step is the RDS.

k= kik, _ @

k—l + kz k—]
The second case is for k_, < k,, i.e., the barrier of the reverse
first-step is considerably larger than that of the second step. In this

case, eqn (1) becomes eqn (3) and the first-step is the RDS.
kiky,  kk
ki+k kK
These rate coefficients can be calculated using the thermody-
namic formulation of TST shown in eqn (4), where « is the
tunneling correction, ¢ is the reaction path degeneracy, AG” is

the Gibbs free energy of activation at temperature 7', and k and
h are the Boltzmann and Plank constants, respectively.

ks T —AG*
k= 4
oK h exp( RT ) 4)

Tunnelling corrections were calculated using an asymmetrical
Eckart barrier. The reaction path degeneracy is equal to 2 for
both steps in propanone, but for the reaction of cyclohexanone,
o equals 1 and 2 for the first and second steps, respectively. In
both reactions ¢ = 1 for the reverse first step. The tunnelling
corrections and rate coefficients in the temperature range of 280
to 320 K, used to determine the Arrhenius factors and activation
energies, were calculated using the on-line facilities of the Virtual
Kinetic Laboratory.*

New research has made it possible to reproduce rate coefficients
with an error in AG” of less than 1 kcal mol™3* for relatively
small systems in the gas phase using high-level ab initio calcu-
lations. This is an outstanding level of accuracy but it strongly
depends on the methodology employed. Obtaining the same level
of accuracy for a relatively large system in solution is a remarkably
difficult task. Accordingly, for such systems a difference with
the experimental data of +2 kcal mol™', ie., 1-2 orders in rate
coefficients, can be considered a very good agreement at the present
time.

= Kequz 2

k =

=k 3

3. Results and discussion

In the first part of this work we have modelled the addition
and migration steps of the reaction of propanone with trifluo-
roperacetic acid (TFPAA) using trifluoroacetic acid (TFAA) as
catalyst. The choice of this system was based on the availability
of confident kinetic results* and on the relatively small size of the
ketone. Two extreme cases will be considered: a non-ionic fully

concerted reaction pathway (exploring the catalyzed and non-
catalyzed options) and the ionic case. Afterwards the reaction
with cyclohexanone will be studied.

3.1. The neutral mechanism with two concerted steps

The modelled mechanism consists of two steps. The most relevant
features of the first one were previously described for another
BV reaction.® In this step, propanone, TFAA and TFPAA are
transformed into the corresponding Criegee intermediate through
a concerted TS in which simultaneously propanone is protonated,
the C-OO bond is formed and TFPAA is deprotonated. The
transition vector is therefore complex because it involves a series
of atomic displacements in which the largest motions correspond
to the two proton migrations and the formation of the C-OO
bond. TFAA acts as catalyst by being the proton donor (to the
ketone) and acceptor (from TFPAA) entity. All these processes
are synergetic, that is to say, each one facilitates and makes
possible the other two. The protonation of propanone enhances
the electrophilicity of its carbonyl carbon atom, which in turns
facilitates the addition of TFPA A and increases the nucleophilicity
of TFAA. The addition of TFPAA increases the acidity of its
proton which facilitates its removal by TFAA.

The structure of the TS of the first step (Fig. 2) and its Mulliken
charge distribution (ESI{ Fig. S1) illustrate the previous findings
and support a concerted and neutral (non-ionic) mechanism. The
sum of the atomic charges of the reactants in the TS (TS1) are 0.249
for TFPAA, 0.097 for propanone and —0.347 for TFAA. The
corresponding Mulliken charge distribution of the products in
the TS is more balanced: 0.074 and —0.074 for the Criegee
intermediate and the leaving TFAA, respectively, which is in
agreement with a neutral mechanism. In the reactant complex the
carbonyl carbon of the ketone is positively charged (0.66), while
in the TS it is negatively charged (—0.22) because it has already
accepted the negative charge of the peroxide oxygen which has
been increased due to the concerted deprotonation. The charge of
the leaving proton of TFPAA increases from 0.31 to 0.75 when
in the TS because it is migrating as a “proton” but it is close
to covalent bond distances from both oxygen atoms, therefore,
ionicity can be disregarded. These bond distances (1.144 and
1.246 A) are typical of radical hydrogen abstractions where there
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Fig. 2 Structure of the
step of the BV reaction of propanone at the
6-311G(d,p)-Onsager level of theory.
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is no possible ionicity. Our calculations show that this catalyzed
TS is the lowest-energy possible concerted TS for the first step of
this reaction.®

The second step of this reaction could be catalyzed or not. These
alternatives were previously considered in a model BV reaction.’
Since we are considering a non-ionic pathway at this point, both
TSs would be concerted. The catalyzed step would be bimolecular
(involving the Criegee and TFAA) while the uncatalyzed case
would be unimolecular.

For the non-catalyzed migration the proton attached to the
oxygen atom of the Criegee intermediate migrates to the leaving
acid, as previously proposed in references 7 and 19. This TS is
also neutral and concerted. The departure of TFAA facilitates the
migration of the methyl group, which favours the formation of
the carbonyl double bond, and makes easier the migration of the
proton to the oxygen atom of the leaving TFAA, and vice versa.
The structure of the corresponding TS is shown in Fig. 3. The
largest atomic displacements in the transition vector correspond
to the cleavage of the O-O bond concerted with the migration of
the methyl group. The protonation of the leaving acid is of minor
importance but noticeable. The analysis of the Mulliken charge
distribution of ESIf Fig. S1 (TS2) shows that the total charge of
the leaving TFAA is —0.197 which confirms a (non-ionic) neutral
mechanism. It is also important to notice the increase in charge of
the migrating methyl group from 0.228 in the Criegee intermediate
to 0.375 in the TS, which is in agreement with the assumption that
the migrating ability is related to the capability of this group to
delocalize this positive charge.” It should also be noticed that the
positive charge on the peroxide oxygen that is accepting the methyl
group increases from 0.049 in the Criegee intermediate to 0.202 in
the TS because of the rupture of the O-O bond, which is one of
the most important features of this TS.

HyC.,
R
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K \ /CI-‘;
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H,C \ ‘,/
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Fig.3 Structure of the concerted non-catalyzed TS of the migration step
of the BV reaction of propanone at the MPWBI1K/6-311G(d,p)-Onsager
level of theory.

The catalyzed TS of the second step is also concerted (see
Fig. 4). Simultaneously the methyl group migrates and the Criegee
is deprotonated, and two TFAA molecules leave (one of them is the
catalyst and the other one is the leaving fragment from the Criegee
that captured a proton from the catalyst). The largest atomic
displacements in the transition vector correspond once again
to the cleavage of the O—O bond concerted with the migration
of the methyl group; the two proton migrations are of minor
importance but noticeable. Once again TFAA acts as catalyst
by being the proton donor (to the leaving group) and acceptor
(from the Criegee) entity. Again, these processes are synergetic:
the protonation of the leaving TFAA facilitates the rupture of the
0O-0O bond which makes possible the migration. The migration
itself favours the formation of the C=0O double bond which makes

Fig. 4 Structure of the concerted TS, catalyzed by TFAA, of the
migration step of the BV reaction of propanone at the MPWBIK/
6-311G(d,p)-Onsager level of theory.

possible the deprotonation of the Criegee by the weak nucleophile
TFAA, activated by the protonation of the leaving TFAA.

Which of the above TSs is the one with lower energy is expected
to depend on the migration ability of the alkyl group, the strength
of the acid catalyst, and the leaving ability of the generated acid.
The Gibbs free energies, relative to the reactant complex between
propanone and TFAA, corresponding to all the stationary points
along the reaction coordinate of the reactions studied at four levels
of theory, are reported in Table S1 of the ESI.{ The geometries of
all the stationary points are very similar regardless of the method
used in the optimization calculations.

Since experimentally it has been found that the second step of
this BV reaction is the RDS," all methods, except MP2, provide a
good qualitative description of the reaction mechanism since the
AG7 of the second step is larger than that of the first one. Itisin a
case like this that eqn (2) applies for the calculation of the overall
rate coefficient and the overall activation energy can be related
to the activation energies of the elementary steps according to
eqn (5). In the study that follows the MP2 calculations will not be
considered.

E,=FE+E— Ey (%)

The three DFT methods considered give very similar AG* values
for the first step but there are significant disagreements between
the calculated AG” values for the second step. The difference
between the B3LYP and BH&HLYP AG” values is larger than
9 kcal mol™" and for a quantitative description of the reaction
mechanism more accuracy is required. The apparently good
qualitative description of the kinetic mechanism by these DFT
methods is fortuitous. Another example of this is the difference
between the AG” values of the first and second steps, which are
1.12, 6.22, and 10.38 kcal mol™!, for the B3LYP, MPWBIK, and
BH&HLYP methods, respectively. The AG” values of both steps
are in the range of typical organic reactions except for the second
step with the BH&HLY P method that is unreasonably high. Hence
the BH&HLYP functional will not be considered any further. To
discriminate between the other two functionals comparisons with
experimental results are performed.

The reactant complex between propanone and TFAA is more
stable in Gibbs free energy than the isolated reactants by 1.67
and 1.89 kcal mol™" with the MPWBIK and B3LYP methods
(see ESIt Table S1), respectively, in agreement with experiments.*!
Hence, the assumption of a bimolecular first step (see Scheme 1)
is correct and the calculated overall second-order rate coefficient
can be directly compared to the experimental value.!’ The kinetic
calculations show that the MPWBIK potential energy surface
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reproduces remarkably well the experimental value, while the
B3LYP rate coefficient is overestimated. The experimental rate
coefficient is only 1.7 times larger than the calculated one with the
MPWBIK functional. This corresponds to an overestimation in
AG” of only 0.31 kcal mol™'. Based on these results, MPWBIK
was the functional chosen for further refining our kinetic calcu-
lations by considering solvent effects (Onsager method) in the
geometry optimizations and frequency calculations, as explained
in section 2. The Cartesian coordinates of the optimized stationary
points of the reactions of propanone and cyclohexanone appear
in the ESI.T Table 1 shows the relative enthalpies and Gibbs free
energies of the stationary points relative to the reactant complex
for the two reactions, while Table 2 displays the calculated kinetic
magnitudes. The results obtained for cyclohexanone are discussed
and compared to those of the propanone reaction in section 3.3.

The values of 4 and E, reported in Table 2 were obtained from
the Arrhenius plots of Ink vs. 1/T. These graphs and the tables with
the calculated K., k), ko) and k values at different temperatures
in the range of 280 to 320 K for the reactions considered, appear
in Tables S2 and S3 of the ESI.§

The reactant complex of propanone with TFAA was found
to be 1.75 kcal mol™' more stable in Gibbs free energy than the
isolated reactants, as expected. Although the catalyzed TS of the
second step is more stable (in internal energy) and earlier than the
uncatalyzed one, AG” is lower for the uncatalyzed (intramolecular)
migration than for the catalyzed one, in other words, the entropy
loss is larger than the enthalpy gain in the latter case.

Since the Gibbs free energies of the reactants (reactant com-
plex + TFPAA) and products (Criegee + TFAA) of the equilibrium
of step 1 are very similar, an equilibrium constant value close to 1 is
expected, and the activation energies of steps 1 and —1 should very
similar to one another (E,,, ~ E,_,)). Hence, according to eqn (5),

the overall activation energy could be determined by that of the
second step which can be calculated from its enthalpy of activation
by increasing its value by 1.19 or 0.59 kcal mol™' according to
eqn (6). The value of mis 2 and 1 for the catalyzed and uncatalyzed
cases, respectively. This explains the close resemblance between the
calculated E, and AH7 ;) values for both reactions.

Ea ~ Eu(Z) = AH#(Z) + mRT (6)

The effect of including diffuse functions in the single-point
energy calculations of the stationary points was investigated for the
reaction of propanone. These results are shown in Table S4 of the
ESI.§ There are not huge differences when the diffuse functions are
eliminated. However, the calculated change in Gibbs free energy
for the catalyzed reaction of the second step is lower than for the
uncatalyzed one, which is one of the uncertainties of the present
study that will be discussed later on. In addition, the stabilization
of the reactant complex is almost twice as large as when diffuse
functions are considered, which seems to be an overestimation.

An excellent agreement between the experimental (1.8 x 107° L
mol~" s7') and the calculated (1.00 x 10 L mol™' s') rate
coefficients is obtained when only the first step is catalyzed
by TFAA. These results strongly support, from qualitative and
quantitative points of view, the previously proposed mechanism
of two concerted (non-ionic) steps of which only the first one
is acid catalyzed.’ In the following section arguments against an
ionic BV mechanism are provided.

3.2. Analysis of the ionic mechanism

We have calculated the hypothetical equilibrium for the proto-
nation of propanone with TFAA in dichloromethane using the
MPWBIK functional. This process is endergonic by 26.67 kcal

Table 1 Enthalpies and Gibbs free energies (in kcal mol™" at 298.15 K) of the stationary points relative to the reactant complex (between the ketone and
TFAA) for the reactions of propanone and cyclohexanone with TFPAA using TFAA as catalyst*

Propanone reaction

Cyclohexanone reaction

AH AG AH AG
Isolated reactants 6.49 1.75 6.20 2.59
Reactant complex + TFPAA 0 0 0 0
TS1 5.74 14.30 5.12 14.62
Criegee + TFAA —2.08 0.54 —2.54 0.21
TS2 + TFAA 21.11° 22.94° 15.23% 18.11°
TS2 15.44 23.76 9.33 18.74
Ester or lactone + 2 TFAA —69.96 —76.69 —67.42 —72.29

“ Level of theory: MPWBI1K/6-311++G(d,p)-IEF-PCM//MPWBI1K/6-311G(d,p)-Onsager. * Uncatalyzed values of the second step.

Table 2 Rate coefficients (k = K.q1)k», in L mol™' s™') and tunneling factors (both at 303 K), Arrhenius factors (in L mol™' s') and activation energies
(in kcal mol™") (for the temperature range of 280 to 320 K) for the reactions of propanone and cyclohexanone with TFPAA using TFAA as catalyst (in

both steps and only in the first step)

Propanone reaction”

Cyclohexanone reaction”

Fully catalyzed 2nd step uncatalyzed Fully catalyzed 2nd step uncatalyzed
k 1.66 x 10~* 1.00 x 107? 0.315 1.37
K 1.66 1.73 1.58 1.61
A 2.96 x 10’ 2.66 x 10" 3.60 x 10° 3.13 x 10"
E, 15.60 21.65 9.78 15.73

“ Experimental value at 302.95 K: k = 1.8 x 107 L mol~"' s7! (ref. 11). ®* Experimental value at 302.95 K: k = 0.32 L mol~" s7' (ref. 11).
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mol~" and leads to an equilibrium constant of 2.79 x 107*. The
usual errors attributed to continuum solvent models have to do
with specific interactions such as hydrogen bonding with solvent
molecules that tend to be poorly described, but in dichloromethane
hydrogen bonding with the solvent is not possible. This Gibbs free
energy difference is much greater than the AG” of the first step
and the effective AG” of the reaction in the neutral mechanism
which shows that it is unlikely that propanone gets protonated in
a non-polar solvent.

The formation of an ion pair between the protonated ketone
and the carboxylate anion might be possible. However, any
attempt at such a calculation fails for obvious reasons: the proton
migrates back to the carboxylate anion producing TFAA and
propanone. In order to obtain an approximate idea of the energy
involved in this process we have modelled it as a relaxed scan
of the CO-H bond distance from that in the propanone-TFAA
complex. The increment of this distance forces the protonation
of propanone constraining the system to stay as an ion pair. It
is not possible to obtain reliable thermodynamic corrections for
this type of calculation but since in this supermolecular approach
the process would be unimolecular these corrections should not
be that important. For bond distances from 0.995 to 1.745 A
the energy increases continuously up to 13.2 kcal mol™" (see
ESIfFig. S2). Therefore, this process is not possible without the
assistance of a third molecule that would be the peroxyacid, i.e.,
the concerted mechanism would take place. The assumption of the
formation of a “partially protonated ketone” has no sense, and the
formation of some kind of genuine ion pair has already been ruled
out. Moreover, if the “TFAA anion” continues bonded to the
“protonated ketone” this reaction would not be favoured since the
TFAA anion should leave to produce the Criegee intermediate,
and in this process it should acquire the proton so that the catalyst
is regenerated.

Let us suppose that these calculations are not sufficiently
accurate and that in fact propanone becomes protonated. This
makes it highly electrophilic and the nucleophile is the peroxyacid
with its weakly acidic proton. There are three hypothetical
possibilities:

1—The peroxyacid is deprotonated in acid media by the ketone
or the TFAA anion, but this process is unfeasible.

2—The neutral peroxyacid attacks the protonated ketone
resulting in a positively charged oxygen atom, bonded to three
atoms: C, Hand O. This intermediate is hardly acceptable. We tried
to model such a TS but it was impossible to locate it. Any attempt
in this direction produces the reactants. If such a TS existed it
would be easier to find computationally than those of the neutral
mechanism.

3—The deprotonation is concerted with the peroxyacid attack.
In such a case, it seems logical to assume that the reaction would
start from the “ionic pair” in which the TFAA anion forms
two hydrogen bonds: one with the peroxyacid H, and another
one with the H in the protonated carbonyl group. Any attempt
to find such a TS leads to the concerted neutral TS, ie., the
charge separation is absolutely unnecessary and energetically dis-
favoured.

Thus, we conclude that the currently accepted ionic mechanism
for the BV reaction** does not compete with the concerted
(neutral) mechanism we are proposing and it is an incorrect
extrapolation from known mechanisms in polar solvents since

no experimental evidence or theoretical calculations have demon-
strated such a case.

After verifying the concerted (neutral) mechanism by com-
paring the calculated and experimental rate coefficients for the
BV reaction of propanone with TFPAA (catalyzed by TFAA in
the first reaction step), and proving that the ionic mechanism
is not possible, we proceed to study the effect of the ketone on
the mechanism of the BV reaction. For this purpose we have
chosen cyclohexanone because there are enough experimental data
available for its BV reaction." In addition to that, among the
ketones studied, propanone reacts the slowest in the BV reaction
while cyclohexanone reacts the fastest. Hence, if there is any
change in the mechanism due to the migrating ability of the ketone,
the study of the BV reaction of cyclohexanone should reveal it.

3.3. The neutral mechanism of the BV reaction of cyclohexanone

The calculation of the stationary points and the kinetic magnitudes
of the reaction of cyclohexanone with TFPAA, in the presence
of TFAA, was performed assuming the previously described
concerted mechanism. These results are shown in Tables 1 and 2.
Since it was previously shown that ketones form stable complexes
with acids, the assumed reactants are once again the corresponding
reactant complex and TFPAA. This was verified for the complex
of cyclohexanone with TFAA which was found to be 2.59 kcal
mol~' more stable in Gibbs free energy than the isolated reactants.
This reactant complex is 0.84 kcal mol™' more stable than that
of propanone. The similarity between the values of the overall
activation energy and the enthalpy of activation of the second step
is once again observed.

A larger rate coefficient is again obtained when the first step of
the concerted mechanism is catalyzed while the second concerted
step is not. This rate coefficient (1.37 L mol™" s7') is only
4.27 times larger than the experimental one (0.32 L mol™' s7')
which corresponds to an underestimation in AG” of only 0.85 kcal
mol™'. This is an excellent result within the so-called “chemical
accuracy” of £1 kcal mol™" usually only obtainable with the
highest-level quantum mechanical calculations. This is another
strong piece of evidence that the neutral concerted mechanism is
correct since it would be almost impossible to reproduce two rate
coefficients that differ in more than two orders of magnitude using
an incorrect mechanism with the same methodology.

As can be concluded from our results,*® the role of the catalyst
is very important in the first step because the difference in AG*
between the uncatalyzed and TFAA-catalyzed step is larger than
20 kcal mol~'. This means that (theoretically at least) the reaction
is almost impossible without a catalyst. However, the role of the
catalyst could be played by a solvent molecule or by a second
peroxyacid molecule. The effectiveness of such catalysis would be
proportional to the acid strength of the peroxyacid or the solvent.
Given that together with any peroxyacid its corresponding acid
is also present in considerable concentration, and that the same
acid is a product of the reaction, the uncatalyzed reaction should
not be observed experimentally. However, the second step which is
the RDS of this reaction appears to be uncatalyzed. Apparently,
the BV rearrangement is a complex consecutive reaction which
does not occur without a catalyst, but it has a non-catalyzed
(or perhaps weakly catalyzed) RDS. Although the acid molecule
decreases the enthalpy of the TS of the second step, the entropy loss
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overcomes it and the second step appears to be uncatalyzed, i.e.,
the Criegee intermediate evolves through a unimolecular process
to the ester (or lactone) and the corresponding acid. However,
the AG” difference between the catalyzed and the uncatalyzed
TSs is relatively small (0.63 kcal mol™"') and the catalyzed reaction
includes the approximate correction for the liquid phase suggested
by Benson,? therefore the results of this work are not conclusive
with respect to the (catalyzed or uncatalyzed) nature of the
second step. Nevertheless, since the Arrhenius equations of both
mechanisms are very different in pre-exponential factor and
activation energy (see Tables 2, S2 and S3 (ESIt)) the experimental
determination of these parameters should elucidate this important
feature of the mechanism. In our opinion, such an experiment
should be performed in conditions similar to those of ref. 11, in a
large excess of ketone and excess of acid.

It can be considered that the second step is the RDS for the
studied ketones and for most of the others. However, for ketones
with higher migrating ability than cyclohexanone, the addition
step could be the RDS. The kinetic analysis made so far is valid
for the reactions of ketones with TFPA, using TFAA as catalyst,
and extrapolations to other systems should be carefully done.

Comparison of the addition step of both ketones shows that
the AG” is almost the same (around 14 kcal mol™') and that
the difference in reactivity is a consequence of the difference
in AG” for the second step (of around 5 kcal mol™'). Fig. 5
displays the most probable reaction profile of the two BV reactions
studied calculated with the MPWBIK functional at 298.15 K. The
equilibrium constant of the Criegee formation is between 0.60 and
0.68 for both reactions at this temperature.

20 - VAm—

20

—gcyclochexanone
-40 1 — = propanone

-60

Relative Gibbs free energy (kcal/mol)

-80

Reaction Coordinate

Fig. 5 Reaction profile of the BV reactions studied at 298.15 K
calculated at the MPWBIK/6-311++G(d,p)-IEF-PCM/MPWBIK/
6-311G(d,p)-Onsager level of theory, relative to the reactant complex:
the first step is catalyzed while the second step shown is not.

Fig. 6 displays the addition TS of cyclohexanone which is
very similar to that of propanone shown in Fig. 2 The second
(uncatalyzed) TS is also similar to that previously calculated for
propanone (see Fig. 7). In the present mechanism, the previous
observation that the methyl group migrates in antiperiplanar con-
formation with respect to the O—O moiety”®1%240 ig confirmed.
The TS for the migration of cyclohexanone is much earlier than
that of propanone for all but the C-C bond distance. This is in
agreement with the relative migration ability of these ketones. The
novelty of the present work, regarding the uncatalyzed migration

Fig. 6 Structure of the concerted TS of the addition step of the BV
reaction of cyclohexanone at the MPWBI1K/6-311G(d,p)-Onsager level
of theory.

Fig.7 Structure of the concerted uncatalyzed TS of the migration step of
the BV reaction of cyclohexanone at the MPWB1K/6-311G(d,p)-Onsager
level of theory.

TS of the two ketones, is that the agreement between calculated
and experimental rate coefficients demonstrates that this is the
lowest-energy TS.

In polar solvents the mechanism could be different. In such
a case the reaction mechanism would not be unique and would
depend on the solvent. This is just a possibility since the
mechanism could also be that reported in this paper. To make
this conclusion the reaction should be modelled assuming both
ionic and neutral mechanisms in polar solvents, but that is the
work of another study.

4. Conclusions

It has been shown that the mechanism of the BV rearrangement in
non-polar solvents is not ionic but neutral and fully concerted
in both steps. An exceptionally good agreement between the
calculated and the experimental rate coefficients strongly supports
the proposed mechanism for the BV reaction of propanone and
cyclohexanone with TFPAA, assisted by TFAA. This is the first
computational study of the kinetic mechanism of these reactions
and it is also the first study in which rate coefficients of BV
reactions have been theoretically determined and successfully
compared with experiments.

In the first step, which is bimolecular, the protonation of the
ketone and the addition/deprotonation of the peroxyacid are
assisted by the acid catalyst. This mechanism is in agreement
with previous evidence that the acid catalysis is general, not
specific, which is due to the unfavoured acid dissociation in non-
polar solvents. The second step, which seems to be unimolecular,
was also shown to be concerted and apparently uncatalyzed.
Due to the small difference in the AG” between the catalyzed
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and the uncatalyzed second step, the experimental study of the
temperature dependence of the rate constants is suggested to
clarify the nature of this step. Calculated magnitudes for both cases
are provided for future comparison with experimental data. Large
pre-exponential factors and activation energies would correspond
to the uncatalyzed case. The migration step was found to be the
RDS for the studied systems, but this should not be extrapolated
to different peroxyacid—acid pairs.

The recently developed MPWBI1K functional produces ex-
cellent kinetic results for the modelling of these complex and
computationally challenging reactions. The agreement between
the calculated and experimental results is excellent, at relatively
low computational cost, for the description of two consecutive
reactions in which several kinds of bonds are simultaneously
breaking and forming. The results using this functional for
the present case are considerably more accurate than using the
more popular B3LYP functional and the more computationally
expensive MP2 method.

The use of Gibbs free energies, instead of thermally corrected
electronic energies, converted to the proper reference state with
liquid phase corrections, is of crucial importance for obtaining
reliable kinetic results. Even though this might seem obvious, it is
frequently overlooked in many theoretical studies.

The results of this work could have implications for other
reactions in non-polar solvents considered stepwise and ionic,
since, in all probability, some of them are both concerted and
neutral. Researchers should be aware of this possibility.
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The synthesis of a Ni-nitrilotriacetic acid (Ni-NTA) attached via a new tyrosine-based linker matrix on
monolithic crosslinked poly(vinyl benzyl chloride)/poly(vinylpyrrolidinone) is described. This matrix is
incorporated inside a microstructured PASSflow reactor which was used for automatic purification and
immobilisation of His,-tagged proteins. These could be used as stable and highly active biocatalysts for
the synthesis of (R)-benzoin (6), (R)-2-hydroxy-1-phenylpropan-1-one (7) and 6-O-acetyl-D-glucal (17)

in a flow-through mode.

Introduction

Continuous flow reactors using immobilised enzymes have been
widely used in industrial applications.! Commonly, enzymes are
immobilised onto a solid support by either physical adsorption,
membrane entrapment, polymeric gel entrapment or covalent
bonding. Immobilisation has been achieved on different carrier
materials such as controlled pore glass, microporous silica,
nanoporous aluminium oxide, polyaminostyrene, nylon, poly(2-
hydroxyethylmethacrylate), polyurethane, and sepharose, just to
name the most important ones.> Additionally, crosslinked enzyme
membranes have been described.> A major advantage of immo-
bilised enzymes is their insolubility, allowing easy product sepa-
ration and reuse. Often they show increased stability compared to
their homogeneous counterparts.

So far little work has been devoted to the development of an
immobilisation strategy within a continuous flow reactor system
that allows purification of the target enzymes by means of Ni-
NTA-based immobilisation as well as synthetic use of the enzyme
probe under continuous flow conditions. In order to achieve this
goal, the solid phase, the linker system, as well as the reactor, have
to be optimised to form an ideal enabling technology platform.*

In this report we disclose a microreactor concept for im-
mobilised enzymes, which is based on our recently devel-
oped PASSflow (polymer-assisted solution phase synthesis under
flow conditions) system.>® The reactor concept is based on a
pressure-resistant reactor housing filled with a porous, monolithic
glass/polymer composite material which is appropriately func-
tionalised for immobilising different chemical species. The com-
posite is set up of a continuous polymeric phase (interconnected
beads 1-10 pm) and a porous glass body (irregular microchannels;
10-100 um diameter), which leads to a forced convective flow of the
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stoffchemie (BMWZ), Leibniz Universitit Hannover, Schneiderberg 1b,
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Clausthal, Leibnizstrasse 17, D-38678, Clausthal-Zellerfeld, Germany

T Electronic supplementary information (ESI) available: IR spectra of
functionalised polymers and SDS-Page. See DOI: 10.1039/b712804¢

solution along the polymeric matrix. The reactor itself'is integrated
into an HPLC-based solvent-system, allowing automated reactor
loading, reaction control and reactor regeneration (Fig. 1).

For the present purposes we had to find the best polymeric
phase and linker system for functionalising the interior of the
reactor with Ni-NTA groups. The immobilised nitrilotriacetic acid
(NTA) is a phase suitable for metal ion affinity chromatography
(IMAC). IMAC matrices can be used for purification of His,-
tagged proteins from crude cell extracts and have served as carriers
for tagged enzymes in biocatalysis.” Besides the known lysine
linker, we planned to develop a new linker system based on
tyrosine.

Technically, we first tested the new, functionalised polymers in
form of a powder (obtained by precipitation polymerization)® and
then transferred the conditions to a monolithic glass/polymer
composite material shaped in the form of Raschig rings (Fig. 2).
Finally, we incorporated the new IMAC-phases inside a PASSflow
microreactor which contains the same composite material.

Results and discussion

Preparation and immobilisation of lysine- and tyrosine-based
Ni-NTAs on optimised polymer

First, we prepared two NTA-linker systems. While one linker is
based on an established literature procedure® using lysine, the other
NTA-linker utilises tyrosine as central linker element. Besides
optimising the linker for the chosen polymer phase, the latter
approach allows us to circumvent the current patent situation.
The preparation of both linker systems is described in Scheme 1
and Scheme 2. Thus, Cbz-protected L-lysine (1) was alkylated with
bromoacetic acid to yield the NTA functionality. Protection of the
three carboxylic acids as methyl esters was necessary to enhance
the solubility in N-methylpyrrolidinone (NMP) required for the
solid phase attachment. Finally, Cbz cleavage was accomplished
by hydrogenation using Pd/C.

Immobilisation was first addressed using poly(vinyl benzyl
chloride) (VBC) crosslinked with 5% divinyl benzene (DVB).
Amino ester 2 was reacted with Merrifield resin and sodium

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3657-3664 | 3657





.

Pump

&7
I

Microreactor

Valve

@ &

powder prepared glass / polymer glass / polymer

by precipitation monolithic composite monolithic composite

polymerisation material shaped as material inside a
Raschig ring flowthrough reactor

Fig. 2 Types of solid phases used.
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O = polymer powder, Raschig rings or PASSflow reactor

Scheme 1 Synthesis of lysine-based NTA linker on several samples of
crosslinked polymers. Reagents and conditions: a) BrCH,CO,H, NaOH,
H,O0, 40 °C, 12 h (87%); b) H,SO,, MeOH, reflux, 12 h; ¢) Pd/C, H,,
MeOH, rt, 12 h (98% for two steps); d) polymer with ArCH,CI groups,
NaOrBu, NMP, 60 °C, 72 h [64% for Merrifield resin (5% DVB) determined
by gravimetry]; ) LIOH, MeOH-H,O (1 : 1), 50 °C, 60 h; f) NiCl,, H,O,
DMSO. Cbz = benzyloxycarbonyl; NMP = N-methylpyrrolidinone.

tert-butylate in N-methylpyrrolidinone, affording resin 3. Com-
pletion of loading was judged by IR-spectroscopy. Mild ester
hydrolysis was accomplished (LiIOH, MeOH-H,O 1 : 1), yielding
resin 4.° Finally, treatment with an aqueous solution of NiCl,
yielded Ni-NTA on the polystyrene-derived matrix 5, which could
be visualized by the colour change of the polymer from light yellow
to light blue. Several experiments failed to purify or immobilise
His,-tagged proteins on this polymer, which led us to conclude
that the polarity of the polymeric phase prevented exposure of the
Ni-NTA to the aqueous phase.

In order to increase the polarity of the solid phase, we
prepared several crosslinked polymeric samples composed of

0 = crude enzyme extract
1 = washing buffer

2 = reaction buffer

3 = reactand

4 = elution buffer

0" co,Me ¢ d

—
BnO 7
6 MeO,C COzMe
0
o S
LL
OH ¢ woN=-Nie |
R o @
0 ) o \T’O
HO,C  COH o
8 9

O = polymer powder, Raschig rings or PASSflow reactor

Scheme 2 Synthesis of tyrosine-based NTA linker on crosslinked
poly(vinylpyrrolidinone)/poly(vinyl benzyl chloride) polymer. Reagents
and conditions: a) K,CO;, TBAI, BrCH,CO,Me, 3-pentanone, 108 °C
(55%); b) Pd/C, H,, MeOH, 1t (99.5%); c) polymer with ArCH,CI groups
in Passflow reactor, CsI (0.5 eq.), DMF, 60 °C, 72 h (~30% of theoretical
loading, 1.7 mmol g7'); d) LIOH, MeOH-H,O (1: 1), 50 °C, 60 h; ¢) NiCl,,
H,0, DMSO, rt, 10 min.

DVB, VBC and N-vinylpyrrolidinone (10: 70: 20 vol %)." This
resin was prepared by precipitation polymerisation in the pore
volume of highly porous glass rods or Raschig rings to yield a
polymeric matrix inside the glass pores, as well as an excess of
the corresponding polymeric powder. The rods were embedded in
a solvent- and pressure-resistant PASSflow housing.® The glass-
supported polymer was then treated with amino ester 2 under
the conditions described above, followed by ester cleavage (LiIOH,
MeOH-THF). This was followed by treatment with a solution
of Cl,SiMe, in CH,Cl, for silyl capping of silanol groups on the
glass. This step prevents non-specific binding of proteins to the
glass inside the Raschig rings and PASSflow reactor, respectively.
After Ni** complexation we accomplished the formation of a Ni-
NTA phase 5 attached to a novel monolithic, sufficiently polar
polymeric backbone.

In the same manner we prepared samples of tyrosine-based
NTA-linker 7 (prepared from O-benzyltyrosine 6 by a standard
three-step sequence). Triester 7 was attached to the crosslinked
copolymer composed of DVB, VBC and vinyl pyrrolidinone as
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described for the established linker 2 (Scheme 2). The best results
were achieved for a monomeric composition of DVB/VCB/N-
vinyl pyrrolidinone (10 : 70 : 20 vol %), leading to maximum
loading of 30% for 8 (analysed by IR and gravimetrically)."

Loading of benzaldehyde lyase (BAL) and optimisation of benzoin
reaction

Studies on the protein loading and optimisation of the reaction
conditions were first conducted with the polymer powder obtained
from the precipitation polymerisation protocol. Thus, the Ni-
NTA-functionalised polymers were employed for the stepwise
purification and immobilisation of His,-tagged proteins, and in
the following could directly be used in enzymatic transformations.
As a model enzyme we settled on recombinant benzaldehyde
lyase (BAL, EC 4.1.2.38)"" a thiamine pyrophosphate-dependent
enzyme which utilises acyl anion equivalents as intermediates.'
Both optimised Ni-NTA phases proved to be suitable for immo-
bilising Hise-tag-modified BAL from a cell lysate (from E. coli;
recombinant expressed BAL with Hiss-tag). The tyrosine-based
polymer showed improved capacities compared to the lysine-based
phase (Fig. 3). Quantification of the immobilised protein was
done with the Bradford assay’® after excessive washing (phosphate
buffer, pH 7 and imidazole buffer, 10 mM) followed by protein
elution with an imidazole buffer solution (250 mM). The purity of
the protein fractions were determined to be >98% by SDS-Page.'

z
0.75 —

0.50 d ‘/v

—

immobilised BAL [mg]
\

0.25

0.00
0 200 400 600 800

Amount of crude cell lysate [uL]

Fig. 3 Amount of immobilised BAL for different volumes of cell lysate
(solid line = lysine-linker; dashed line = tyrosine linker).

For the benzoin reaction with benzaldehyde 10, it turned out
that addition of 10% of DMSO to the reaction buffer (phosphate
buffer, pH 7)** gave best results (Scheme 3). Although BAL usually
operates best at pH 9.5, we had to lower the pH to 7 because we
encountered formation of nickel hydroxide at pH > 8.0. Under
these optimised reaction conditions the leaching of protein was
not detectable with the Bradford assay.'®

The lysine-based polymer loaded with His¢-tagged BAL rapidly
transformed 15 and 30 pL (0.15 and 0.3 mmol) of benzaldehyde
(Fig. 4), while larger amounts (100 and 200 uL) required prolonged
reaction times. At these higher concentrations partial enzyme
inhibition exerted by the product was observed. In fact, we noted
that it was difficult to completely remove the product from the
polymeric phase.

In contrast, the tyrosine-based polymer showed better proper-
ties under the standardised reaction conditions. All benzaldehyde

NTA-Ni 2* Hisg-tag BAL
o
lysine-linker O
i tyrosine-linker
2x C
phosphate buffer (pH 7), OH
DMSO (10%)
10 1"

O DVB/VBC/vinylpyrolidinone 10/70/20

Scheme 3 Optimised conditions for benzoin reaction of benzaldehyde
(10) on polymeric powder.

0.16
=) ]
g) 0.14 ASER)
g 012 \ o
— \
o 0.10 \:‘ \b/ N\
= oos \A \ »
= - S \
3 \ \ A \N 7/ .
= 0.06 r—— 3 o
S \A. .
G 004 \ s S o
=] \\ p
S 0.02 e~

~ e
0.00 o ¥y
0 50 100 150 200 250 300

reaction time [min]

Fig.4 Benzoin reaction (according to Scheme 3) with lysine-based linker
employing different amounts of benzaldehyde 10 (l = 15 uL; ¢ =30 uL;
A =100 puL; @ =200 pL); all reactions were monitored by GC.

samples (15, 30, 100 and 200 pL) were quantitatively consumed
within a reasonable time (Fig. 5). When 500 uL benzaldehyde (10)
was added the reaction did not lead to completion (only 74%)
within 300 min.

0.100

o
=)
o0
S

Ve

c[benzaldehyde] [mg/mL]
Ve

0 50 100 150 200 250 300
reaction time [min]

Fig. 5 Benzoin reaction (according to Scheme 3) with tyrosine-based
linker employing different amounts of benzaldehyde 10 (ll = 15 pL; ¢ =
30uL; A=100puL; ® =200 uL;X = 500 uL); all reactions were monitored
by GC.

The immobilized BAL could be reused without loss of activity
after washing the polymer either with MTB-ether or ethyl acetate
after each run and reactivation with phosphate buffer. In this way
four consecutive batch transformations were conducted (Fig. 6).

Benzoin reaction under continuous flow conditions

Immobilising the Hiss-tagged BAL inside a PASSflow reactor
loaded with functionalized polymer in principle allows one to

This journal is © The Royal Society of Chemistry 2007
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Fig. 6 Repeated benzoin reactions (according to Scheme 3) with ty-
rosine-based linker; all reactions were monitored by GC.

conduct the benzoin reaction in a circular mode (using the reactor
in a batch mode) or in one run in a continuous flow manner.
Attachment of the lysine- and tyrosine-based NTA-linker to the
polymeric phase (DVB/VBC/N-vinylpyrrolidinone = 10 : 70 : 20)
inside the PASSflow reactor (which contained approx. 200 mg of
polymer), silylation of the glass matrix'” and the trapping of Ni*
were carried out according to the optimised protocols described
above for the powder. The reaction mixtures were commonly
circulated at flow rates of | mL min~".

Next, we studied the cross-benzoin reaction between benzalde-
hyde 10 and acetaldehyde 12 which yielded (R)-benzoin (11)
and (R)-2-hydroxy-1-phenylpropan-1-one (13)"® in very good yield
under flow-through conditions (Scheme 4).

o e

OH
10 11 (99%)
o (o]
o Ni-BAL Me
H + 11
+ || -
7 0 aw)
13 (92%)
10 12

Scheme 4 Flow-through synthesis of (R)-benzoin (11) and (R)-2-
hydroxy-1-phenylpropan-1-one (13) with Hiss-tag BAL attached to poly-
meric phase via tyrosine-linked Ni-NTA.

In a similar manner the reactor was loaded with Hiss-tagged
BAL and the eluted protein was analysed with the Bradford assay
and SDS Page (see ESIt). When a solution of benzaldehyde (30 uL)
in phosphate buffer (5 mL) was pumped through the PASSflow
reactor (flow rate = 1 mL min~") at 37 °C, full consumption of
benzaldehyde was observed when analysing the solution that left
the reactor (Scheme 4). After extraction with ethyl acetate (R)-
benzoin (11) was isolated in 99% yield. This reaction was repeated
with the same reactor another three times, giving the same results.

Regioselective ester hydrolysis under continuous flow conditions

Esterase-catalyzed deacetylation was studied using p-nitrobenzyl
esterase from Bacillus subtilis (BsubpNBE"). This highly active

enzyme is commonly used to cleave carboxyl protecting groups
such as zerz-butyl, methyl, benzyl, allyl and chloroethyl esters.? Af-
ter immobilization of His,-tagged BsubpNBE inside the PASSflow
reactor, enzyme leaching was studied using p-nitrophenyl acetate
(14), which was readily cleaved to yield 15 (Scheme 5). After having
passed through the reactor, a sample of the reaction mixture was
analyzed by HPLC and stored at 37 °C for 1 h to eventually
allow further enzymatic reaction catalyzed by cleaved protein.
After this time, the sample was again analyzed and compared
in order to evaluate enzyme leaching. It turned out that the co-
solvent used for dissolving the reactant is crucial for binding;
DMSO leads to detectable leaching but methyl terz-butyl ether
was fully compatible, and no transfer of enzymatic activity to the
reaction medium was observed.

Next, we used tri-O-acetyl-D-glucal (16) as substrate. In so-
lution, 16 is completely deacetylated within minutes by Bsub-
pNBE. Under flow-through conditions with immobilized enzyme
this reaction is much slower. After complete consumption of 16
(60 h), 6-O-acetyl-D-glucal (17) could be isolated in good yields
along with traces of 18 (Scheme 5).

OB /——Ni-BsuprBE OH
o
O,N 0N
14

15

AcO
Ni-BsubpNBE “°
HO""

18 (12%)

Scheme 5 Flow-through acetate cleavage with Hiss-tag BsubpNBE
attached to polymeric phase via tyrosine-linked Ni-NTA.

Conclusions

In summary, we have presented a mild and rapid method for
simultaneous purification and immobilization of His,-tagged
proteins allowing facile biocatalysis in a flow-through mode. For
this purpose we optimised the solid phase as well as introduced an
improved linker system for IMAC. This microstructured reactor
system should be broadly applicable for the purification of His,-
tagged proteins as well as their synthetic use.

Experimental
General remarks

IR spectra were recorded with a Bruker Vektor 22 FT-IR
spectrophotometer (GoldenGate ATR unit). Optical rotations
were measured with a Perkin Elmer 341 polarimeter. NMR
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spectra were recorded on a Bruker ARX-400 ('H, 400 MHz;
BC, 100 MHz) spectrometer. All spectra were measured using
standard Bruker pulse sequences. Multiplicities are described
using the following abbreviations: s = singlet, d = doublet, t =
triplet, @ = quartet, m = multiplet, br = broad. ESI mass
spectra were recorded on a LCT mass spectrometer (Micromass)
with Lock-Spray dual ion source. The LCT-spectrometer was
coupled with a Waters Alliance 2695 HPLC unit. All solvents
used were of reagent grade and were further dried. Reactions
were monitored by thin layer chromatography (TLC) on silica
gel 60 F,s, (E. Merck, Darmstadt) and spots were detected either
by UV-absorption or by charring with KMnO,/NaOH in water.
Preparative column chromatography was performed on silica gel
60 (E. Merck, Darmstadt). Reagents were purified and dried by
standard techniques.

Methyl 6-amino-2-(bis(methoxycarbonylmethyl)amino)hexanoate

2

Bromoacetic acid (1.4 g, 10.0 mmol) was dissolved in NaOH
(10mL, 2 M). A solution of -N-Cbz L-lysine (981 mg, 3.50 mmol)
in NaOH (15 mL, 2 M) was added dropwise at 0 °C and stirred
for 2 h. Stirring was continued for 12 h at r.t. The mixture was
adjusted to pH 1.0 with aqueous HCI (10%). The crude product
was filtered, purified by recrystallisation in HCI at pH 1.0 and
dried under vacuum to yield bisalkylated ®-N-Cbz lysine as a
white solid (1.21 g, 3.05 mmol, 87%).

To a solution of the alkylated lysine (1.2 g, 3.03 mmol) in
MeOH (10 mL) was added H,SO, (I mL), and the mixture was
heated under reflux for 12 h. After cooling to r.t. the reaction
mixture was neutralised with saturated NaHCO; and extracted
with dichloromethane (3x). The combined organic layers were
dried (MgSO,) and concentrated under reduced pressure. Without
further purification the product was dissolved in MeOH. After
addition of Pd/C (400 mg) the mixture was stirred at r.t. under
an H, atmosphere. After 12 h the solution was filtered through a
pad of Celite™ and the filtrate was concentrated under reduced
pressure to yield the title compound 2 (903 mg, 2.97 mmol, 84%).

'H NMR (400 MHz, d,-DMSO, d;-DMSO = 2.50 ppm):
0 =3.71(d, J =53 Hz, 2 H NCHH CO,CH,), 3.69 (s, 3 H,
CO,CH,;) 3.68 (s, 6 H, NCH,CO,CH,), 3.66 (d, / = 5.3 Hz, 2 H,
NCHH'CO,CH,), 3.47 (t, J = 7.5 Hz, 1 H, H-2), 2.95-2.90 (m,
2 H, H-6), 1.65-1.47 (m, 2 H, H-3), 1.44-1.21 (m, 4 H, H-4, H-
5) ppm. *C NMR (100 MHz, d,-DMSO, d,-DMSO = 39.5 ppm):
o0 = 174.4, 173.7, 65.4, 53.5, 52.1, 52.1, 52.0, 40.7, 30.5, 28.2,
23.7 ppm. HRMS (ESI): m/z caled for C,;H,sN,Oq: 305.1115,
found: 305.1110.

Preparation of polar Merrifield Ni-NTA phase (5)

1,4-Divinylbenzene (3.41 g, 26.2 mmol), p-vinyl benzyl chlo-
ride (48.09 g, 315.1 mmol) and N-vinylpyrrolidinone (20.42 g,
183.8 mmol) were mixed and the volume was made up to
630 mL with C,-C;; n-paraffin. After dissolution of azo-
bis(isobutyronitrile) (788 mg, 4.8 mmol), porous glass rods
(5.3 mm diameter; 110 mm length) and Raschig rings (6 mm inner
diameter, 9 mm outer diameter, 9 mm length) were immersed in this
solution. To remove air bubbles from the pore volume, a vacuum
was applied for several minutes. Then, the mixture was heated to

80 °C overnight. The solidified mass was rinsed with cyclohexane
using a Soxhlet-extractor. At this point the monolithic materials
were separated from the polymer powder, which was formed as a
by-product. Typically, 200 mg of polymer could be incorporated
into one glass rod. The preparation of the casing for the glass rods
has been described elsewhere,® as well as the morphology of the
polymer phase formed by precipitation polymerisation.

IR (Golden Gate/ATR): 2919, 2324, 1681, 1487, 1445, 1421,
1265, 833,797, 708 cm™'.

Amine 2 (184 mg, 0.6 mmol) and sodium zert-butylate (73 mg,
0.74 mmol) were dissolved in N-methylpyrrolidinone (15 mL) and
pumped at 60 °C in cycles through a PASSflow reactor containing
the resin (approx. 200 mg, | mmol chloride) described above. After
12 h the reactor was washed (H,0, MeOH, CH,Cl,, MeOH, H,O,
MeOH and CH,Cl,; 10 mL each) and dried under reduced pressure
to yield resin 3. The loading was determined gravimetrically and
by IR-spectroscopy (45 mg, 0.15 mmol).

IR (Golden Gate/ATR): 2921, 1733, 1661, 1445, 1224, 1154,
1021, 797, 704 cm™".

For ester saponification, lithium hydroxide (99 mg, 4.1 mmol)
in MeOH-water (1 : 1,20 mL) was pumped through the reactor at
50 °C for 60 h, after which time the reactor was washed with
HCI (1 M), H,0, MeOH, CH,Cl,, MeOH, H,O, HCI (1 M),
H,O, MeOH, CH,Cl, (10 mL each). Loading of 4 was determined
gravimetrically and by IR spectroscopy (33 mg, 0.14 mmol).

IR (Golden Gate/ATR): 2918, 2359, 1729, 1667, 1607, 1443,
1269, 1153, 1017, 800, 707 cm™".

Treatment with dichlorodimethylsilane (10 mL, 10% in
dichloromethane, 12 h at 20 °C) followed by NiCl, (10 mL,
saturated, in water-DMSO 10 : 1) and water (10 mL) yielded
Ni-NTA PASSflow reactor 5.

(Methoxycarbonyl)methyl  2-(bis(methoxycarbonylmethyl)-L-
amino)-3-(4-hydroxyphenyl)propionate (7). A solution of O-
benzyl-L-tyrosine (2.0 g, 7.4 mmol) in 3-pentanone (15 mL)
was treated with methyl bromoacetate (8.5 g, 55.5 mmol),
K,CO; (5.5 g, 55.5 mmol) and tetra-N-butylammonium iodide
(20 mg, 54 pumol), and was stirred for 16 h at 108 °C. After
cooling the suspension to r.t., water was added until all the
K,CO; was dissolved. The aqueous layer was extracted with
ethyl acetate and the combined organic phases were dried
(MgSO,). After concentration under reduced pressure, the
crude product was purified by flash column chromatography
(petroleum ether—EtOAc 5 : 1) to yield (methoxycarbonyl)-
methyl 2-(bis(methoxycarbonylmethyl)-L-amino)-3-(4-(benzyloxy)-
phenyl)propionate (1.99 g, 4.08 mmol, 55%).

"H NMR (400 MHz, CDCl;, CHCl; = 7.26 ppm): 0 = 7.42—
7.30 (m, 5 H, OBn), 7.15 (d, J = 8.5 Hz, 2 H, H-5), 6.88
(d, J = 8.5 Hz, 2 H, H-6), 5.01 (s, 2 H, OBn), 459 (d, J =
15.8 Hz, 2 H, OCHH'CO,CH,), 4.50 (d, / = 15.8 Hz, 2 H,
OCHH'CO,CH;), 3.80 (dd, J = 8.7 and 6.3 Hz, 1 H, H-2), 3.73
(s, 4 H, NCH,CO,CHs;), 3.70 (s, 3 H, OCH,CO,CH), 3.67 (s,
6 H, NCH,CO,CH,), 3.05 (dd, J = 13.6 and 8.7 Hz, 1H, H-
3a), 3.00 (dd, J = 13.6 and 6.3 Hz, 1H, H-3b) ppm. "C NMR
(100 MHz, CDCl;, CDCl; = 77.0 ppm): 6 = 171.5, 170.8, 167.9,
137.0, 130.2, 129.4, 128.4, 127.8, 127.3, 114.6, 69.8, 66.4, 60.4,
52.5, 52.0, 51.6, 35.9 ppm. HRMS-ESI: m/z [M + H]* caled for
C,sH3NO,: 488.1921, found: 488.1925.
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Pd/C (10%, 600 mg) was added to a solution of (methoxy-
carbonyl)methyl  2-(bis(methoxycarbonylmethyl-L-amino)-3-(4-
benzyloxyphenyl)propionate (1.99 g, 4.08 mmol) in MeOH, and
the mixture was stirred at r.t. under an H, atmosphere. After 12 h
the solution was filtered through a short pad of Celite™ and the
eluant was concentrated under reduced pressure to yield the title
compound 7 (1.61 g, 4.06 mmol, 99%).

IR (Golden Gate/ATR): 2954, 1733, 1516, 1437, 1205, 1142,
1012, 829 cm™'. "H NMR (400 MHz, CDCl;, CHCI; = 7.26 ppm):
0 =707, J=285Hz2H, H-5), 673 (d, / = 85 Hz, 2 H,
H-6), 4.60 (d, / = 15.7 Hz, 2 H, OCHH'CO,CH;), 4.53 (d, J =
15.7Hz,2 H, OCHH CO,CHj3), 3.80 (dd, / = 8.6 and 6.6 Hz, | H,
H-2), 3.73 (s, 7 H, NCH,CO,CH,, OCH,CO,CH,;), 3.69 (s, 6 H,
NCH,CO,CH), 3.03 (dd, J = 13.6 and 8.6 Hz, 1H, H-3a), 2.98
(dd, J = 13.6 and 6.6 Hz, 1H, H-3b) ppm. "C NMR (100 MHz,
CDCl;, CDCly; =77.0):0 =171.8,171.1,168.1, 154.7,130.4, 128.7,
115.3,66.6,60.6,52.7,52.3,51.7,36.0 ppm. HRMS-ESIL: m/z [M +
Na]* caled for CsH»;NOyNa: 420.1271; found: 420.1271.

Preparation of a polar Merrifield Ni-NTA phase (9)

Tyrosine-based NTA-linker 7 (227 mg, 0.60 mmol) was dissolved
in anhydrous DMF (15 mL). K,CO; (166 mg, 1.2 mmol) and CsI
(130 mg, 0.5 mmol) were added and the mixture was pumped at
60 °C in a circular mode through a PASSflow reactor containing
the resin described above (approx. 200 mg; 1 mmol chloride). After
72 h the reactor was washed with H,O, MeOH, CH,Cl,, MeOH,
H,O, MeOH and CH,Cl, (10 mL each), and dried under reduced
pressure to yield resin 8. The loading was verified gravimetrically
and by IR spectroscopy (110 mg, 0.30 mmol, 30% of theoretical
binding sites).

IR (Golden Gate/ATR): 2919, 2324, 1741, 1680, 1512, 1441,
1266, 1215, 1155, 1017, 796, 709 cm ™.

For ester saponification, lithium hydroxide (99 mg, 4.1 mmol)
in MeOH-water (1 : 1, 20 mL) was pumped through the reactor at
50 °C for 60 h, after which time the reactor was washed with
HCI (1 N), H,O0, MeOH, CH,Cl,, MeOH, H,O, HCI (1 N),
H,O, MeOH, dichloromethane (10 mL each). The loading of 9
was determined gravimetrically and by IR-spectroscopy (110 mg,
0.29 mmol, 97%).

IR (Golden Gate/ATR): 2918, 2324, 1731, 1679, 1608, 1511,
1442, 1220, 1176, 1016, 797, 707 cm™".

Treatment with dichlorodimethylsilane (10 mL, 10% in
dichloromethane, 12 hat 20 °Cin cycles) followed by NiCl, (10 mL,
saturated in water—-DMSO 10 :1) and water (10 mL) yielded Ni-
NTA PASSflow reactor 9.

Synthesis of (R)-benzoin (11) using BAL on Ni-NTA resin (5)

Centrifuged lysate (250 pL, 50x concentrated) of E. coli (BAL,
EC 4.1.2.38) was diluted with one aliquot lysis buffer [sodium
phosphate (50 mM, pH 8.0), NaCl (300 mM), imidazole (10 mM),
glycerol (10%)], and 100 mg of Ni** NTA-resin 5 was added. After
one minute the resin was filtered and washed with lysis buffer (2 x
1 mL), washing buffer (4 x 1 mL) [sodium phosphate (50 mM,
pH 8.0), NaCl (300 mM), imidazole (20 mM), glycerol (10%)]
and reaction buffer (2 x 1 mL) [sodium phosphate (125 mM,
pH 7.0), MgSO, (2.5 mM), thiamine diphosphate (0.25 mM),
DMSO (25%)]. Then, benzaldehyde (15 uL to 200 puL in 5 mL

Table 1

Amount of benzaldehyde  Reaction time Isolated yield of (R)-benzoin

15 uL, 16 mg, 0.15 mmol 95 min
30 uL, 29 mg, 0.27 mmol 158 min
100 uL, 104 mg, 0.98 mmol 245 min
200 uL, 209 mg, 1.97 mmol 405 min

15 mg, 0.07 mmol, 93.0%
29 mg, 0.13 mmol, 99.9%
102 mg, 0.48 mmol, 98.0%
205 mg, 0.97 mmol, 98.0%

reaction buffer) was added. The mixture was shaken (80 rpm) at
30 °C. For kinetic analysis (Fig. 4), a sample (200 pL) was taken
every 30 min, extracted with EtOAc (200 puL) and analyzed by
GC. For measuring the overall yield of benzoin production, the
reaction was repeated under identical conditions, with the results
described in Table 1.

Synthesis of (R)-benzoin (11) using BAL on Ni-NTA resin (9)

Centrifuged lysate (250 uL, 50x concentrated) of E. coli (BAL,
EC 4.1.2.38) was diluted with one aliquot lysis buffer [sodium
phosphate (50 mM, pH 8.0), NaCl (300 mM), imidazole (10 mM),
glycerol (10%)], and 100 mg of Ni** NTA-resin 9 was added. After
one minute the resin was filtered and washed with lysis buffer (2 x
1 mL), washing buffer (4 x 1 mL) [sodium phosphate (50 mM,
pH 8.0), NaCl (300 mM), imidazole (20 mM), glycerol (10%)]
and reaction buffer (2 x 1 mL) [sodium phosphate (125 mM,
pH 7.0), MgSO, (2.5 mM), thiamine diphosphate (0.25 mM),
DMSO (25%)]. Then, benzaldehyde (15 pL to 200 pL in 5 mL
reaction buffer) was added. The mixture was shaken (80 rpm) at
30 °C. For kinetic analysis (Fig. 5), a sample (200 pL) was taken
every 30 min, extracted with EtOAc¢ (200 uL) and analyzed by
GC. For measuring the overall yield of benzoin production, the
reaction was repeated under identical conditions, with the results
described in Table 2.

Flow-through synthesis of (R)-benzoin (11)

BAL (EC 4.1.2.38)" containing cell lysate [750 uL, 25x concen-
trated in 50 mM potassium phosphate pH 8.0, E. coli SG13009
transformed with pKK233-2/BALHis, and induced with IPTG
(0.1 mmol); cell lysis by ultrasonification on ice] was centrifuged
and diluted with the same volume of lysis buffer (50 mM sodium
phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, 10%
glycerol) and pumped through the Ni**-NTA PASSflow reactor
9 at 0.5 mL min~'. The column was washed with 3 mL lysis
buffer and with 8 mL washing buffer (50 mM sodium phosphate
pH 8.0, 300 mM NaCl, 20 mM imidazole, 10% glycerol). The
reactor was equilibrated with 5 mL reaction buffer [125 mM
sodium phosphate pH 7.0, containing DMSO (25%), MgSO,
(2.5 mM) and thiamine diphosphate (0.25 mM)]. Benzaldehyde
(30 uL, 0.3 mmol) in reaction buffer (5 mL, see above) was
pumped through the reactor (37 °C, 1 mL min™') followed by

Table 2

Amount of benzaldehyde =~ Reaction time Isolated yield of (R)-benzoin

15 uL, 16 mg, 0.15 mmol 85 min 14 mg, 0.07 mmol, 93.0%
30 uL, 29 mg, 0.27 mmol 90 min 29 mg, 0.13 mmol, 99.9%
100 uL, 104 mg, 0.98 mmol 90 min 98 mg, 0.46 mmol, 94.0%

200 uL, 209 mg, 1.97 mmol 150 min
500 uL, 522 mg, 4.97 mmol 540 min

200 mg, 0.94 mmol, 96.0%
386 mg, 1.82 mmol, 74.0%
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reaction buffer (5 mL). No benzaldehyde could be detected in
the eluate. The column was washed with EtOAc (20 mL) and the
aqueous buffer was extracted with EtOAc. The combined extracts
were dried (MgSO,). After concentration under reduced pressure,
the crude product was purified by flash column chromatography
(petroleum ether-EtOAc 5 : 1) to yield the title compound 11
(31.5 mg, 0.15 mmol, 99%). The NMR data were found to be
identical with those reported in the literature.’

[a]? —141.2 (¢ 0.99 in acetone) 98% ee; R:: 0.35 (CH,CL,).
HRMS-ESI: m/z [M + Na]* calcd for C,;H,,O,Na: 235.0784,
found: 235.0779.

Flow-through synthesis of (R)-2-hydroxy-1-phenylpropan-1-one
13)

BAL (EC 4.1.2.38)" containing cell lysate [750 puL, 25x concen-
trated in 50 mM potassium phosphate pH 8.0, E. coli SG13009
transformed with pKK233-2/BALHis, and induced with IPTG
(0.1 mmol); cell lysis by ultrasonification on ice] was centrifuged
and diluted with the same volume of lysis buffer (50 mM sodium
phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, 10%
glycerol) and pumped through the Ni**-NTA PASSflow reactor
9 at 0.5 mL min~'. The column was washed with 3 mL lysis buffer
and with 8 mL washing buffer (50 mM sodium phosphate pH 8.0,
300 mM NacCl, 20 mM imidazole, 10% glycerol). The reactor
was equilibrated with 5 mL reaction buffer [125 mM sodium
phosphate pH 7.0, containing DMSO (25%), MgSO, (2.5 mM)
and thiamine diphosphate (0.25 mM)]. A mixture of benzaldehyde
(30 uL, 0.3 mmol) and acetaldehyde (85 uL, 1.5 mmol) in reaction
buffer (6 mL, see above) was pumped through the reactor in
a circular mode. After 3 h at 37 °C no benzaldehyde could be
detected in the eluate by GC, and the reaction was stopped. The
column was washed with ethyl acetate (20 mL) and the aqueous
buffer was extracted with ethyl acetate. The combined extracts
were dried (MgSO,). After concentration under reduced pressure,
the crude product was purified by flash column chromatography
(petroleum ether-EtOAc 5 : 1) to yield the title compound 13
(42 mg, 0.28 mmol, 92%). The NMR data were found to be
identical with those reported in the literature.'

Flow-through synthesis of 6-O-acetyl-p-glucal (17)

BsubpNBE (5 mg) in loading buffer (1 mL, 50 mM sodium
phosphate pH 8.0, 300 mM NaCl, 10% glycerol) was pumped
though the Ni**-NTA PASSflow reactor 9 at 0.5 mL min~'. The
column was washed with 3 mL loading buffer and 7 mL reaction
buffer (50 mM sodium phosphate pH 7.0). A solution of tri-O-
acetyl-D-glucal (16, 100 mg, 0.38 mmol) in reaction buffer (45 mL)
and MTBE (5 mL) was pumped through the reactor in a circular
mode. After 60 h at 37 °C no starting material could be detected
by TLC, and the column was washed with MTBE (20 mL). The
combined aqueous and organic extracts were dried and purified by
flash column chromatography (EtOAc) to yield the title compound
17 (57 mg, 0.30 mmol, 80%) and D-glucal 18 (7 mg 0.05 mmol,
12%).

'"H NMR (400 MHz, d,-acetone, ds-acetone = 2.05 ppm): § =
6.31 (dd, J = 6.0 and 1.5 Hz, 1 H, H-1), 4.72 (dd, J = 6.0 and
2.2 Hz, 1 H, H-2), 4.58 (br d, J = 4.4 Hz, 1 H, OH), 4.43 (dd,
J =12.0 and 2.4 Hz, 1 H, H-6a), 4.32 (dd, J = 12.0 and 5.8 Hz,

1 H, H-6b), 4.16 (br m, 1H, H-3), 3.93 (ddd, J = 10.2, 5.8 and
2.4 Hz, 1 H, H-5), 3.62 (br m, 1 H, H-4), 2.94 (s, 1 H, -OH),
2.08 (s, 3 H, OAc) ppm. "C NMR (200 MHz, d,-acetone, d-
acetone =29.8 ppm): 5 = 171.0, 143.7, 105.2,77.2,70.6, 69.9, 63.8,
20.6 ppm.
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A series of benzimidazole- and benzothiazole-quinones has been synthesized. The ability of these
heterocyclic quinones to act as substrates for recombinant human NAD(P)H:quinone oxidoreductase
(NQOIL), a two-electron reductase upregulated in tumour cells, was determined. Overall, the quinones

were excellent substrates for NQO1.

Introduction

One group of compounds that exhibit wide-ranging properties
are the quinones. Quinones, particularly the terpenoid benzo-
quinones, are widespread in nature,' and constitute a large group
of natural pigments, although surprisingly their contribution
to natural colouring is relatively small. Their major role is to
participate in important biological redox processes. For example,
the ubiquinones act as electron-transfer agents in the respiratory
chain, and pyrroloquinolinequinone (coenzyme PQQ) is a redox
co-factor. Other quinones also possess potent biological activity,
doxorubicin (adriamycin) being a front-line cancer chemotherapy
treatment. However, our own interest in quinones with anticancer
properties stems from the natural product mitomycin C 1 and
synthetic analogues (represented by the general indole-quinone
structure 2).

RS
O OCONH, (] X
HzN OMe R?
& \ R2
Me NH R6 N\
O e} R!
1 2

Quinones are readily reduced in vivo, and the bioreduction of
MMC, a key step in its activation into a DNA alkylating agent,
has been widely studied.*” Likewise, the bioreduction of a range of
synthetic indole-quinones 2 has been investigated, in particular the
generation of the cytotoxic electrophile formed upon elimination
of aleaving group X from the (indol-3-yl)methyl position following
two-electron reduction to the hydroquinone radical anion.**
Such one- or two-electron reductions would be catalyzed in
biological systems by, for example, NADPH:cytochrome ¢ (P450)
reductase’? or by NAD(P)H:quinone oxidoreductase 1 (NQOI,
DT-diaphorase) respectively.*"® To date we have focused on
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the two-electron reduction pathway involving NQO1,"*% and
have investigated a range of indole-quinone-based substrates and
inhibitors.'®#2+30 Although we have also studied the quinoline-
5,8-dione system,**? the range of heterocyclic quinones remains
rather small. Therefore in an attempt to widen the group of NQO1
substrates/inhibitors, and to probe further the active site of the
enzyme, we have explored a new series of heterocyclic quinones
based on benzimidazole and benzothiazole.*

Results and discussion
Chemistry

Both benzimidazole-4,7-diones 3 and benzothiazole-4,7-diones 4
have been described previously, and reported to have a range
of biological properties. The benzimidazole-quinones are better
known, and pyrrolo[l,2-a]benzimidazoles such as 5 have been
extensively investigated by Skibo and co-workers as analogues
of MMC.** Benzimidazole-quinone phosphorodiamidates 3
(R! = Me, R? = CH,OP(NH,)N(CH,CH,Cl),, R® = R® = H)
have also been studied as potential prodrugs for bioreductive
activation,* whilst quinones 3 (R' = R® = H, R? = Et, R’ =
NHCH,CH,NMe,) have been reported as inhibitors of the
phosphatase CDC25C.*” Related benzothiazole-quinones 4 (R? =
Me, R’ = NHCH,CH,NMe,, R® = H) also inhibit the same
phosphatase,*” and 5- and 6-arylamino derivatives 4 (R? = Me,
R’ = NHAr, R® = H) and 4 (R*> = Me, R° = H, R® = NHAr)
are reported to inhibit cyclin-dependent kinase 4 and possess
antifungal activity respectively.*®** However, the most widely stud-
ied benzothiazole-quinone is 5-undecyl-6-hydroxybenzothiazole-
4,7-dione (UHDBT) 6, an analogue of ubiquinone that inhibits
electron transport by binding to cytochrome bc, .44

In order to make meaningful comparisons with the more
widely studied indole-quinones, we initially elected to investi-
gate relatively simple 5-methoxybenzimidazole-quinones. Thus
the known 4-methoxy-N-methyl-2-nitroaniline 8* was reduced
to the corresponding o-phenylenediamine derivative, which was
immediately converted into benzimidazole 9 by reaction with
glycolic acid. In order to effect the desired nitration reaction,
prior acetylation of the primary alcohol proved necessary, and
thereafter nitration in nitric/sulfuric acids gave a mixture of 4- and
6-nitro compounds (2 : 1), from which the desired 4-nitro isomer
could be isolated in 36% yield. The acetyl group is lost during
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the reaction. Following reduction of the nitro group, the quinone
11 was obtained by oxidation of the aniline 10 with Fremy’s salt
(potassium nitrosodisulfonate) (Scheme 1).
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NHR Zre ©
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49% 9
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Scheme 1 Synthesis of 5-methoxybenzimidazolequinones.

The isomeric series of 6-methoxybenzimidazoles was also
explored starting from the known 5-methoxy-N-methyl-2-
nitroaniline 12.#* As before, reduction of the nitro group was
followed by condensation with glycolic acid to give the 2-hydroxy-
methyl benzimidazole 13. Again, acetylation of the primary
alcohol prior to nitration proved necessary, and the desired 7-
nitro compound was obtained in 31% yield after separation from
the 5-nitro isomer. Reduction gave the 7-aminobenzimidazole
14. Fremy’s salt oxidation delivered the desired benzimidazole-
quinone 15 in good yield, and in anticipation of such quinones
bearing leaving groups being inhibitors of NQOI1 (g.v.), this was
subsequently converted into the acetate 16 and 4-nitrophenyl
derivative 17 by standard methodology (Scheme 2).

For comparison purposes, the 2-unsubstituted benzimidazole-
quinone 20 was also prepared. Heating the o-phenylenediamine
derived by reduction of 12 with formic acid gave the known
benzimidazole 18.* Nitration gave a mixture of 7- and S-nitro
compounds (ca. 5 : 3) in good yield, with the desired 7-
nitrobenzimidazole 19 being isolated in 55% yield. Finally, re-
duction of the nitro group and oxidation of the aniline gave the
desired quinone 20 (Scheme 2).

The synthesis of the benzothiazole-quinones started with com-
mercially available 5-methoxy-2-methylbenzothiazole 21. Oxida-
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Scheme 2 Synthesis of 6-methoxybenzimidazolequinones.

tion of the methyl group with selenium dioxide in dioxan gave the
known aldehyde 22,% nitration of which gave a 6 : 1 mixture of
4- and 6-nitro compounds, with the desired 4-nitro compound 23
isolated in 53% yield after chromatography. Sequential reduction
of the aldehyde with sodium borohydride, and of the nitro
group with tin in hydrochloric acid, was followed by oxidation
to the benzothiazole-quinone 25 with Fremy’s salt (Scheme 3).
The 2-methylbenzothiazole-quinone 27 was also prepared for
comparison purposes: nitration of 21 gave the 4-nitro compound
26, which was reduced and then oxidized to the quinone 27
(Scheme 3).

Electrochemical experiments were performed on benzimi-
dazole- and benzothiazole-quinones 11 and 25 in DMF as
solvent with tetra-n-butylammonium tetrafluoroborate as sup-
porting electrolyte as previously described.’® The E... values,
with reference to ferrocene (Fc) are shown in Fig. 1; values for the
closely related indole-quinones 28 and 29 are also shown. The data
show that whilst the benzimidazole-quinone has a similar redox
potential to the indole-quinones previously studied (E,.q, vs. Fc
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Scheme 3  Synthesis of benzothiazolequinones.

in the range —1.20 to —1.40 V), the benzothiazole-quinone is
considerably easier to reduce.

Enzyme studies

We next examined the ability of the new quinones to act as
substrates for NQOI. In our earlier studies on indole-quinone
metabolism by recombinant human NQOI1, we used an HPLC
system that is capable of quantifying both NADH oxidation
and quinone reduction.’®"® To simplify comparisons with these
earlier compounds, we have also used this method for some of
the quinones in the present study. Quinone reduction is reversible
due to redox cycling of the hydroquinone, so results (Table 1)

MeO. N MeO.
) S— \>
N OH
Me S OH
(0] (0]
1 25
Eregox=—1.23V Erogox = —0.99 V
0 OH 0 o
MeQ MeQ
N\ e \
N N OH
Me Me
(0] (0]
28 29
Eregox=—1.28V Eroqox=—1.44V
Fig. 1 FE,.. values (vs. Fc) for benzimidazole- and benzothia-

zole-quinones 11 and 25 compared to related indole-quinones 28 and
29.1624

are reported as pmol NADH oxidized min~' mg~' NQOI. This
HPLC method gives average rates of reduction over a 30—
40 minute period. An alternative spectrophotometric method
for determining quinone metabolism uses cytochrome ¢ as the
terminal electron acceptor and gives initial rates of reduction.*
All the quinones in the present study were assayed by this method
(Table 1). This assay generally gives higher reduction rates than the
HPLC method, but the relative order of metabolism is essentially
the same with the two methods.

The enzyme data show that the new quinones are excellent sub-
strates for hNQO1, with some of them approaching the reduction
rate observed for menadione (1225 £ 15 pmol min~' mg™'), a
simple naphthoquinone that has been used to measure activity
of the enzyme. Reduction rates for the benzimidazole- and
benzothiazole-quinones were similar (Table 1), but all of the
new quinones were much better substrates for NQOI than the
indole-quinones from our previous work.'*"®?* Indole-quinones
28 and 29, two of the better indole-quinone substrates possessing
hydroxymethyl groups, are included in Table 1 for comparison.
Previously, the quinoline-quinones had given the highest reduction

Table 1 Metabolism of quinones by recombinant human NQO1
R3
Rs N MeO N MeO
\>_R2 \>~R2 \ R2
Ro N s N
Me Me
A Cc
Ring Cpd R? R’ R® R¢ NQOL (av.)*/umol min~' mg™! NQOI (init.)*/pmol min~' mg™!
A 11 CH,OH — MeO H 435463 679 £ 53
A 15 CH,0OH — H MeO nd® 784 + 134
A 16 CH,0Ac — H MeO nd 712 £ 103
A 17 CH,OAr¢ — H MeO nd 687 £ 104
A 20 H — H MeO nd 576 + 39
B 25 CH,OH — — — 38.3£8.0 702 £ 50
B 27 Me — — — 49.7+4.0 776 + 114
C 28 Me CH,OH — — 1.25 £ 0.03¢ nd
C 29 CH,OH Me — — 2.49 £ 1.27¢ nd

“The abbreviations ‘av.” and ‘init.” refer to average and initial rates of metabolism as measured by the HPLC and spectrophotometric assays respectively.

®nd = not determined. ¢ Ar = 4-nitrophenyl. ¢ Ref. 16. ¢ Ref. 24.
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rates by NQO1,**? but the benzimidazole- and benzothiazole-
quinones were generally better substrates. The new quinones
also appeared to be much better substrates for NQOI than the
benzimidazole-quinones of Skibo** and Borch,* an observation
based on comparisons of reduction rates for the experimental
quinones to menadione.

Previous studies have demonstrated that indole-quinones
bearing good leaving groups at the (indol-3-yl)methyl posi-
tion are poor substrates for the two-electron reducing enzyme
NQOI1."*" In fact the indole-quinone with a 4-nitrophenoxy
group at the (indol-3-yl)methyl position, ie. 5-methoxy-1,2-
dimethyl-3-(4-nitrophenoxy)methylindole-4,7-dione (ES936), and
its 6-methoxy analogue, are potent mechanism-based inhibitors
of the enzyme?° Therefore it was of interest to examine
benzimidazole-quinones containing potential leaving groups such
as acetate or 4-nitrophenoxide. However, as can be seen from
Table 1, the quinones 16 and 17 bearing such leaving groups are
good substrates for the enzyme. In a separate experiment, it was
established that 17 caused no inhibition of NQOI1 up to 5 uM.*
Thisisin contrast to indole-quinones such as ES936 that are potent
mechanism-based inhibitors.

The results presented here complement our previous work on
bioreductive activation of indole-quinone antitumour agents by
NQOI. Novel heterocyclic quinones have been synthesized, char-
acterized and studied biologically as substrates for recombinant
human NQOI. These data add to our understanding of the
structural requirements for efficient metabolism by the quinone
reductase enzyme.

Experimental
Chemistry

For general details see the Electronic

Informationt.

Supplementary

5-Methoxy-1-methylbenzimidazole-2-methanol 9

To a suspension of 4-methoxy-/N-methyl-2-nitroaniline 8 (5.00 g,
27.5 mmol) in ethanol (460 ml) were added tin powder (14.80 g,
123.6 g-atom) and hydrochloric acid (3 M; 185 ml). The mixture
was heated under reflux for 30 min. Upon cooling, the solution
was decanted from the excess of tin and neutralized with satu-
rated aqueous sodium hydrogen carbonate. The precipitate was
extracted with dichloromethane (4 x 300 ml), filtered through
a pad of Celite and MgSO,, and evaporated under reduced
pressure to yield the 1,2-diamine, which was used in the next
step with no further purification. The 1,2-diamine was dissolved
in hydrochloric acid (4 M; 43 ml), and glycolic acid (8.34 g,
109.7 mmol) was added to the reaction mixture, which was stirred
under reflux for 4 h. After cooling, the mixture was basified
with sodium hydrogen carbonate to pH = 6.5. The mixture
was extracted with dichloromethane and the combined organic
layers dried over MgSQO,, filtered and the filtrate evaporated under
reduced pressure to yield the title compound (2.60 g, 49%) as a
beige crystalline solid, recrystallized from ethyl acetate—pentane;
mp 193-195 °C (lit.,* mp 191 °C); (Found: C, 62.2; H, 6.3; N, 14.5.
C,0H;.N,O, requires C, 62.5; H, 6.3; N, 14.6%); oy (300 MHz;
CDCl) 7.15 (1 H, d, J 8.8, H-7), 7.14 (1 H, d, J 2.2, H-4), 6.90

(1 H, dd, J 8.8, 2.2, H-6), 4.84 2 H, s, CH.,), 3.84 (3 H, s, OMe),
3.79 (3 H, bs, NMe); 6 (100 MHz; CDCL) 156.2 (C), 153.9 (C),
142.2 (C), 130.4 (C), 113.0 (CH), 109.7 (CH), 101.4 (CH), 56.7
(CH,), 55.8 (Me), 29.9 (Me).

2-Acetoxymethyl-5-methoxy-1-methylbenzimidazole

5-Methoxy-1-methylbenzimidazole-2-methanol 9  (1.31 g,
6.85 mmol), dry pyridine (818 ul, 10.28 mmol), DMAP (1 mg)
and acetic anhydride (917 pl, 10.28 mmol) were dissolved in dry
dichloromethane and stirred under reflux for 2 h. The reaction
mixture was evaporated and the crude material obtained was
purified by chromatography, eluting with methanol-ethyl acetate
(1:19), to yield the title compound (1.40 g, 87%) as a white-beige
crystalline solid, recrystallized from ethyl acetate-pentane; mp
121-122 °C; (Found: C, 61.4; H, 6.0; N, 11.9. C,,H,,N,O; requires
C, 61.5; H, 6.0; N, 12.0%); (Found: M*, 234.1008. C,,H;;N,O;
requires 234.1004); v, (KBr)/cm™' 2938, 2838, 1742, 1493, 1371,
1239, 1212, 1149, 1028; oy (300 MHz; CDCl;) 7.25 (1 H, d, J 2.4,
H-4), 7.23 (1 H, d, J 8.8, H-7), 6.98 (1 H, dd, J 8.8, 2.4, H-6),
5.35 (2 H, s, CH,), 3.85 (3 H, s, OMe), 3.80 (3 H, s, NMe), 2.13
(3 H, s, Me); dc (75 MHz; CDCl,) 170.5 (C), 156.6 (C), 148.7 (O),
143.4 (C), 131.0 (C), 113.9 (CH), 110.1 (CH), 102.2 (CH), 58.4
(Me), 56.0 (CH,), 30.4 (Me), 20.9 (Me); m/z (EI) 234 (M*, 30%),
191 (100), 175 (40), 161 (20), 147 (18).

5-Methoxy-1-methyl-4-nitrobenzimidazole-2-methanol

To a solution of nitric acid—sulfuric acid (9 : 1; 6 ml), cooled
in a salt and ice bath, was added 2-acetoxymethyl-5-methoxy-
I-methylbenzimidazole (616 mg, 2.63 mmol) portionwise. The
mixture was stirred at room temperature overnight. The mixture
was basified with saturated aqueous sodium hydrogen carbonate,
extracted with dichloromethane, dried over MgSQ,, and evapo-
rated. The crude product, which consisted of a 1 : 2 mixture of the
4-nitro and the 6-nitro products, was purified by chromatography,
eluting with methanol-ethyl acetate (1 : 19), to yield the title
compound (223 mg; 36%) as a light yellow crystalline solid,
recrystallized from dichloromethane—pentane; mp 194-197 °C;
(Found: C, 50.3; H, 4.5; N, 17.5. C,,H;;N;0O, requires C, 50.6;
H, 4.7; N, 17.7%); (Found: M*, 237.0790. C,,H,;N;O, requires
237.0790); Vo (KBr)/cm™' 3199, 2951, 2927, 2848, 1625, 1584,
1522, 1488, 1341, 1278, 1219, 1093, 1049; 5, (300 MHz; CDCl;)
743 (1 H,d, J9.1, ArH), 7.04 (1 H, d, J 9.1, ArH), 493 (2 H, s,
CH,), 3.97 (3 H, s, NMe), 3.87 (3 H, s, OMe); . (75 MHz; CDCl,)
157.4(C), 146.4 (C), 134.7 (C), 131.9 (C), 113.8 (CH), 108.7 (CH),
57.5 (CH,), 56.3 (Me), 30.4 (Me); one ArC unobserved; m/z (EI)
237 (M*, 10%), 205 (50), 190 (100), 162 (15), 134 (15).

4-Amino-5-methoxy-1-methylbenzimidazole-2-methanol 10

To a mixture of S5-methoxy-1-methyl-4-nitrobenzimidazole-2-
methanol (220 mg, 0.93 mmol) in ethanol (20 ml) was added
tin powder (271 mg, 4.18 g-atom) and hydrochloric acid (3 M;
7.0 ml). The reaction mixture was stirred under reflux for 1 h.
After cooling, the mixture was decanted from the excess of
tin, neutralized to pH = 9 with a saturated sodium hydrogen
carbonate, extracted with dichloromethane, dried over MgSO,,
filtered and evaporated under reduced pressure to yield the
title compound (110 mg, 57%) as a colourless crystalline solid,
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recrystallized from dichloromethane-pentane; mp 175-178 °C;
(Found: C, 57.6; H, 6.4; N, 20.4. C,,H;N;0, requires C, 58.0;
H, 6.3; N, 20.3%); (Found: M*, 207.1014. C,;H,5N;0, requires
207.1008); vypa (KBr)/cm™' 3458, 3350, 3108, 2931, 2835, 1617,
1510, 1483, 1341, 1272, 1195, 1176, 1068, 1033; 5, (300 MHz;
CDCl) 6.89 (1 H, d, J 8.6, ArH), 6.57 (1 H, d, J 8.6, ArH), 4.82
(2H,s,CH,),4.50 (2 H, br, NH,), 3.87 (3 H, s, NMe), 3.72 (3 H, s,
OMe); dc (100 MHz; CDCl;) 152.7 (C), 141.5(C), 131.9 (C), 130.6
(0), 127.8 (C), 110.1 (CH), 96.8 (CH), 57.6 (Me), 56.5 (CH,), 29.8
(Me); m/z (EI) 207 (M*, 9%), 190 (9), 175 (40), 155 (10), 149 (20),
97 (28), 85 (50), 71 (70), 57 (100).

2-Hydroxymethyl-5-methoxy-1-methylbenzimidazole-4,7-dione 11

To a solution of 4-amino-5-methoxy-1-methylbenzimidazole-2-
methanol 10 (60 mg, 0.29 mmol) in acetone (18 ml) was added
a solution of potassium nitrosodisulfonate (317 mg, 1.16 mmol) in
sodium dihydrogen phosphate buffer (0.3 M; 15 ml). The mixture
was stirred at room temperature for 1 h, and then evaporated. The
residue was extracted with dichloromethane and the combined
organic layers dried over MgSQO,, filtered and evaporated under
reduced pressure to yield the title compound (39 mg, 66%) as a
yellow crystalline solid; mp 210-212 °C; (Found: MH*, 223.0724.
C,0H;)N,O, + H requires 223.0719); A... (acetonitrile)/nm 272
(loge 3.98), 290 (3.96), 401 (2.80); vpuy (KBr)/cm™' 3319, 2924,
2852,1695,1654, 1588, 1526, 1316, 1244, 1116, 1091;, (300 MHz;
CDCl;) 5.74 (1 H, s, 6-H), 4.82 (2 H, s, CH,), 4.01 (3 H, s, NMe),
3.86 (3 H, s, OMe); d- (100 MHz; CDCl;) 179.3 (C), 179.0 (O),
174.0 (C), 160.0 (C), 150.9 (C), 140.9 (C), 108.1 (CH), 62.6 (CH,),
57.0 (2 x Me); m/z (CI) 223 (MH*, 100%), 207 (35), 193 (10).

6-Methoxy-1-methylbenzimidazole-2-methanol 13

To a solution of 2-amino-5-methoxy-N-methylaniline (4.98 g,
32.76 mmol) in hydrochloric acid (4 M; 40 ml) was added glycolic
acid (8.60 g, 113.82 mmol). The reaction mixture was heated under
reflux for 4 h. After cooling, the reaction mixture was basified with
a saturated aqueous solution of sodium hydrogen carbonate to
pH 6.5. The reaction mixture was extracted into dichloromethane
(3 x 50 ml), and the combined organic layers dried (MgSO,),
filtered and the solvent removed in vacuo. The crude product
obtained was purified by chromatography, gradient elution with
methanol-dichloromethane (1-5%), to give the title compound
(5.01 g, 80%) as an orange crystalline solid; mp 159-162 °C (from
chloroform-hexane); (Found: MH*, 193.0973. C,,H,N,O, + H
requires 193.0977); v,,., (KBr)/cm™' 3370, 3145, 3001, 2935, 2848,
2059, 1885, 1634, 1593, 1491, 1475, 1460, 1429, 1342, 1209, 1040;
oy (300 MHz; CDCly) 7.52 (1 H, d, J 8.8, 4-H), 6.85 (1 H, dd, J
8.8,2.3,5-H), 6.64 (1 H,d, J2.3,7-H),4.83 (2 H, s, CH,OH), 3.85
(3H,s, OMe), 3.76 (3 H, s, NMe); o (75 MHz; CDCl;) 157.1 (C),
153.3(C), 136.8(C), 136.1 (C), 120.0 (CH), 112.0 (CH), 93.1 (CH),
57.4 (CH,), 56.2 (Me), 30.3 (Me); m/z (CI) 193 (MH*, 100%), 177
(38), 191 (22), 175 (16).

2-Acetoxymethyl-6-methoxy-1-methylbenzimidazole

6-Methoxy-1-methylbenzimidazole-2-methanol 13 (491 g,
25.57 mmol), dry pyridine (3.1 ml), a catalytic amount of DMAP
(200 mg) and acetic anhydride (3.62 ml, 38.36 mmol) were
dissolved in dry dichloromethane and the mixture heated under

reflux for 4 h. The reaction mixture was concentrated in vacuo,
washed with CuSQ, solution, extracted into dichloromethane (2 x
100 ml), dried (MgSO,), filtered and the solvent removed in vacuo.
The crude product obtained was purified by chromatography,
gradient elution with methanol-dichloromethane (1-5%), to give
the title compound (5.24 g, 87%) as a beige crystalline solid;
mp 113-115 °C (from ethyl acetate); (Found: MH*, 235.1078.
C,H ;N,O; + H requires 235.1082); v, (KBr)/cm™ 3012,
2996, 2970, 2935, 1737, 1619, 1481, 1250, 1224, 1214, 1019; oy
(300 MHz; CDCL;) 7.65 (1 H, d, J 8.8, 4-H), 6.93 (1 H, dd, J 8.8,
2.2, 5-H), 6.79 (1 H, d, J 2.2, 7-H), 5.35 (2 H, s, CH,OH), 3.89
(3 H, s, OMe), 3.78 (3 H, s, NMe), 2.14 (3 H, s, Me); d¢ (75 MHz;
CDCl;) 170.8 (C), 157.6 (C), 147.9 (C), 137.1 (C), 137.1 (C), 121.2
(CH), 112.4 (CH), 93.2 (CH), 58.7 (CH,), 56.3 (Me), 30.5 (Me),
21.1 (Me); m/z (CT) 235 (MH*, 100%), 175 (77).

6-Methoxy-1-methyl-7-nitrobenzimidazole-2-methanol

A mixture of nitric acid and sulfuric acids (9 : 1; 47 ml) was
cooled in an ice bath and added slowly to 2-acetoxymethyl-6-
methoxy-1-methylbenzimidazole (4.2 g, 17.95 mmol) cooled in
an ice bath. This was stirred for 10 min at —5 °C and then at
room temperature for 18 h. The reaction mixture was basified
with a saturated aqueous solution of potassium carbonate to pH 9,
stirred for 30 min, and extracted into dichloromethane (4 x 50 ml),
dried (MgSO,), filtered and the solvent removed in vacuo. The
crude product, a 1 : 1.6 mixture of 5- and 7-nitro isomers, was
purified by chromatography, eluting with ethyl acetate, to give
the title compound (1.32 g, 31%) as a yellow crystalline solid; mp
207.5-209.5 °C (from ethyl acetate); (Found: C, 50.3; H, 4.4; N,
17.9. C,,H;;N;O, requires C, 50.6; H, 4.7; N, 17.7%); (Found: M*,
237.0740. C,,H,;N;0, requires 237.0750); v,.x (KBr)/cm™' 3132,
1636, 1583, 1521, 1472, 1393, 1334, 1315, 1228, 1244, 1166, 1121,
1076; 6y (300 MHz; DMSO-d) 7.83 (1 H,d, J 8.9, ArH), 7.20 (1 H,
d, J 8.9, ArH), 5.71 (1 H, t, J 5.8, CH,OH), 4.70 2 H, d, J 5.8,
CH,0H), 3.93 (3 H, s, OMe), 3.63 (3 H, s, NMe); Jc (75 MHz;
DMSO-d) 155.9 (C), 147.4 (C), 137.9 (C), 126.6 (C), 125.5 (O),
122.7 (CH), 107.5 (CH), 57.3 (Me), 56.1 (CH,), 30.8 (Me); m/z
(EI) 237 (M*, 100%), 161 (61), 160 (20), 131 (45), 104 (20).

7-Amino-6-methoxy-1-methylbenzimidazole-2-methanol 14

To a solution of 6-methoxy-1-methyl-7-nitrobenzimidazole-2-
methanol (1.50 g, 6.33 mmol) in ethanol (95 ml) was added
palladium-on-carbon (10%; 270 mg). The mixture was stirred
under a hydrogen atmosphere for 18 h. The reaction mixture
was filtered through Celite and the solvent removed in vacuo to
give the title compound (1.08 g, 72%) as a colourless crystalline
solid; mp 208.5-210.5 °C (from methanol-pentane); (Found: C,
57.9; H, 6.5; N, 20.5. C,H;N;0, requires C, 58.0; H, 6.3; N,
20.3%); (Found: M*, 207.1009. C,,H;N;0, requires 207.1008);
vmx (KBr)/cm™' 3402, 3309, 3221, 2930, 2839, 2719, 1623, 1508,
1487, 1476, 1451, 1400, 1231, 1217, 1195, 1029; J, (400 MHz;
DMSO-d) 6.87-6.81 (2 H, m, ArH), 5.48 (1 H, t, J 5.7, CH,OH),
4.61-4.58 (4 H, m, CH,OH + NH,), 4.03 (3 H, s, OMe), 3.78
(3H, s, NMe); d. (100 MHz; DMSO-d) 153.3(C), 142.4(C), 138.3
(C), 126.0 (C), 123.0 (C), 108.6 (CH), 107.7 (CH), 57.2 (Me), 56.3
(CH,), 31.9 (Me); m/z (EI) 207 (M*, 40%), 192 (100), 162 (35).

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3665-3673 | 3669





2-Hydroxymethyl-6-methoxy-1-methylbenzimidazole-4,7-dione 15

To a solution of 7-amino-6-methoxy-1-methylbenzimidazole-2-
methanol 14 (470 mg, 2.27 mmol) in acetone (140 ml) was added
a solution of potassium nitrosodisulfonate (2.44 g, 9.08 mmol)
in sodium dihydrogen phosphate buffer (0.3 M; 108 ml). The
reaction mixture was stirred at room temperature for 2 h. The
acetone was removed in vacuo and the resulting residue extracted
into dichloromethane (2 x 100 ml), washed with water (2 x
50 ml), dried (MgSO0,), filtered and the solvent removed in vacuo
to yield an imine intermediate as a yellow solid. This imine
intermediate was then stirred in a mixture of acetone (10 ml) and
hydrochloric acid (2 M; 10 ml)) for 1 h. The acetone was removed
in vacuo, and the reaction mixture basified with a saturated
aqueous solution of sodium hydrogen carbonate to pH 7, extracted
into dichloromethane (3 x 50 ml), dried (MgSO,) and filtered.
The crude product was purified by chromatography, eluting with
methanol-ethyl acetate (1 : 9), to give the title compound (0.35 g,
69%) as a yellow crystalline solid; mp 223-226 °C (decomp.) (from
methanol); (Found: C, 53.7; H, 4.2; N, 12.3. C,,H (N, O, requires
C,54.1; H,4.5; N, 12.6%); (Found: MH*, 223.0710. C,,H,,N,O, +
H requires 223.0719); 1. (acetonitrile)/nm 222 (loge 4.26), 286
(4.20), 391 (2.49); v, (KBr)/cm™' 3445, 3292, 3061, 2945, 2361,
1681, 1659, 1593, 1539, 1508, 1479, 1407, 1384, 1332, 1262, 1193,
1175; oy (300 MHz; DMSO-d) 6.91 (1 H, s, 5-H), 5.68 (1 H, t, J
5.8, CH,0OH), 4.61, (2 H, d, J 5.8, CH,0OH), 3.90 (3 H, s, OMe),
3.80 (3 H, s, NMe); o (100 MHz; DMSO-d) 181.3 (C), 172.5 (C),
159.8 (C), 155.1 (C), 141.3 (C), 130.4 (C), 106.7 (CH), 57.3 (CH,),
55.9 (Me), 32.7 (Me); m/z (CI) 223 (MH*, 100%).

2-Acetoxymethyl-6-methoxy-1-methylbenzimidazole-4,7-dione 16

To a stirred solution of 2-hydroxymethyl-6-methoxy-1-methyl-
benzimidazole-4,7-dione 15 (50 mg, 0.225 mmol) in
dichloromethane (5 ml) and acetone (1 ml) containing DMAP
(2.75 mg, 0.025 mmol)) was added acetic anhydride (0.11 ml,
1.13 mmol). The solution was stirred at room temperature for
5 min. The solvent was removed in vacuo and the crude product
was dissolved in ethyl acetate (50 ml), washed with a saturated
aqueous solution of sodium hydrogen carbonate (20 ml), dried
(MgS0,), filtered and the filtrate evaporated. The residue was
purified by chromatography, eluting with ethyl acetate-light
petroleum (4 : 1), to give the title compound (58 mg, 97%) as a
bright yellow crystalline solid; mp 172-173 °C (from ethyl acetate—
hexane); (Found: M*, 264.0735. C,H,N,Os requires 264.0746);
Amax (@cetonitrile)/nm 223 (loge 4.31), 286 (4.23), 391 (2.52); Viay
(KBr)/cm™" 1756, 1747, 1677, 1661, 1594, 1529, 1514, 1225, 1215,
1189, 1172, 1045, 1028; 6, (300 MHz; CDCl;) 5.85 (1 H, s, 5-H),
5.26 (2 H, s, CH,0Ac), 4.00 (3 H, s, OMe), 3.87 (3 H, s, NMe),
2.13 (3 H, s, Me); dc (100 MHz; CDCl;) 180.5 (C), 172.6 (C), 170.1
(C), 159.4 (C), 149.8 (C), 142.2 (C), 129.8 (C), 106.6 (CH), 57.0
(CH,), 56.9 (Me), 32.7 (Me), 20.6 (Me); m/z (EI) 264 (M*, 100%).

6-Methoxy-1-methyl-2-(4-nitrophenoxymethyl)benzimidazole-4,7-
dione 17

To a stirred solution of 2-hydroxymethyl-6-methoxy-1-methyl-
benzimidazole-4,7-dione 15 (50 mg, 0.23 mmol) in dichloro-
methane (5 ml) at 0 °C was added dropwise thionyl chloride
(0.82 ml, 11.26 mmol). The reaction mixture was stirred at room

temperature for 18 h. The solvent was removed in vacuo and the
crude product was used directly in the next step without further
purification.

The crude 3-chloromethyl-6-methoxy-1methylbenzimidazole-
4,7-dione, 4-nitrophenol (125 mg, 0.90 mmol) and potassium
carbonate (156 mg, 1.13 mmol) were stirred in DMF (5 ml) for
18 h. The solvent was removed in vacuo and the crude product
was dissolved in dichloromethane (50 ml), washed with water
(2 x 20 ml), dried (MgSO,), filtered and the solvent removed
in vacuo. The crude product was purified by chromatography,
gradient elution with ethyl acetate-light petroleum (50-75%),
to give the title compound (45 mg, 58%) as a bright yellow
crystalline solid; mp 245.5-246.5 °C (from ethyl acetate—hexane);
(Found: MH*, 344.0869. C,sH5;N;O, + H requires 344.0883); A
(acetonitrile)/nm 224 (loge 4.38), 290 (4.33); V. (neat)/cm™
1780, 1664, 1594, 1508, 1496, 1348, 1337, 1251, 1113, 1017; oy
(400 MHz; CDCl;) 8.21 (2 H, d, J 9.2, ArH), 7.16 2 H, d, J 9.2,
ArH), 5.86 (1 H, s, 5-H), 5.40 (2 H, s, CH,0Ar), 4.09 (3 H, s,
OMe), 3.86 (3 H, s, NMe); o (100 MHz; CDCl;) 180.4 (C), 172.5
(O), 162.0 (C), 159.4 (C), 149.1 (C), 142.5 (C), 141.8 (C), 130.2
(C), 125.6 (CH), 114.9 (CH), 106.7 (CH), 62.3 (CH,), 56.8 (Me),
32.8 (Me); m/z (ES) 344 (MH", 100%), 366 (M + Na, 29).

6-Methoxy-1-methylbenzimidazole 18

To a solution of 2-amino-5-methoxy-N-methylaniline (2.38 g,
15.6 mmol) in hydrochloric acid (4 M; 22 ml) was added formic
acid (2.36 ml, 62.6 mmol). The reaction mixture was heated under
reflux for 4 h. After cooling, the reaction mixture was basified with
a saturated aqueous solution of sodium hydrogen carbonate to
pH 6.5. The reaction mixture was extracted into dichloromethane
(3 x 50 ml) and the combined organic layer dried (MgSO,), filtered
and the solvent removed in vacuo. The crude product obtained
was purified by chromatography, gradient elution with methanol—
ethyl acetate (1-10%), to give the title compound (1.52 g, 60%) as
an orange crystalline solid; mp 66-67 °C (lit.,* mp 67-68 °C); o,
(300 MHz; CDCl;) 7.71 (1 H, s, 2-H), 7.61 (1 H, d, J 8.8, 4-H),
6.86 (1 H,dd, J8.8,2.3,5-H),6.76 (1 H,d, J 2.3,7-H), 3.82 (3 H, s,
OMe), 3.74 (3H, s, NMe); o (75 MHz; CDCl;) 157.3 (C), 143.1
(C), 138.5(C), 135.5(C), 121.1 (CH), 111.9 (CH), 93.1 (CH), 56.3
(Me), 31.4 (Me).

6-Methoxy-1-methyl-7-nitrobenzimidazole 19

A mixture of nitric and sulfuric acids (9 : 1; 11.9 ml) was
cooled in an ice bath and added slowly to 6-methoxy-1-
methylbenzimidazole 18 (1.25 g, 7.72 mmol) cooled in an ice
bath. The mixture was stirred for 10 min at —5 °C and then at
room temperature for 16 h. The reaction mixture was basified
with a saturated aqueous solution of potassium carbonate and
extracted into dichloromethane (3 x 100 ml), dried (MgSO,),
filtered and the solvent removed in vacuo. The crude product,
composed of a 1 : 1.3 mixture of the 5-and 7-nitro isomers, was
purified by chromatography, gradient elution with methanol-ethyl
acetate (0-5%), to give (i) the title compound (0.87 g, 55%) as
a yellow crystalline solid; mp 123-125 °C (from ethyl acetate);
(Found: MH*, 208.0725. CoHyN;O; + H requires 208.0722); v,
(KBr)/cm™" 3436, 3095, 2946, 1636, 1526, 1462, 1372, 1265, 1079,
1058; 0y (300 MHz; CDCl,) 7.87 (1 H, d, J 9.0, ArH), 7.81 (1 H, s,
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2-H), 7.03 (1 H, d, J 9.0, ArH), 3.99 (3 H, s, OMe), 3.76 (3 H, s,
NMe);dc (75 MHz; CDCl;) 149.1 (C), 146.1 (CH), 140.6 (C), 126.8
(0), 126.7 (C), 124.2 (CH), 108.2 (CH), 57.9 (Me), 33.1 (Me); m/z
(CI) 208 (MH*, 100%), 178 (28), and (ii) 6-methoxy-1-methyl-5-
nitrobenzimidazole (0.50 g, 31%) as a bright yellow solid; mp 157
159 °C (from ethyl acetate); oy (300 MHz; CDClL;) 8.33 (1 H, s,
ArH), 7.91 (1 H, s, 2-H), 6.93 (1 H, s, ArH), 4.02 (3 H, s, OMe),
3.87 (3 H, s, NMe).

7-Amino-6-methoxy-1-methylbenzimidazole

To a solution of 6-methoxy-1-methyl-7-nitrobenzimidazole 19
(460 mg, 3.22 mmol) in ethanol (25 ml) was added palladium-on-
carbon (10%; 50 mg). The mixture was stirred under a hydrogen
atmosphere for 25 h. The reaction mixture was filtered through
Celite and the solvent removed in vacuo to yield the title compound
(393 mg, 100%) as a brown crystalline solid; mp 162-164 °C
(from ethanol); (Found: MH*, 178.0980. CyH,;N;O + H requires
178.0980); vy, (KBr)/cm™" 3414, 3297, 3197, 2953, 1625, 1508,
1466, 1421, 1328, 1264, 1234, 1200, 1062, 1042; é, (300 MHz;
DMSO-d) 8.01 (1 H, s, 2-H), 7.06 (1 H, d, J 8.7, ArH), 7.02 (1 H,
d, J 8.7, ArH), 4.77 (2 H, bs, NH,), 4.20 (3 H, s, OMe), 3.95
(3 H, s, NMe); o (75 MHz; CDCl;) 144.5 (CH), 144.1 (C), 140.8
(0), 125.6 (C), 122.0 (C), 110.9 (CH), 109.2 (CH), 57.7 (Me), 33.8
(Me); m/z (CI) 178 (MH*, 100%).

6-Methoxy-1-methylbenzimidazole-4,7-dione 20

To a solution of 7-amino-6-methoxy-1-methylbenzimidazole
(328 mg, 1.77 mmol) in acetone (90 ml) was added a solution
of potassium nitrosodisulfonate (1.99 g, 7.41 mmol) in sodium
dihydrogen phosphate buffer (0.3 M; 72 ml). The reaction mixture
was stirred at room temperature for 2 h. The excess acetone
was removed in vacuo and the resulting residue extracted into
dichloromethane (2 x 100 ml), washed with water (2 x 50 ml),
dried (MgSO,), filtered and the solvent removed in vacuo to yield
an imine intermediate as a yellow solid. This imine intermediate
was then stirred in a mixture of acetone (20 ml) and hydrochloric
acid (2 M; 20 ml)) for 1 h. The acetone was removed in vacuo
and the reaction mixture basified with a saturated aqueous
solution of sodium hydrogen carbonate to pH 7, extracted into
dichloromethane (6 x 50 ml), dried (MgSO,) and filtered. The
solvent was removed in vacuo to yield the title compound (240 mg,
67%) as a yellow crystalline solid; mp 225-228 °C (decomp.) (from
methanol); (Found: C, 55.9; H, 3.9; N, 14.6. C;H;N,O; requires C,
56.3; H,4.2; N, 14.6%); (Found: M*, 192.0533. CyHgN,O; requires
192.0535); Ana (acetonitrile)/nm 218 (loge 3.98), 285 (3.97), 368
(2.19); Vo (KBr)/em™" 3436, 3097, 3076, 2924, 1654, 1588, 1526,
1455, 1423, 1322, 1249, 1211, 1189, 1164, 1031; J (400 MHz;
CDCl;) 7.70 (1 H, s, 5-H), 5.82 (1 H, s, 2-H), 3.99 (3 H, s, OMe),
3.85 (3 H, s, NMe); d. (100 MHz; CDCl;) 180.6 (C), 172.7 (C),
159.3(C), 144.3 (CH), 143.6 (C), 129.1 (C), 106.9 (CH), 56.8 (Me),
33.8 (Me); m/z (EI) 192 (M*, 100%), 164 (54).

5-Methoxybenzothiazole-2-carboxaldehyde 22

5-Methoxy-2-methylbenzothiazole 21 (5.00 g, 27.93 mmol) was
added at once to a solution of selenium dioxide (4.00 g,
36.04 mmol) in dioxan (10 ml) and water (I ml) heated to
55-60 °C. The reaction mixture was stirred and heated under

reflux for 2 h. The reaction mixture was filtered through Celite
and evaporated. The crude product obtained was purified by
chromatography, eluting with dichloromethane, to yield the title
compound (2.72 g, 50%) as a yellow crystalline solid, recrystallized
from dichloromethane—pentane; mp 114-115 °C (lit.,* mp 100-
101 °C); (Found: C, 55.7; H, 3.5; N, 7.0. C;H,;NO,S requires C,
55.9; H, 3.6; N, 7.2%); oy (300 MHz; CDCl;) 10.24 (1 H, s, CHO),
7.86 (1 H,d, J 8.9, 7-H), 7.65 (1 H, d, J 2.5, 4-H), 7.24 (1 H, dd,
J 8.9,2.5,6-H), 3.93 (3 H, s, OMe); o (100 MHz; CDCl;) 185.4
(CH), 166.2 (C), 159.8 (C), 155.0 (C), 128.7 (C), 122.9 (CH), 120.0
(CH), 106.4 (CH), 55.7 (Me).

5-Methoxy-4-nitrobenzothiazole-2-carboxaldehyde 23

5-Methoxybenzothiazole-2-carboxaldehyde 22 (220 g,
11.34 mmol) was added to a solution of nitric acid (22 ml)
and sulfuric acid (3.3 ml) at —10 °C. The reaction mixture was
stirred at room temperature overnight, followed by addition of
ice and neutralization of the acid with a saturated solution of
sodium hydrogen carbonate. The mixture was extracted with
dichloromethane, dried over MgSO,, filtered and evaporated
under reduced pressure. NMR of the crude product showed a 6 :
1 mixture of the 4- and 6-nitro derivatives. The crude product was
purified by flash chromatography, eluting with dichloromethane,
to yield the title compound (1.45 g, 53%) as a light yellow solid; mp
188-190 °C; (Found: MH*, 239.0132. C,H,N,O,S + H requires
239.0127); vpae (KBr)/cm™' 3437, 2937, 2879, 1686, 1605, 1521,
1475, 1371, 1282, 1205, 1128, 1094; 6, (400 MHz; CDCl;) 10.14
(1H,s CHO),8.08(1 H,d,J9.1, ArH), 7.42 (1 H,d, J 9.1, ArH),
4.06 (3 H, s, OMe); o (100 MHz; CDCl;) 184.9 (CH), 169.0 (C),
150.6 (C), 146.3 (C), 129.3 (C), 125.3 (CH), 115.0 (CH), 57.5
(Me); one ArC unobserved; m/z (CI) 239 (MH*, 5%), 227 (5),
208 (5), 202 (5), 186 (5), 153 (5), 144 (5), 61 (100).

5-Methoxy-4-nitrobenzothiazole-2-methanol 24

Sodium borohydride (64 mg, 1.68 mmol) was added at once to a
solution of 5-methoxy-4-nitrobenzothiazole-2-carboxaldehyde 23
(100 mg, 0.42 mmol) in dry methanol (10 ml) cooled to 0 °C. The
reaction mixture was stirred at room temperature for 2 h. The
reaction mixture was evaporated and the crude product obtained
was purified by flash chromatography, eluting with ethyl acetate—
dichloromethane (1 : 1), to yield the title compound (90 mg, 90%)
as an orange solid; mp 150-152 °C; (Found: MH*, 241.0280.
CyHgN,O,S + H requires 241.0283); v,,.. (KBr)/cm™" 3356, 2940,
2839, 1613, 1537, 1521, 1476, 1420, 1376, 1292, 1232, 1180, 1132,
1096, 1064, 1040; 0, (300 MHz; CDCl;) 7.93 (1 H, d, J 8.9, ArH),
7.18 (1 H, d, J 8.9, ArH), 5.09 (2 H, s, CH,OH), 4.00 (3 H, s,
OMe), 2.85 (1 H, bs, OH); 6 (100 MHz; CDCl;) 178.1 (C), 149.9
(0), 145.8 (C), 134.0 (C), 128.1 (C), 124.3 (CH), 110.9 (CH), 62.9
(CH,), 57.3 (Me); m/z (CI) 241 (MH*, 80%), 239 (MH", 100), 223
(35), 209 (50), 193 (10).

2-Hydroxymethyl-5-methoxybenzothiazole-4,7-dione 25

To a suspension of 5-methoxy-4-nitrobenzothiazole-2-methanol
24 (454 mg, 1.81 mmol) in ethanol (31 ml) was added tin powder
(272 mg, 7.57 g-atom) and hydrochloric acid (3 M; 13 ml).
The mixture was stirred and heated under reflux for 1 h. Upon
cooling, the reaction mixture was decanted from the excess of
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tin and neutralized with a saturated aqueous solution of sodium
hydrogen carbonate. The suspension obtained was added to an
equal volume of water. The precipitate and aqueous layer were
filtered through Celite and extracted with dichloromethane. The
combined organic layer was dried over MgSO, and evaporated
under reduced pressure to yield the amino derivative as a yellow
solid, which was used in the next step with no further purification.

To a solution of the above amino derivative in acetone (110 ml)
was added a solution of potassium nitrosodisulfonate (1.97 g,
7.22 mmol) in sodium dihydrogen phosphate buffer (0.3 M; 88 ml).
The reaction was stirred at room temperature for 1 h. The excess
acetone was removed in vacuo. The resulting residue was extracted
with dichloromethane and the combined organic layers evaporated
off. The residue obtained was stirred at room temperature in a
1 : 1 mixture of 2 M hydrochloric acid and acetone (220 ml) for
1 h. The acetone was removed in vacuo and the residue extracted
with dichloromethane. The organic layer was washed with water,
dried over MgSO,, filtered and evaporated under reduced pressure.
The crude material was purified by chromatography, eluting with
ethyl acetate-light petroleum (1 : 1), to yield the title compound
(288 mg, 71%) as a yellow crystalline solid; mp 193-194 °C;
(Found: MH*, 226.0173. C,H,NO,S + H requires 226.0174); 4.
(acetonitrile)/nm 203 (log ¢ 3.88), 232 (3.97), 280(3.91), 383 (2.78);
Vmax (KBr)/cm™ 3248, 1691, 1641, 1595, 1524, 1474, 1444, 1315,
1248, 1114, 1064; oy (300 MHz; CDCl;) 6.05 (1 H, s, 6-H), 5.06
(2 H, s, CH,0H), 3.92 (3 H, s, OMe), 2.65 (1 H, bs, OH); J.
(100 MHz; CDCl;) 182.0 (C), 180.9 (C), 174.7 (C), 161.7 (C),
152.5(C), 140.4 (C), 108.8 (CH), 63.0 (CH,), 57.8 (Me); m/z (CI)
226 (MH*, 100%), 208 (30).

5-Methoxy-2-methyl-4-nitrobenzothiazole 26

5-Methoxy-2-methylbenzothiazole 21 (4.95 g, 27.65 mmol) was
added to a solution of nitric acid (12.5 ml) at —10 °C. The
reaction mixture was stirred at room temperature overnight,
followed by addition of ice (50 g) and neutralization of the
acid with a saturated solution of sodium hydrogen carbonate.
The mixture was extracted with dichloromethane, the combined
extracts dried over MgSQ,, filtered and the filtrate evaporated
under reduced pressure. The NMR of the crude product showed a
51 2 mixture of the 4- and 6-nitro derivatives. The crude product
was purified by chromatography, eluting with dichloromethane, to
yield the title compound (3.74 g, 60%) as a light yellow crystalline
solid, recrystallized from dichloromethane-pentane; mp 153-
155 °C (lit.,*® mp 144-145 °C); (Found: C, 47.9; H, 3.4; N, 12.4.
CyHgN,O;S requires C, 48.2; H, 3.6; N, 12.5%); dy (300 MHz;
CDCly) 7.84 (1 H, d, J 8.9, ArH), 7.13 (1 H, d, J 8.9, ArH), 3.99
(3 H, s, OMe), 2.85 (3 H, s, Me); o (75 MHz; CDCl;) 172.4 (C),
149.7 (C), 145.9 (C), 134.0 (C), 129.0 (C), 123.7 (CH), 110.5 (CH),
57.2 (Me), 20.6 (Me).

4-Amino-5-methoxy-2-methylbenzothiazole

To a suspension of 5-methoxy-2-methyl-4-nitrobenzothiazole 26
(2.00 g, 8.93 mmol) in ethanol (148 ml) was added tin powder
(1.07 g, 35.71 g-atom) and hydrochloric acid (3 M; 64 ml). The
mixture was stirred and heated under reflux for 1 h. Upon cooling,
the reaction mixture was decanted from the excess of tin and
neutralized with a saturated aqueous solution of sodium hydrogen

carbonate. The suspension obtained was added to an equal volume
of water. The precipitate and aqueous layer were filtered through
Celite and extracted with dichloromethane. The organic layer
was dried over Na,SO, and evaporated under reduced pressure.
The crude product was purified by chromatography, eluting with
dichloromethane, to yield the title compound (1.72 g, 100%) as
a light yellow solid; mp 122-124 °C (lit.,*® mp 118-119 °C); oy
(300 MHz; CDCl;) 7.08 (1 H, d, J 8.6, ArH), 6.92 (1 H, d, J 8.6,
ArH), 4.40 (2 H, bs, NH,), 3.90 (3 H, s, OMe), 2.77 (3 H, s, Me);
dc (75 MHz; CDCl;) 165.4 (C), 144.1 (C), 142.3 (C), 130.1 (C),
128.7 (C), 110.1 (CH), 108.6 (CH), 56.6 (Me), 20.1 (Me)

5-Methoxy-2-methylbenzothiazole-4,7-dione 27

To a solution of 4-amino-5-methoxy-2-methylbenzothiazole
(500 mg, 2.58 mmol) in acetone (138 ml) was added a solution of
potassium nitrosodisulfonate (2.76 g, 10.31 mmol) in sodium dihy-
drogen phosphate buffer (0.3 M; 69 ml). The reaction was stirred
at room temperature for 1 h. The excess acetone was removed
in vacuo, the resulting residue extracted with dichloromethane
and the combined organic layers evaporated off. The residue
obtained was stirred at room temperature in a 1 : 1 mixture of
2 M hydrochloric acid and acetone (280 ml) for 1 h. The acetone
was removed in vacuo and the resulting residue was extracted with
dichloromethane. The organic layer was washed with water, dried
over MgSO,, filtered and evaporated under reduced pressure. The
crude material was purified by flash chromatography, eluting with
ethyl acetate-light petroleum (1 : 1), to yield the title compound
(436 mg, 81%) as a yellow crystalline solid, recrystallized from
dichloromethane—pentane; mp 255 °C (decomp.) (lit.,** mp 248—
249 °C); (Found: C, 51.7; H, 3.1; N, 6.6. C,H,NO;S requires C,
51.7; H, 3.4; N, 6.7%); Ama (acetonitrile)/nm 228 (loge 3.96), 268
(3.91), 292 (3.86), 388 (2.94); Ve (KBr)/cm™" 3425, 3041, 2991,
2944, 2848, 1690, 1640, 1598, 1501, 1471, 1440, 1324, 1251, 1101;
Jn (300 MHz; CDCl;) 6.02 (1 H, s, 6-H), 3.91 (3 H, s, OMe), 2.85
(3H, s, Me); dc (100 MHz; CDCl;) 179.4 (C), 173.8 (C), 172.9 (O),
160.0 (C), 150.9 (C), 141.1 (C), 107.9 (C), 57.0 (Me), 20.1 (Me);
m/z (CI) 210 (MH*, 100%), 180 (2).

Electrochemistry

Electrochemical studies were performed on representative quin-
ones in DMF as solvent with tetra-n-butylammonium tetraflu-
oroborate as supporting electrolyte as previously described.'®
E.iox (£0.005 V) values, referenced to ferrocene and calculated
as (E, + E,)/2, are averages of the values determined from
voltammograms recorded at potential sweep rates of 50, 100, 200,
300, 400 and 500 mV s~!. E,., cathodic peak potential; E,,, anodic
peak potential.

peo pas

Biology

HPLC analysis. Reduction of the quinones was followed by
HPLC using an Alltech C18 (5 um, 250 mm x 4.6 mm) column
with a Waters HPLC system (2487 Dual /. Absorbance detector,
two 515 HPLC pumps, 717plus Autosampler, Millennium32
Chromatography Manager). The solvent program used a linear
gradient of 5% to 80% B over 10 min, 80% B for 5 min, then
80% B to 5% B over 5 min (solution A, 10 mM potassium
phosphate buffer, pH 6.0; solution B, methanol). Reactions were
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run in 25 mM Tris-HCI (pH 7.4) containing 200 uM NADH
(Sigma), 50 uM quinone, and recombinant human NQO1 (gift
from David Ross, University of Colorado Health Sciences Center,
Denver, CO). NADH oxidation was quantified at 340 nm following
30-40 min incubations at 22 °C.

Spectrophotometric method. Quinone reduction by recombi-
nant human NQOI1 was also quantified using a modification
of an assay that uses cytochrome c¢ as the terminal electron
acceptor.’” Reaction mixtures contained 1 mM NADH (Sigma),
25 uM quinone, 70 uM cytochrome ¢ (Sigma) and 0.1-3.0 pg ml™'
rhNQO1 in 25 mM Tris-HCI1 (pH 7.4) with 0.07% BSA and
0.1% Tween-20. Reactions were run at least in triplicate at 22 °C
in a Beckman DU 7500 spectrophotometer at 550 nm (molar
absorptivity 21.1 mM~' cm™' for cytochrome ¢). Initial reduction
rates (umol cytochrome ¢ reduced min™' mg' NQOI) were
calculated from the linear portion (0-30 s) of the reaction curves.
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A deep cavitand catalyzes Diels—Alder reactions of bound maleimides via activation of the dienophile by
interaction with the organized hydrogen bonding network at the cavitand rim. Rapid in—out exchange
of reactant and product allows efficient turnover. The increase in steric bulk of the reaction product
lessens its binding affinity, reducing (and in some cases completely eliminating) product inhibition.

Introduction

Selective binding of a substrate, followed by activation of that
species for reaction and subsequent product release from the active
site are the core features of catalysis, enzymatic or otherwise.'
Enzymes have exquisite selectivities for transition states, but
this property is difficult to attain in most synthetic mimics*
and product inhibition,* particularly for condensation reactions,
thwarts catalysis. Building steric hindrance into products can
facilitate displacement by reactants and stimulate turnover. This
tactic has led to acceleration* of cycloadditions in nonhydroxylic
media using capsules. Even catalysis was recently observed using
a bowl-shaped, metal-ligand receptor in water by Fujita et al.’
Here we report the application of this method of reducing product
inhibition to cavitands in organic solvents.

Cavitands such as 1 are vase-like structures capable of binding
neutral and cationic guests that fill the appropriate amount of its
space.® The base of the cavitand presents an electron-rich 7 surface
to guests. At the rim, eight secondary amides stabilize the vase-like
conformation shown and also provide a polar environment and
organized H-bonding sites for guests. The amides can rotate to
present hydrogen bond donors and acceptors to guests held within.
For example, this region of organized solvation can stabilize the
buildup of positive charge during quaternization of bound amine
nucleophiles,” or stabilize the negative charge in the formation of
Meisenheimer complexes.® Earlier results with stoichiometric re-
actions led us to the possibility of catalyzing Diels—Alder reactions.
Many cycloadditions of electron deficient olefins and anthracenes
occur under mild conditions and are performed in the absence
of catalyst at room temperature or below. Simple hydrophobic
association can increase effective concentrations in water and has
produced accelerations and catalysis.>® Lewis acid catalysis is well-
known to accelerate the Diels—Alder reaction, but Brensted acids
have also been used as catalysts especially in recent times.'® Suitably
reactive dienophiles include N-alkylmaleimides: a number of these
show strong binding affinity (10*-10* M', see Table 1) for cavitand
1 in mesitylene-d,,. This solvent fits awkwardly into the cavitand
and does not compete well with intended guests.'' As shown in
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Fig. 1, molecular modeling indicates that medium-sized cyclic
alkyl groups such as adamantanes position the reactive maleimide
for its carbonyl groups to make good contacts with the organized
H-bonding network at the cavitand rim. The maleimides’ double
bonds remain exposed above the receptor for reaction. The in—
out exchange rate for species of this type is on the order of 2 s7',
far faster than the cycloaddition rate.® The rapid exchange of
product and reactant positions the receptor to act as a catalyst,
not just a promoter of the reaction. In addition, cycloaddition
to this olefin would increase the steric bulk of the product with
respect to reactant, lowering its binding affinity and reducing
product inhibition. The proposed reaction mechanism is shown
in Fig. 2.

HN
H
O::(N
Me

o

MeAN
H

HN

1:R = CyiHy
Fig. 1 The deep cavitand used as catalyst; minimized representation of

the complex of 1 and adamantyl maleimide 4, illustrating the proximity of
the maleimide to the organized solvation of the amide rim.

_//_\\_NHC02010H21

3

Fig. 2 Reaction mechanism.
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Table 1 Kinetic analysis of the Diels—Alder cycloaddition catalyzed by cavitand 1

[e) OH
4mM1
R‘N / e —_—
mesitylene-d2,
0o 23°C
4-8, 20 mM 2,20 mM
Substrate K/M™! Kunew/ 107> M™" min™! kew/107> M~ min™! Kace/ Kuncat
o] 4 80 7.6 260 34
Q@
0]
(e} 5 120 27 775 29
O
0 6 >10* 17 980 57
Q“M
(0]
O 7 >10* 3.3 140 43
Lot
o}
(o] 8 >10* 22 100 4
{ }Q;j

Results and discussion

A suitable diene for this system is 9-anthracenemethanol 2; it
shows reactivity at room temperature with the chosen maleimides
in hydrocarbon solvents. More appropriately, 2 shows no affinity
for the cavitand. We examined the reaction of 2 with maleimides
4-8 in the presence and absence of catalytic amounts of cavitand
1 (Table 1). The reactions were monitored by 'H NMR to
determine the kinetic data; products 9-13 were also independently
synthesized and compared to the species formed during the
reaction. Experimental data were fitted to kinetics simulations of
the activated reaction using KinTekSim."? In order to determine
the rate enhancement gained upon binding, regression analysis
was used to determine k.., the rate constant for the cycloaddition
of the maleimide with diene while bound inside the cavitand,
independent of K, (see Supplementary Information for tabulated
kinetics datat). The ratio of k,. with k. (rate constant for the
cycloaddition in the absence of cavitand) provides a measure of
the activation provided by the fixation of the dienophile in an
environment of organized H-bond donors.

Table 1 reveals the effects of imide positioning. Maleimides
4-7 have binding “handles” of the correct size to position
the maleimide at the cavitand rim. Kinetic analysis shows rate

accelerations in the range of >20-fold. The N-cyclooctylmaleimide
6 proved to be both the best guest for the cavitand, with a binding
constant >10* M™' (the detection limit of the NMR spectrometer)
and the best reactant, showing a 57-fold acceleration upon
binding. In addition, no product inhibition was observed: product
11 showed no affinity for the cavitand. The ferz-octylmaleimide 7
showed similar characteristics to 6, with no product inhibition.
The adamantyl derivatives 4 and 5 were poorer guests, with
binding constants of 80 and 120 M~ respectively, most likely
due to steric clashes with the maleimide and the octamide rim.
In the case of 5, the cycloadduct also showed millimolar binding
efficiency, and so product inhibition was observed.

Figs. 3 and 4 show the most instructive regions of the 'H NMR
spectra. Fig. 3 shows the buildup of cycloadduct 9 from reaction
of adamantylmaleimide 4 (H,/H,’ 4.7, 4.9) with no replacement
of the bound maleimide (0 —1.0-—2.0). Two triplets for cavitand
methine H, are seen as maleimide 4 does not completely occupy
the cavitand at 20 mM—the second triplet corresponds to free
cavitand (presumably solvated by mesitylene-d,,). Fig. 4 shows
the analogous spectra for the reaction of 5 over time. Here, a
new set of bound product peaks slowly grow in (denoted by * in
Fig. 4), indicating that the effect of moving the reactive site further
away from the cavitand is to lessen the steric hindrance between

3632 | Org. Biomol. Chem., 2007, 5, 3631-3636

This journal is © The Royal Society of Chemistry 2007





4 mM 1
rnesatylene—d12
nc [N

i 6'_0 ) "5.-5 5.0 45 B -1.0 ;o 15 2.0 pE)r‘?

Fig. 3 '"H NMR spectra of cycloaddition of maleimide 4 and diene 2
(mesitylene-d|,, 20 mM, 4 mM cavitand 1) at time intervals a) 20 min,
b) 1400 min, c¢) 2800 min, d) 8500 min, ¢) 13400 min showing the buildup
of product, and illustrating the lack of product inhibition. Red label =
bound species; black label = unbound species.
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Fig. 4 '"H NMR spectra of cycloaddition of maleimide 5 and diene 2
(mesitylene-d|,, 20 mM, 4 mM cavitand 1) at time intervals a) 70 min,
b) 1400 min, ¢) 1800 min, d) 3000 min and ¢) 4 mM cavitand 1 + 10 mM
cycloadduct 10. The binding of product in this case is labelled with *. Red
label = bound species; black label = unbound species.

cavitand and product. Fig. 4¢ shows the spectrum of cavitand 1
with cycloadduct 10 alone, for comparison.

Reaction of 8 was performed as a control—the 4-
cyclohexylphenyl binding handle is so large that it positions the
maleimide away from the amide network, minimizing H-bond
contacts. As expected, the cavitand had only a small effect on
the reaction, and the product displayed similar binding efficiency
towards 1 to that of reactant, resulting in significant product
inhibition and poor turnover. Product 13 is, from the point of
view of the cavitand, sterically identical to reactant 8, as they have
the same binding handle and the bulky cycloadduct is distant. The
binding affinity of 13 for the cavitand was essentially the same as
that of 8.

To determine that the acceleration is provided by the
supramolecular association of maleimide and 1 rather than
random intermolecular H-bond contacts, the cycloaddition of 2
and 3 was performed in the presence of 8 equivalents of acetanilide
as an intermolecular cavitand mimic. In this case the rate of
reaction was slower (2.7 x 10° M~ min™') than the control
reaction in the absence of cavitand, showing that the catalysis
is indeed a supramolecular effect. In addition, the reaction of
4 with 2 was performed in benzene solvent in the presence of
catalytic amounts of cavitand. Benzene is a competitive guest
for the cavitand and 4 shows no binding affinity for cavitand 1
in benzene solvent. In this case, the second order rate constant
of cycloaddition £ = 8.0 x 107> M~! min~!, essentially identical
to that of the control reaction in the absence of cavitand. The
intermolecular H-bonding provided to the system by cavitand in
the absence of binding has no effect on reaction, as one might
expect at the low concentrations used. Other dienes were also
tested for reaction. Anthracenes lacking a hydroxyl group did not
show reactivity for 4 with or without 1, whereas cyclopentadiene
and 1,3-cyclohexadiene were competitive guests for 1. For reaction
of diene 3 with maleimide 4, k,../kuw = 7. Unfortunately, the
smaller diene was not able to confer significant extra steric bulk to
the product and inhibition was extensive.

An explanation for the lack of reactivity in the presence of
acetanilide can be postulated, based on these results and the
inactivity of non-hydroxylic anthracenes (Fig. 5). It has been pre-
viously shown for the Diels—Alder reaction of N-methylmaleimide
and anthracenemethanol in water and other polar solvents that an
H-bonding interaction occurs between the two reactants.” This in-
teraction gathers the two reactants, accelerating the cycloaddition.
In a non-polar solvent such as mesitylene, the affinity of the two
polar groups for each other is high, resulting in a measurable effect.
When a protic molecule such as acetanilide is added in excess,
solvation of the H-bonding groups occurs, causing a disruption
of the desired interaction and a slowing of the cycloaddition rate.
The hydrogen bonding to the cavitand is sufficiently strong to
overcome this disruption and activate the dienophile for reaction.

a) b) ox(’

|
z; N &

b o g /'Lo

Fig. 5 Effect of non-supramolecular intermolecular hydrogen bonding
on the cycloaddition process.
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Conclusions

Cavitand 1 is capable of binding species bearing aliphatic binding
handles and reactive maleimide groups, then activating them to-
wards Diels—Alder reaction with suitable dienes through hydrogen
bonding. The region of secondary amides is permanently located
at the cavitand rim, and only simple rotations are needed to bring
these hydrogen bonds to bear on the reactants held temporarily
inside. These amides are not the conventional complements
to imides but they are there in number and cannot diffuse
away." On cycloaddition the increase in steric bulk lowers the
binding affinity of product with respect to reactant and reduces
product inhibition, in some cases completely. Further studies on
supramolecular effects on reaction promotion and catalysis are
currently underway.

Experimental

'H and “C NMR spectra were recorded on an Avance Bruker
DRX-600 spectrometer with a 5 mm QNP probe. Proton (‘H)
chemical shifts are reported in parts per million (6) with respect
to tetramethylsilane (TMS, ¢ = 0), and referenced internally with
respect to the monoprotio solvent impurity. Deuterated NMR
solvents were obtained from Cambridge Isotope Laboratories,
Inc., Andover, MA, and used without further purification. ESI-
HRMS data were recorded on an Agilent Electrospray TOF
Mass Spectrometer. Melting points were recorded on a Thomas-
Hoover capillary melting point apparatus. Maleimides 4-7,
cavitand 1% and trans-2,4-hexadienoic acid's were synthesized
according to published procedures. 9-Anthracenemethanol 2,
acetanilide and synthesis precursors were obtained from Sigma-
Aldrich Chemical Company, St. Louis, MO and used as received.
4-Cyclohexylaniline was obtained from Alfa Aesar, Ward Hill,
MA. Molecular modeling (molecular mechanics calculations) was
carried out using the AMBER force field'® with the solvation
(dielectric) setting for water as implemented by Macromodel
(Schrodinger, Inc.) on a Silicon Graphics Octane workstation.

N-(4-Cyclohexylphenyl)-maleimide 8

Maleic anhydride (150 mg, 1.25 mmol) was added to a 50 mL
round-bottomed flask equipped with a magnetic stirbar followed
by anhydrous ether (10 mL). 4-Cyclohexylaniline (200 mg,
1.14 mmol) was added dropwise via syringe and the mixture stirred
for 3 h, yielding a yellow precipitate of N-(4-cyclohexyl)-maleamic
acid, which was isolated by suction filtration and used in the next
step without further purification. N-(4-Cyclohexyl)-maleamic acid
(250 mg, 0.91 mmol) was added to a 10 mL round-bottomed
flask equipped with a magnetic stirbar and condenser. Acetic
anhydride (2.5 mL) and sodium acetate (2.22 mmol, 224 mg, 449
uL) were added and the mixture was heated at 100 °C for 6 h,
then cooled to room temperature. Ether (50 mL) and saturated
aqueous ammonium chloride (20 mL) were added, and the mixture
transferred to a separatory funnel. The layers were separated,
and the aqueous layer extracted with ether (3 x 10 mL). The
organic fractions were combined and washed with saturated brine
(20 mL) and water (20 mL), dried (MgSO,), filtered and the solvent
removed by rotary evaporation. Column chromatography (SiO,;
hexanes—ether 9 : 1) gave N-(4-cyclohexylphenyl)-maleamide 8

(232 mg, 91%) as a yellow powder. '"H NMR (600 MHz, C,Dy)
0 1.05-1.15 (m, 1H); 1.17-1.30 (m, 5H); 1.55-1.76 (m, 4H); 2.31
(tt, J = 11.4, 3.0 Hz, 1H); 5.73 (s, 2H); 7.08 (d, J = 8.4 Hz,
2H); 7.34 (d, J = 8.4 Hz, 2H); “C NMR (150 MHz, C,Dy) ¢
26.3; 27.1; 34.6; 44.4; 126.0; 128.3; 130.0; 133.1; 147.4; 169.2;
ESI-HRMS m/z: caled for C,¢H;NO, (M + H*) 256.1332; found
256.1337.

Decyl (1E,3E)-penta-1,3-dienylcarbamate 3

A 250 mL three-necked flask equipped with a thermometer,
magnetic stirrer and dropping funnel was placed under an
argon atmosphere and charged with frans-2,4-hexadienoic acid
(5.00 g, 44.6 mmol), N,N'-diisopropylethylamine (7.15 g, 9.63 mL,
55.3 mmol), and acetone (50 mL), then cooled to 0 °C. A solution
of methyl chloroformate (4.21 g, 3.43 mL, 44.6 mmol) in acetone
(30 mL) was added over 30 min, keeping the temperature at
0 °C. The solution was stirred for 30 min at 0 °C, followed by
addition of sodium azide (89.2 mmol, 5.80 g) in water (30 mL).
After 15 min additional stirring, the mixture was poured into
ice water (200 mL). The product was extracted with toluene
(5 x 50 mL), dried (MgSO,) and the solvent removed by rotary
evaporation until ~30 mL solvent remains. This solution of acyl
azide was added over 30 min to a stirred solution of 1-decanol
(35.7 mmol, 5.65 g, 6.80 mL) and rert-butyl catechol (25 mg) in
dry toluene (100 mL) at reflux. After 30 min reflux, the solution was
cooled to 23 °C and the solvent removed by rotary evaporation.
The product was rapidly recrystallized from ethyl acetate to give
carbamate 3 as a white solid (7.2 g, 60%), which was immediately
placed under an argon atmosphere and stored in the dark at —5°C.
"H NMR (600 MHz, C,Ds;CDs) 0 0.91 (t, J = 7.2 Hz, 3H); 1.14—
1.30 (m, 15H); 1.41-1.48 (m, 2H); 1.61 (d, J = 6.6 Hz, 3H); 3.96
(t, J = 6.6 Hz, 2H); 5.01 (dd, J = 7.2, 5.4 Hz, 1H); 5.29 (dq, J =
7.2, 6.6 Hz, 1H); 5.45 (d, J = 7.2 Hz, 1H); 5.66 (dd, J = 7.2 Hz,
5.4 Hz, IH); "CNMR (150 MHz, CD,Cl,)J 14.5; 18.4;23.3;26.4;
29.5 (two overlapping peaks); 29.8; 29.9; 30.1; 32.5; 66.2; 111.9;
125.2; 125.8; 129.2; 154.2; ESI-HRMS m/z: caled for C,sH,,NO,
(M + H*) 268.2271; found 268.2275.

Representative procedure for independent synthesis of products
9-13

Maleimide (0.2 mmol), 9-anthracenemethanol (0.2 mmol) and
anhydrous toluene (5 mL) were added to a 25 mL round-bottomed
flask equipped with magnetic stirrer and reflux condenser. The
mixture was heated at 100 °C for 6 h, then cooled to room
temperature and the solvent removed by rotary evaporation. The
crude product was purified by column chromatography (SiO,;
CH,Cl,-MeOH).

Adduct 9

Synthesized wusing the above procedure from adamantyl-
maleimide 4 in 89% yield, mp 283-284 °C. '"H NMR (600 MHz,
C¢Dy) 0 1.38 (d, J = 12.0 Hz, 3H); 1.49 (d, J = 12.0 Hz, 3H);
1.83 (s, 3H); 2.09 (s, 6H); 2.61 (m, 1H); 2.63 (dd, J = 8.4, 3.6 Hz,
1H); 2.74 (d, J = 8.4 Hz, 1H); 4.59 (d, J = 3.6 Hz, 1H); 4.75
(dd, J = 12.0, 6.0 Hz, 1H); 5.01 (dd, J = 12.0, 6.0 Hz, 1H); 6.89—
6.94 (m, 3H); 6.97-7.03 (m, 2H); 7.07-7.16 (m, 2H); 7.57 (d, J =
7.8 Hz, 1H); “C NMR (150 MHz, CD,Cl,) ¢ 30.1; 36.4; 39.2;
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46.0; 47.6; 50.0; 60.8; 61.2; 122.9; 123.4; 124.4; 125.7; 126.7 (two
overlapping peaks); 127.0 (two overlapping peaks); 139.7; 140.2;
142.9; 143.0; 178.6; 179.8 ESI-HRMS mi/z: caled for C,0H3; NO;
(M + H*) 440.2220; found 440.2222.

Adduct 10

Synthesized using the above procedure from adamantylmethyl-
maleimide 5 in 95% yield, mp 239-240 °C. 'H NMR (600 MHz,
C¢Dg) 0 1.04 (s, 6H); 1.44 (d, J = 6.0 Hz, 3H); 1.53 (d, J/ = 6.0 Hz,
3H); 1.76 (s, 3H); 2.71 (dd, J = 9.0, 3.0 Hz, 1H); 2.82 (m, 1H);
2.85 (s, 2H); 2.86 (d, J = 9.0 Hz, 1H); 4.58 (d, J = 3.6 Hz, 1H);
472 (dd, J = 11.4, 5.4 Hz, 1H); 497 (dd, J = 11.4, 4.8 Hz, 1H);
6.84-6.90 (m, 3H); 6.94-7.00 (m, 2H); 7.09-7.18 (m, 2H); 7.49
(d, J = 7.8 Hz, 1H); *C NMR (150 MHz, CD,Cl,) ¢ 28.8; 35.0;
36.9; 40.6; 46.1; 47.3; 48.5; 49.7; 61.5; 123.4; 123.5; 124.5; 125.8;
126.9 (two overlapping peaks); 127.5; 127.6; 140.3; 140.7; 143.3;
143.4; 177.8; 178.4; ESI-HRMS m/z: caled for C;)H;,NO; (M +
H*) 454.2377; found 454.2387.

Adduct 11

Synthesized using the above procedure from cyclooctyl-maleimide
6 in 93% yield, mp 172-174 °C. '"H NMR (600 MHz, CD,Cl,) 6
0.75-0.85 (m, 2H); 1.22-1.28 (m, 2H); 1.32-1.60 (m, 8H); 1.65—
1.73 (m, 2H); 2.85 (br s, 1H); 3.17 (dd, J = 8.4, 3.6 Hz, 1H);
3.23 (d, J = 8.4 Hz, 1H); 3.73 (tt, J = 10.8, 3.6 Hz, 1H); 4.70
(d, J = 3.6 Hz, 1H); 4.93 (dd, J = 11.4, 5.4 Hz, 1H); 5.09 (dd,
J = 12.0, 5.4 Hz, 1H); 7.11-7.27 (m, 6H); 7.37 (d, J = 7.8 Hz,
1H); 7.57 (d, J = 8.4 Hz, 1H); “C NMR (150 MHz, CD,Cl,) §
15.7; 25.6 (two overlapping peaks); 26.7 (two overlapping peaks);
30.8 (two overlapping peaks); 46.3; 48.0; 50.0; 52.5; 61.0; 64.3;
123.0; 123.8; 124.5; 125.8; 126.9 (two overlapping peaks); 127.2
(two overlapping peaks); 139.8; 140.1; 142.9; 143.0; 176.9; 177.2;
ESI-HRMS mi/z: calcd for C,,H;NO; (M + H*) 416.2220; found
416.2225.

Adduct 12

Synthesized using the above procedure from terz-octyl-maleimide
7 in 94% yield, mp 206-208 °C."H NMR (600 MHz, CD,Cl,) ¢
0.82 (s, 9H); 1.11 (s, 3H); 1.12 (s, 3H); 1.57 (d, 2H); 2.78 (t, J =
6.6 Hz, 1H); 3.09 (dd, J = 8.4, 3.0 Hz, 1H); 3.13 (d, J = 8.4 Hz,
1H); 4.70 (d, J = 3.0 Hz, 1H); 4.92 (dd, J = 11.4, 6.6 Hz, 1H);
5.07 (dd, J = 12.0, 6.6 Hz, 1H); 7.14-7.21 (m, 4H); 7.26 (dd, J =
7.2, 1.8 Hz, 1H); 7.30 (dd, J = 7.2, 2.4 Hz, 1H); 7.38 (dd, J =
7.2, 1.2 Hz, 1H); 7.56 (d, J = 7.2 Hz, 1H); "C NMR (150 MHz,
CD,Cl,) ¢ 29.0; 31.3; 31.9; 46.1; 46.6; 47.8; 50.1; 50.4; 61.0; 62.6;
123.0; 123.6; 124.5; 125.8; 126.9 (two overlapping peaks); 127.3
(two overlapping peaks); 139.9; 140.4; 143.0; 143.1; 178.6; 179.0;
ESI-HRMS m/z: calcd for C,;H,NO; (M + H*) 418.2377; found
418.2384.

Adduct 13

Synthesized using the above procedure from 4-cyclohexylphenyl-
maleimide 8 in 86% yield, mp 233-235 °C. '"H NMR (600 MHz,
CD,Cl,) 6 1.20-1.30 (m, 2H); 1.32-1.42 (m, 4H); 1.32-1.60 (m,
4H); 1.75-1.88 (m, 4H); 2.48 (m, 1H); 2.62 (t, J = 5.4 Hz, 1H);
3.45(dd, J = 8.4, 3.6 Hz, 1H); 3.51 (d, J = 8.4 Hz, 1H); 4.83 (d,

J =3.6Hz, 1H);5.00(dd, J = 12.6, 5.4 Hz, 1H); 5.13 (dd, J = 12.6,
5.4 Hz, 1H); 6.39 (d, J = 8.4 Hz, 2H); 7.14 (d, J = 8.4 Hz, 2H);
7.19-7.30 (m, SH); 7.36 (d, J = 7.2 Hz, 1H); 7.44 (d, J = 7.2 Hz,
1H); 7.65 (d, J = 7.2 Hz, 1H); *C NMR (150 MHz, CD,Cl,)
5 26.6; 27.3; 34.9; 44.8; 46.5; 46.8; 48.6; 50.3; 60.7; 123.0; 124.0;
124.7; 125.9; 126.9; 127.1; 127.5; 128.0; 129.7; 139.8; 140.2; 142.6;
142.7; 149.6; 176.5; 176.6; ESI-HRMS m/z: caled for Cy HyNO,
(M + H") 464.2220; found 464.2220.

Kinetic measurements

In a typical experiment, maleimide (20.0 mM), diene (20.0 mM)
and cavitand 1 (4.0 mM) were dissolved in 600 uL mesitylene-d |,
in an NMR tube. The sample (at room temperature, 23 °C) was
periodically placed in the NMR spectrometer and a spectrum
was recorded. Concentrations were monitored by reference to
the methine peak of 1 (4H) at 6 6.24 ppm, which was at nearly
constant chemical shift in an open window of the 'H spectrum
irrespective of the molecule occupying 1. The concentrations
of free maleimide, bound maleimide, and cycloadduct (free and
bound) were monitored by integration of their peaks at 0 5.73,
5.39 and 4.87 ppm respectively. Concentrations were tabulated
with respect to time. Control experiments were carried out under
the same conditions but in the absence of 1. KinTekSim*? was used
to simulate the Diels—Alder reactions in the presence and absence
of 1. Simulations were based on the mechanism described by the
simultaneous operation of eqn (1)—(4) (Fig. 6). In the equations, M,
C, D, P, M-C and C-P correspond to free maleimide, cavitand
1, diene (either 9-anthracenemethanol or carbamate 3), product,
bound maleimide and bound product respectively. The parameters
K, and K, were determined by independent NMR experiments.
The control (i.e. background) reaction was studied in separate
experiments, allowing for the independent determination of ke,
by plotting 1/[M] — 1/[M], against time, in accordance with the
integrated rate law for a second order process. It was assumed that
both equilibria K, and K, were fast compared to the rate-limiting
alkylation step; this is in agreement with NMR observations. The
only remaining parameter, k.., describing the reaction of bound
maleimide, was varied to fit simulated kinetics to experimental
data (the concentrations of free maleimide, bound maleimide, and
bound product with respect to time).

Kll

1) M+C = M-C
Kaee

2) M«C+D —» CP
Ka

3) CP == C+P
kum‘m

4) M + D P

Fig. 6
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An efficient method was developed to allylate aldehydes
using an aqueous indium-mediated allylation reaction with
fluorous-tagged allyl halides, and to directly purify the
products by fluorous solid phase extraction (F-SPE).

The fluorous technologies recently established by Horvath,'
Gladysz,> and Curran® provide innovative methods for biphasic
catalysis, catalyst recycling, and reaction product purification. In
particular, the concept of fluorous tagging, the attachment of
fluorous fragments to organic substrates, allows simple separation
of organic compounds based on their fluorine content.*
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Fig.1 Fluorous-tag technique for product isolation in aqueous reactions.

Indium-mediated Barbier-Grignard-type allylation of aldehy-
des in water® provides various synthetic advantages including:
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(1) the elimination of the need for inert atmosphere and anhydrous
organic solvent; (2) allowing direct use of compounds bearing
highly reactive functional groups without the need for protection
and deprotection steps; and (3) the direct use of water-soluble
starting materials without pre-derivatizations. The reaction has
led to the efficient synthesis of various natural products.®

Table 1 Allylation of aldehydes with fluorinated allyl ethers

)O]\ \)ol\/ 1.5 equiv In OH
+ Cl O R —,e—_> Oo. _R
R™ "H e Ho0/50°C/24n R N
3 1 4
0.45 mmol 0.30 mmol
Entry  Aldehyde Product 4 Yield (%)*

1 CHO OH 98
@( O Ri
4a
2 CHO OH 44
o o
F
4b

F

OH 87
J@f\)uw
Me Me 4c
OH 66
C(K)k/o\/&
oH 4d
OH 81
Cﬁd\” 0
Cl 4e
6 CHO OH 92
X o
Br

Br 4

OH 78
O R
49

OH 39
/\(\MOVR\‘

4h

“Isolated yield after F-SPE using water as solvent.
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However, there are still some limitations of the reaction at the evaporated completely (often by freeze-drying) before further
current stage: (1) product isolation by extraction with organic purification, which is both time-consuming and energy-intensive.
solvent consumes a large amount of organic solvent as well Similar limitations exist in other aqueous reaction systems. Thus,
as leaving a significant amount of solvent residue in aqueous an innovative method to isolate the products of such aqueous
solution; and (2) for water-soluble products, water has to be reactions efficiently avoiding extraction and/or freeze-drying

Table 2 Synthesis of a-methylene-y-butyrolactones by allylation of aldehydes with fluorinated allyl ester 2

) OH
e} i Br\)%ro\/Rf 1.5 equiv In R/KJHrO\/Rf
)j\ H,O/r t/24h

R H Ie) [e)
3 2 5
0.45 mma 0.30 mmol o
K,COg, ether (6]
rt./24 h
R 6
Entry Product 5 Yield (%) Product 6 Yield (%)*
1 OH 86 o0 88
o O<L
5a °© 6a
2 OH 80 e} 83
o <L
F sb © 6b
3 OH 76 0P 84
FD)\)%TO\/& Fw
F 5¢c © F 6c
4 Me OH 85 Me o Trace
O R
Me
M sa ° 6d
5 Br OH 74 Br Trace
as aSeq
(¢]
5e 6e
6 OH 54 o ° 91
O_R; Br;@—Qi
(0]
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“Tsolated yield after F-SPE using water as solvent. * Acetone-water (1 : 1) as solvent.
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techniques is highly desirable. Herein, we wish to report the use
of a shorter fluorous tag in synthesis and purification in aqueous
reaction systems. By using the fluorous-tag chemistry, an isolation
technique was developed for indium-mediated allylation reactions
in water. The corresponding products were isolated readily by
simple filtration through a short plug of fluorous silica gel (Fig. 1).

To begin our study, two different types of fluorous-tagged
allylating reagents 1 and 2 were synthesized.” With these allylating
reagents in hand, their reactions with various aldehydes were
then examined. We reacted compound 1 (117 mg, 0.30 mmol)
with benzaldehyde (48 mg, 0.45 mmol) and In powder (52 mg,
0.45 mmol) in 4 mL water at 50 °C in air for 24 h. The aqueous
mixture was added to a FluoroFlash® silica gel column (2 cm x
30 cm), and 4a was obtained as a pure product by gradient elution
using acetone-water. Subsequently, compound 1 was reacted
with various aldehydes 3 under the standard aqueous indium-
mediated allylation protocol (Table 1).* Upon simple filtration
through a short plug of fluorous silica gel, the corresponding
allylation products 4 were obtained cleanly without need for
further purification.

Consistent with other studies on Barbier-Grignard-type reac-
tions in water, aromatic aldehydes (Table 1, entries 1, 3-6) generally
gave higher yields of the corresponding allylation products than
aliphatic aldehydes (Table 1, entries 7 and 8), with the exception
of fluorinated aromatic aldehydes (Table 1, entry 2). At the
present time, it is not clear what caused the lower yields of the
fluoroaromatic aldehydes.

On the other hand, the reaction of reagent 2 with various
aldehydes generated the corresponding esters 5 (Table 2).° Further
treatment of the esters with base generated the a-methylene-y-
butyrolactones 6 in high yields."* Surprisingly, only trace amounts
of the lactones were obtained with ortho-substituted aryl alde-
hydes, most likely due to steric reasons (Table 2, entries 4 and
5). It should be noted that a water-soluble aldehyde also reacted
to give the desired product (Table 2, entry 10), albeit with a low
conversion, and requiring a modification of the conditions for the
allylation step.

In conclusion, an isolation technique has been developed for
directly separating product mixtures of aqueous indium-mediated
allylations by using the fluorous-tag method. Various aldehydes
were transformed into the desired products and isolated in pure
form readily by this method. The fluorous tag regenerated in pure
form from the FluoroFlash® silica gel column can be reused for
further reactions.

We thank the US EPA STAR program for support of our
research. CJL is a Canada Research Chair (Tier I) at McGill
University. CSR thanks Professors W. Alworth and G. McPherson
at Tulane University for help.
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7 Synthesis of 1: A solution of 1H,1H-perfluorohexan-1-ol (2.4 g,

8.0 mmol) in dry THF (20 mL) was added slowly over 10 min to a

stirred solution of sodium hydride (0.23 g, 9.7 mmol) in dry THF

(20 mL) at room temperature. The mixture was stirred at rt for 30 min,

then 3-chloro-2-chloromethyl-1-propene (1.5 g, 12 mmol) was added

and stirred for 6 h. The reaction mixture was quenched with ice-water,
extracted with diethyl ether (3 x 20 mL), and the combined extracts
were dried and concentrated in vacuo. Column chromatography of the

residue on silica using hexane-diethyl ether (50 : 1) as eluent gave 1

(1.72 g, 55%) as a colorless oil. "H NMR (CDCl;, 400 Hz): 6 (ppm)

5.30 (s, IH), 5.21 (s, 1H), 4.17 (s, 2H), 4.03 (s, 2H), 3.88 (t, J = 14 Hz,

2H); “C NMR (CDCl;, 100 Hz): 6 (ppm) 140.8, 118.3, 72.8, 67.3

(t, OCH,, Jc ¢ = 26 Hz), 44.8; GC-MS m/z (relative intensity): 388

M*, 5), 177 (25), 141 (100), 113 (35), 77 (65), 51 (20). Synthesis of

2: To a mixture of 2-(bromomethyl)acrylic acid (5.0 g, 0.03 mol) and

1H,1H-perfluorohexan-1-ol (15.0 g, 0.05 mol), concentrated sulfuric

acid (1.0 g) was added slowly and the mixture then stirred at 50 °C for

15 min. The mixture was heated at 130 °C for 6 h. After workup,

flash chromatography on silica using hexane-ethyl acetate (20 : 1)

as eluent gave the ester 2 (8.7 g, 65%) as a colorless oil. 'H NMR

(400 MHz, CDCl;, TMS) 6 (ppm): 6.41 (s, 1H), 6.08 (s, 1H), 4.69

(t, J = 13.6 Hz, 2H), 4.15 (s, 2H); “C NMR (100 MHz, CDCL;): §

163.4, 136.2, 131.4, 60.4 (t, OCH, J. = 27.5 Hz), 28.5; “F NMR

(CDCl;, C4Fs —164.9 ppm, 376 MHz): 6 (ppm) —83.98 (3F), —122.64

(2F), —126.22 (2F), —126.71 (2F), —129.47 (2F); GC-MS m/z (relative

intensity): 447 (M*, 65), 367 (100), 147 (45); IR (liquid film): v,,,, 3000,

1750 cm~".

A mixture of benzaldehyde (48 mg, 0.45 mmol), 1 (117 mg, 0.30 mmol)

and indium powder (52 mg, 0.45 mmol) in 4 mL water was stirred at

50 °Cin air for 24 h. The aqueous mixture was added to a FluoroFlash®

silica gel (FluoroFlash® silica gel bonded with perfluorooctylethylsilyl

chains, 40 pm, 60 A particle size from Fluorous Technologies Inc.)
column (2 cm x 30 cm) and 4a was obtained by gradient eluention

[acetone-water in ratios of 50 : 50 (100 mL), 70 : 30 (20 mL) and 80 :

20] as a colorless oil. "H NMR (CDCl;, 400 Hz): 6 (ppm) 7.38-7.26 (m,

5H), 5.20 (s, 1H), 5.12 (s, 1H), 4.84 (dd, J = 5.2, 8.4 Hz, 1H), 4.12 (d,

J =12 Hz, 1H), 4.03 (d, J = 12.4 Hz, 1H), 3.89 (t, / = 12.4 Hz, 2H),

2.52(dd, J =4.8,14.4 Hz, 1H) 2.47 (dd, J = 8.4 12.4 Hz, 1H), 2.27 (s,

1H); "C NMR (100 MHz, CDCl;): 6 (ppm) 144.2, 141.4, 128.7, 127.9,

125.9,117.3,75.8, 72.8, 66.9 (t, OCH,, J- r = 25.9 Hz), 43.5.

To a mixture of benzaldehyde (48 mg, 0.45 mmol) and 2 (135 mg,

0.30 mmol) in 4 mL water, indium powder (52 mg, 0.45 mmol) was

added and the mixture was stirred at rt in air for 24 h. The crude

reaction mixture was added to a FluoroFlash® silica gel column, and
washed with 100 mL of acetone-water (50 : 50) and 60 mL acetone—
water (70 : 30). An 80 : 20 mixture of acetone and water eluted the

desired product 5a. '"H NMR (400 MHz, CDCl;, TMS) 6 (ppm): 7.34—

7.26 (m, SH), 6.34 (s, 1H), 5.73 (s, 1H), 4.87 (dd, J = 4.4, 8.4 Hz, 1H),

4.68-4.59 (m, 2H), 2.78 (ddd, J = 1.2, 4.4, 14 Hz, 1H), 2.70 (ddd, J =

0.8, 8.4, 14.4 Hz, 1H), 2.60 (s, IH); *C NMR (100 MHz, CDCl;): o

165.8,143.8,135.6,130.9, 128.7,128.0, 125.9, 73.1, 60.2 (O-CH,, t, J =

26.7 Hz), 42.2; YF NMR (CDCl;, C,F, —164.9, 376 MHz): 6 (ppm)

—83.97(3F), —117.98 (1F), —122.62 (2F), —126.20 (2 F), —129.47; IR

(liquid film): v,,,, 3500-3250, 3050, 2900, 1750 cm™".

oo

o

10 Representative example for the preparation of a-methylene-y-

butyrolactones: Diethyl ether (2 mL) was added to 4-hydroxy-2-
methylene-4-phenyl-butyric acid 2,2,3,3,4,4,5,5,6,6,6-undecafluoro-
hexyl ester 5a (139 mg, 0.30 mmol) and K,CO; (2 mg, 5 mol%) and the
solution was stirred at rt in air for 24 h. The ether was then removed and
the residue was diluted with hexane and transferred on to a column.
The desired product 6a was eluted with hexane-ethyl acetate 10 : 1 to
give a white solid (52 mg, 88%). "H NMR (400 MHz, CDCl;) J (ppm):
7.39-7.28 (m, SH), 6.26 (t, J/ = 3.2 Hz, 1H), 5.67 (t, / = 2.4 Hz, 1H),
5.50 (dd, J = 6.8, 6.8 Hz, 1H), 3.38 (ddt, J = 2.8, 8, 17.2 Hz, 1H), 2.89
(ddt,J =2.8,6.4,17.2 Hz, IH), *C NMR (100 MHz, CDCl;): 6 (ppm):
170.5, 140.0, 134.4, 129.1, 128.8, 125.6, 122.8, 78.2, 36.5.
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3’-S-Phosphorothiolate (3'-SP) linkages have been incorporated into the DNA strand of both a
DNA-RNA duplex and a DNA-DNA duplex. Thermal melting (7',,) studies established that this
modification significantly stabilises the DNA-RNA duplex with an average increase in T, of about

1.4 °C per modification. For two or three modifications, the increase in 7', was larger for an alternating,
as compared to the contiguous, arrangement. For more than three modifications their arrangement had
no effect on 7,. In contrast to the DNA-RNA duplex, the 3'-S-phosphorothiolate linkage destabilised
the DNA-DNA duplex, irrespective of the arrangement of the 3'-SP linkages. The effect of ionic
strength on duplex stability was similar for both the phosphorothiolate-substituted and the unmodified
RNA-DNA duplexes. The results are discussed in terms of the influence that the sulfur atom has on the
conformation of the furanose ring and comparisons are also drawn between the current study and those
previously conducted with other modifications that have a similar conformational effect.

Introduction

Knowledge that oligonucleotides can act as potential therapeu-
tic agents, through antisense, antigene and RNA interference
mechanisms, has made the chemical modification of nucleic
acids a subject of exceptional interest. Chemists have shown
considerable ingenuity in developing nucleic acid mimics, which
exhibit structural features that deviate considerably from the
natural sugar-phosphate backbone, but retain sequence-specific
binding to DNA/RNA. Pre-eminent in this class are the amide-
based backbone structures such as PNA! and its analogues,” which
show exceptionally high affinity for complementary sequences.
However, nucleic acid analogues which are based on backbones
that are more closely related to the natural phosphodiester bonds
still continue to attract attention. These analogues are typified by
linkages in which one oxygen atom of the phosphodiester bond
is replaced by another heteroatom. Within this category both
the phosphorothioate® and the 3'-N-phosphoramidate* (3'-NP)
analogues have been extensively studied as therapeutic agents®
and the phosphorothioate linkage has also proved valuable in
probing the detailed mechanism® of phosphodiester bond cleavage
in nucleic acids.

Closely related to the phosphorothioate modification, is the
3'-S-phosphorothiolate (3'-SP) linkage (Fig. 1), in which the
3'-bridging oxygen is replaced by sulfur and can formerly be
considered as the result of incorporating a 3'-thionucleoside
into nucleic acids. This modification initially attracted atten-
tion for its application in probing enzymatically catalysed
cleavage mechanisms in both DNA and RNA.” More re-
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M 3'-5-Phosphorothiolate linkage
Fig. 1 The 3-S-phosphorothiolate linkage prepared from a
thymidine-3'-S-phosphorothioamidite monomer (1). T = thymin-1-yl,
DMT = dimethoxytrityl.

cently the structural consequences of incorporating a single
3'-SP linkage into the DNA strand of a DNA-RNA hybrid
[d(CCTAAATTTGCC)-r(GGCAAAUUUAGG)] has been stud-
ied by high resolution NMR spectroscopy and has demonstrated
that the conformation of the sugar to which the sulfur is attached
shifts to the north pucker (C3'-endo/C2'-ex0).* In addition, it
was noted that the conformation of the furanose ring 3 to
the site of modification is also shifted to the north. Finally,
UV thermal melting studies established that, in comparison to
the unmodified system, the incorporation of one or two 3'-S-
phosphorothiolate linkages into this DNA-RNA hybrid increased
the thermal stability of the DNA-RNA duplex by 1-2 °C
per modification depending on position.” We now report on
a systematic investigation of thermal duplex stability in both
DNA-DNA and DNA-RNA duplexes that contain multiple 3'-
SP linkages and describe the effect of ionic strength on melting
temperature.” The current study also examines the effect that
the pattern of substitution (contiguous versus alternating) has
on duplex stability and reveals some interesting differences in
thermal melting behaviour between duplexes containing the 3'-S-
phosphorothiolate linkage and the related 3'-N-phosphoramidate
modification.
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Results and discussion
Sequence choice and synthesis

Our previous thermal melting (7',,) studies were limited to the
d(CCTAAATTTGCC) r(GGCAAAUUUAGG) duplex in which
only one or two modifications were introduced into the DNA
strand.® This sequence has limited potential for the incorporation
of 3’-S-phosphorothiolate linkages, which for synthetic reasons
are most easily incorporated in association with pyrimidine
nucleotides. In addition, it also contains an ApT step, which is
known to induce a bend in the all DNA duplex and thus there was
concern that the effects observed with the 3'-S-phosphorothiolate
linkages could be specific for this sequence.!’ For the present
studies, 3'-SP linkages were incorporated into the thymidine tract
within the sequence d(GCGTTTTTTTTTTGCG). This strand is
known to form duplexes with complementary DNA and RNA
and both show well behaved, single-phase melting curves."

Oligodeoxynucleotides containing 3'-SP linkages were pre-
pared using a thymidine-3'-S-phosphorothioamidite monomer (1,
Fig. 1) which was activated with 5-ethylthiotetrazole.”® Using
this procedure the coupling yield for the introduction of each
phosphorothiolate linkage was about 92%, which was sufficient to
prepare oligomers containing up to five 3'-SP modifications. The
phosphorothioamidite monomer is known to be relatively unre-
active in comparison to the standard phosphoramidites and this
explains the low coupling yields.”®** Attempts to introduce more
modifications resulted in complex mixtures of failure sequences,
from which the desired oligomer could not be adequately purified.
All oligodeoxyribonucleotides were purified by reverse-phase C-
18 HPLC with the trityl group present. Following detritylation,
oligodeoxyribonucleotides were characterised by electrospray (ES)
mass spectrometry (see Table 3 in Experimental section).

Thermal melting studies

T, values for DNA-RNA duplexes formed between the phos-
phorothiolate-substituted sequence d(GCGTTTTTTTTTTGCG)
and the complementary RNA strand are shown in Table 1. As
can be seen, in comparison to the unmodified duplex (duplex
1), incorporation of increasing numbers of phosphorothiolate
linkages considerably stabilises the duplex. Thus, the increase in
T.. (AT,) observed for 5 modifications (duplexes 9 and 10) is
almost 7 °C, equivalent to a AT, modification of 1.4 °C.

Table 1
Experimental section for details

As noted above, the unmodified DNA-RNA duplex (duplex
1) has the lowest 7,, when compared to the 3'-SP-modified
DNA-RNA duplexes (duplexes 2-6), and is therefore the least
thermodynamically stable. By comparison with the helical con-
formations adopted by other unmodified DNA-RNA duplexes, it
is expected that the DNA strand of this duplex would adopt a
conformation intermediate between a B- and A-type helix, with a
large proportion of the furanose sugars assuming a predominantly
south pucker; whilst the RNA strand would adopt an A-type
conformation with all of its sugars existing in a predominantly
north pucker.®*'* Based on our NMR study on the DNA-RNA
duplex 5-d(CCTAAATTTGCC)-3-r(GGATTTAAACGG) (T =
a thymidine associated with a 3'-SP linkage),*’ the incorporation
of phosphorothiolate linkages in the DNA strand would be
expected to steer the conformation of the sugar to which the
sulfur is directly attached (n sugar), and the adjacent 3'-sugar
(n + 1 sugar), towards a pure north and a predominantly north
conformation, respectively. In addition, all of the remaining sugars
in the DNA strand would be expected to adopt a predominantly
south conformation, whilst the sugars in the RNA complement
would exist in a predominantly north pucker. In this situation,
the DNA strand of the duplex would adopt a more A-like
conformation at the phosphorothiolate modification sites than
would be observed for the equivalent region in the unmodified
DNA-RNA duplex. As there is more extensive base—base overlap
in the A-form helix," improved intrastrand base stacking would
most likely account for the enhanced stability of this duplex
compared to the unmodified DNA-RNA duplex. This result is
also expected based on a comparative study of the duplex stability
of RNA-RNA and RNA-DNA duplexes.'

Comparisons can also be drawn between our current studies
and those conducted with the more conformationally constrained
‘locked nucleic acids’ (LNA) system. When incorporated into
a DNA strand, LNA residues increase thermal duplex stability
with a complementary RNA strand and have a similar effect on
the conformation of the furanose rings as the 3'-SP linkage.”” A
feature of the LNA-modified (in DNA strand)-RNA hybrids is a
‘saturation’ limit in the measured T',,s. That is, there is a reduction
in the increase in 7T, after a specific number of modifications
have been introduced.'®” The helical thermostability per LNA
residue was found to reach a maximum for sequences containing
<50% LNA monomers.” Nonamers containing just three spaced
LNAs (with their RNA complement) were found to adopt a
near canonical A-type duplex hence the advantage of further

T, data for DNA-RNA duplexes formed with r(CGCAAAAAAAAAACGC). T indicates a thymidine associated with a 3'-SP linkage. See

Duplex number Number of modifications Oligodeoxynucleotide T,/°C AT,./°C
1 0 GCGTTTTTTTTTTGCG 39.7 —
2 1 GCGTTTTITTTTTGCG 40.7 1.0
3 2 alternating GCGTTTITTTTTTTGCG 42.5 2.8
4 2 contiguous GCGTTTTITTTTTTGCG 41.8 2.1
5 3 alternating GCGTTTITTTITTTGCG 43.6 3.9
6 3 contiguous GCGTTTTITTTTTTGCG 43.0 3.3
7 4 alternating GCGTTTTITITTTGCG  45.1 5.4
8 4 contiguous GCGTTTTITTITTTTGCG 45.1 5.4
9 5 alternating GCGITITITITITGCG 46.5 6.8

10 S contiguous GCGTTTITTTTTTTGCG 46.5 6.8

This journal is © The Royal Society of Chemistry 2007
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substitutions is reduced. Thus it appears that once the target
geometry has been achieved with its associated thermal stability
subsequent additional chemical changes will have a diminishing
effect. This feature seems to be present in the 3'-SP sequences
studied here, whether the substitutions are alternating or con-
tiguous; although the saturation point does not occur at the
same substitution number. The difference between alternating and
contiguous substitution patterns on 7', is most apparent at low
levels of incorporation. When 2 or 3 phosphorothiolate linkages
are present, the 7', for the alternating spacing shows a small
increase (0.6-0.7 °C) over that of the contiguous arrangement
(Table 1, compare duplexes 3 with 4 and 5 with 6). This is before the
DNA strand adopts the fully A-helical conformation, and where
a significant advantage is gained from spacing the modifications
due to the occurrence of the 3'-transmitted conformational shift.
Recently we have shown that it is actually disadvantageous to
have contiguous modifications at low substitution levels.”> NMR
studies of dTTT (with contiguous 3'-SP linkages) indicated that
the 3'-conformational shift was not transmitted to the third
sugar ring, moreover base stacking was disrupted; whereas in
dTTTG (with alternating modifications) all four sugars have
significant north character.”® The difference between alternating
and contiguous at these low levels may therefore be attributed to
the differing levels of 3'-transmission. Once 4 or 5 modifications
are introduced no advantage is gained from the alternating
arrangement (Table 1, compare duplexes 7 with 8 and 9 with
10). This may be a manifestation of the ‘saturation’ phenomenon
noted above. Consequently in designing DNA-based systems to
interact with RNA maximum benefit of the modified linkages is
derived from having fewer modifications and having them situated
alternately.

It is well established that nucleic acid duplexes are stabilised
in the presence of salts due to cations masking the repulsive
Coulombic interactions between the phosphates.” Three success-
ful polyelectrolyte models have been developed to explain this
behaviour; the counterion condensation theory,?® the Poisson—
Boltzmann theory** and the more recently proposed tightly bound
ion model.”® The effect of salt concentration on the stability of the
DNA-RNA duplex was assessed by measuring 7', values over
a range of salt concentrations and plotting 7', as a function of
NaCl concentration (Fig. 2). No plot of T, versus In [Na*] is
presented as it has recently been shown that this relationship is
nonlinear between 70 mM and 1.0 M. As can be seen from
the plot, increasing the salt concentration stabilises both the
unmodified and phosphorothiolate duplexes to a similar extent
at salt concentrations up to 0.1 M. At higher salt concentrations
(0.5 M) the phosphorothiolate containing duplex is stabilised to a

65
&
g ---+-- Unmodified
y —— Modified
40{¢
35 ' '
0 0.2 0.4 06
[NaCl], M

Fig.2 T, versus [NaCl] plotted for duplex 3 (see Table 2).

greater extent. This may reflect the fact that duplexes associated
with the north sugar pucker (C3'-endo, A-type helix) have closer
interphosphate distances (5.9 A) than those that adopt the south
pucker (C2-endo, B-type helix) which is about ~7 A2 and
thus the shielding effect of Na* is likely to be greater for the
phosphorothiolate containing duplex which has greater A-form
helical character.

T, values for DNA-DNA duplexes formed between
the phosphorothiolate-substituted d(GCGTTTTTTTTTTGCG)
strand and its unmodified DNA complement are shown in Table 2.
In this case, increasing the number of phosphorothiolate linkages
leads to a destabilisation of the duplex with an average AT, of
almost —1 °C per modification. The decrease in T\, is once again
consistent with the phosphorothiolate linkages imparting A-type
helical structure to the modified strand. The duplex therefore
becomes conformationally similar to a RNA-DNA heteroduplex
which have generally been shown to have a lower thermal stability
than the analogous DNA-DNA B-form structure.®

It is also of interest to compare the effect of the 3'-S-
phosphorothiolate linkage with that of the 3'-N-phosphoramidite
(3-NP) linkage, to which it is most closely related.* Both these
modifications induce a predominantly N-type pucker of the
furanose ring and in this respect can be considered to be
conformational mimics of RNA. Previous studies have shown
that the incorporation of 3'-NP linkage into the DNA strand
of a DNA-RNA duplex enhanced the thermal stability by 2.3—
2.6 °C per modification, in comparison to their phosphodiester
counterparts.®® The magnitude of this stabilising effect is greater
than that observed here for the 3'-SP linkage, but a direct compar-
ison is difficult due to differences in sequence and concentration.

Table2 T, data for DNA-DNA duplexes formed with d(CGCAAAAAAAAAACGC). T indicates a thymidine associated with a 3'-SP linkage. See

Experimental section for details

Duplex number Number of modifications Complementary oligodeoxynucleotide T,./°C AT,/°C
11 0 GCGTTTTTTTTTTGCG 433 —

12 1 GCGTTTTITTTTTGCG 42.6 —0.7

13 2 GCGTTITITTTTTGCG 41.9 —1.4

14 3 GCGTTITITITTTGCG 40.0 -33

15 4 GCGITITITITTTGCG 39.0 —4.3

16 4 GCGTTTTITTITTTTGCG 39.9 -3.4

17 5 GCGITITITITITGCG 38.6 —4.7
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In the case of DNA-DNA duplexes, the effect of introducing
3'-NP linkages into one of the strands varied, depending on the
pattern of substitution. Oligodeoxynucleotides with contiguous
3'-NP modifications stabilised duplex formation in comparison
to the natural linkage, whilst an alternating arrangement had a
destabilising effect.”® In contrast, both arrangements of the 3'-SP
linkages destabilised a DNA-DNA duplex, although the alternat-
ing pattern (duplex 15, Table 2) was slightly more destabilising than
the contiguous arrangement (duplex 16, Table 2). Subtle variation
in the properties of the phosphoramidate and phosphorothiolate
oligonucleotides would be expected based on the fact that the two
backbones are likely to differ in terms of rigidity and hydration.
Structural analysis of a fully substituted 3'-NP duplex has revealed
a conformational uniformity that is consistent with substantially
increased backbone rigidity and is attributed to a strong anomeric
effect between the 3'-nitrogen lone pair and the o* orbital of
the P-O5 bond.* In contrast *P NMR measurements made as
part of the conformational analyses of 3'-SP modified di- and
tri-nucleotides are supportive of little or no alteration in the
phosphate backbone (conformation or conformational stability)
following the introduction of the sulfur modification.'?

Conclusions

The incorporation of 3'-SP linkages into the DNA strand of a
DNA-RNA hybrid duplex has been shown to thermodynamically
stabilise duplex formation. For up to three modifications the
stabilising effect is slightly greater for an alternating arrangement
of SP linkages over contiguous pattern, but this advantage is
lost once four or more modifications are introduced. The T,
studies presented here on the DNA-RNA duplexes, when taken
in conjunction with our previous studies,” suggest that duplex
stabilisation by the 3'-SP linkage is independent of sequence.
However, studies on more heterogeneous systems will be required
to confirm this.

In the case of a DNA-DNA duplex, phosphorothiolate substi-
tution reduces duplex stability and, unlike the 3'-NP modification,
this effect is independent of the pattern of substitution. Whilst the
3'-SP linkage clearly has some similarities with the 3'-NP linkage,
there are subtle variations which probably result from differences
between the two analogues in hydration and rigidity. In terms
of its effect on duplex stability and sugar conformation, DNA
containing phosphorothiolate linkages is a very good mimic of
RNA and suggests that this modification may be of interest in
RNA interference.

Experimental
General

Oligodeoxynucleotide synthesis was performed on an Expedite™
8909 DNA synthesizer equipped with standard Expedite™ Work-
station Software. RNA was prepared on an ABI 391 PCR-mate
oligonucleotide synthesiser. All standard reagents for oligonu-
cleotide synthesis were purchased from either Applied Biosystems
or Glen Research. 5-Ethyl-1H-thiotetrazole was purchased from
Glen Research. Reverse-phase HPLC was performed on a Gilson
HPLC system equipped with an autoinjector, a photodiode array
detector and a dual hydraulic pump. Chromatographic data

were handled using UniPoint software version 3.0. Separations
were carried out using a 250 mm x 4.60 mm, 5 p Gemini
C18 column supplied by Phenomenex®). Oligonucleotides were
characterised on a Micromass LCT mass spectrometer using
negative mode electrospray ionization and direct infusion syringe
pump sampling.

Oligonucleotide synthesis

All oligodeoxynucleotides (ODNs) were prepared on a 1 pumol
scale with the trityl group retained and the standard instru-
ment protocols were used for the unmodified oligonucleotides.
Phosphorothiolate linkages were introduced using the thymidine
3'-S-phosphorothioamidite’® (0.15 M) loaded at position 5 of
the synthesiser and the activator 5-ethyl-1H-thiotetrazole (1 M)
supplied from position 7; the coupling time was 15 min. Standard
reagents and protocols were used for the oxidation, capping and
detritylation steps. Once synthesis was complete the reaction
column was removed and dried by passage of nitrogen. The
crude DMT-protected ODNs were obtained by treating the solid
support with concentrated aqueous ammonia (1 mL) for 48 h
at room temperature in a sealed Wheaton vial. DMT-protected
ODN5s were concentrated in a vacuum centrifuge, redissolved in
triethylammonium bicarbonate (TEAB, 0.1 M) and purified by
reverse-phase HPLC using a gradient of 0-40% acetonitrile in
TEAB (0.1 M) over 25 min. The DMT group was removed as
previously described."” ODNS5 that were less than 98% pure, as de-
termined by HPLC, were repurified by reverse-phase HPLC using
a gradient of 0-20% acetonitrile in TEAB (0.1 M) over 35 min.
All oligonucleotides were characterised by mass spectrometry (see
Table 3).

RNA synthesis followed a similar procedure to that used for
the DNA sequences, however the coupling time was extended to
20 min. Deprotection of the support-bound oligonucleotide was
achieved using freshly prepared saturated methanolic ammonia
(1.5 mL) in a Wheaton screw top vial incubated at 30 °C for
24 h. Solutions were evaporated under a stream of nitrogen
gas. Further deprotection steps to desilylate involved dissolving
samples in 300 pL of anhydrous DMSO and 300 puL of NEt;-3HF
and incubating at 30 °C for a further 18 h. The solution was
then quenched with a few drops of ddH,O. Anion exchange
chromatography was initially used to purify the RNA. A linear
gradient of 0-80% 1 M NH,Cl was employed for 20 min.

Table 3 ESI mass spectrometry data acquired for oligonucleotide se-
quences using negative mode ionisation. Samples were prepared in aqueous
methanol + 0.1% diethylamine. T indicates 3'-thiothymidine

Oligonucleotide Measured mass  Calculated Mass
d(GCGTTTTTTTTTTGCG) 4875.091 4875.204
d(CGCAAAAAAAAAACGC)  4885.094 4885.290
d(GCGTTTTITTTTTGCG) 4891.169 4891.271
d(GCGTTITITTTTTGCG) 4907.814 4907.337
d(GCGTTTITITITTTGCG) 4922.509 4923.404
d(GCGTTITITITTTGCG) 4940.426 4939.470
d(GCGTTITITITITGCG) 4955.542 4955.537
d(GCGTTTITTTTTTGCG) 4905.947 4907.337
d(GCGTTTITITTTTGCG) 4922.625 4923.404
d(GCGTTTITITTTTGCG) 4939.950 4939.470
d(GCGTTTITTTTTTTGCG) 4955.598 4955.537
r(CGCAAAAAAAAAACGC) 5140.272 5141.280
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Subsequently the material was further purified by reverse-phase
HPLC with 100% ammonium acetate and 100% acetonitrile
buffers; a gradient of 0-10% acetonitrile was used over 20 min.
Samples were desalted using gel size exclusion columns.

UV thermal melting

UV thermal melting studies were performed using a Hewlett
Packard 8452A diode array spectrophotometer equipped with
a Peltier device. Both spectrophotometer and Peltier unit were
controlled by a PC using software provided by HP. Absorbance
was followed at 260 nm. The sample temperature was increased
in half degree increments from 19 to 90 °C, with a five minute
equilibration period before each reading. T, Values were mea-
sured as the maximum of the first derivative of the melting curve
(A, versus temperature). Unless stated otherwise, samples were
dissolved in 10 mM phosphate buffer, pH 7.0 and single strand
concentrations were 1.5 uM.
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A four-folded azidation of tetrakis(4-iodophenyl)methane
and -adamantane leads to stable organic azides, but yet ener-
getic materials, measured by differential scanning calorimetry
(DSC). The rigid and symmetrical structures can be useful
for new polymer and nanomaterial developments in material
sciences as well as bioconjugations, after 1,3-dipolar cycload-
dition reactions with terminal alkynes to 1,2,3-triazoles.

The research of highly energetic materials, especially polyazides,
has attracted the attention of chemists in the last few years.
Inorganic azides of the type M(N,), were investigated'? as well
as numerous organic compounds.® Banert ef al.* reported a re-
markable example of explosive polyazides, the tetraazidomethane.
A nitrogen-rich compound as an intermediate stage in a one-pot
synthesis, based on the tetraphenylmethane structure, was recently
reported by Chen et al.®

Nowadays, aryl azides are increasingly used in organic
synthesis,* due to the versatile transformations of the azide
functional group. Anilines and nitrenes’ can be generated and
azides are useful for the preparation of different heterocycles.*®
Polyazido organic compounds have high relative heats of forma-
tion measurable by differential scanning calorimetry. One azido
group typically adds about 364 kJ mol™' of endothermicity to the
organic frame.>!

Furthermore, the significant Huisgen-variant of the 1,3-dipolar
cycloaddition reaction, a metal catalyzed azide/alkyne ‘click’
reaction,'**? leads to 1,4- or 1,5-substituted heterocycles.

Tetrafunctionalized molecules with a rigid structure, like the
newly developed symmetrical polyazides are promising com-
pounds for polymerization processes, material and macromolecu-
lar sciences,” as well as for the investigation of novel nanomate-
rials. The 1,4-disubstituted 1,2,3-triazoles, easily accessible from
polyazides, found applications prevalently in drug discovery and
bioconjugations.”

However, structures like the tetrasubstituted polyazides of tetra-
phenylmethane 3d and its analogue, the 1,3,5,7-tetraphenyl-
adamantane 4d, have not yet been synthesized.] Herein, we
report stable aryl azides that, unlike alkyl azides,>" combine
high energetic properties with non-explosive ones under ambient
conditions (25 °C, 1 atm).

The synthesis of the polyazides is based on iodoarylated
compounds in both cases: the tetrakis(4-iodophenyl)-methane 1'

Universitdit Karlsruhe (TH), Institut fiir Organische Chemie, Fritz-Haber-
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(0)721 608 8581; Tel: (+)49 (0)721 608 2902

T Electronic supplementary information (ESI) available: Experimental
procedures and detailed characterizations of all structures. See DOI:
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was obtained in two steps from tritylchloride.’®'” Its analogue,
1,3,5,7-tetrakis(4-iodophenyl)adamantane 2,'®* was synthesized
from 1,3,5,7-tetraphenyladamantane in one step.?

The aryl azides 3d, 4a—d were prepared via Ullmann-type
coupling reactions,” using Cul as catalyst** to activate the aryl
halides for the nucleophilic substitution. The reaction rate is
influenced by factors like ligands, for example L-proline or
diamines, and solvent systems.?

The first attempts to obtain 1,3,5,7-tetrakis(4-azidophenyl)-
adamantane 4d using L-proline as catalyst gave lower substituted
homologues 4a—c as side products (Scheme 1, entries 1-3) in
DMSO-H,0 (5 : 1) as solvent. Different ligands and solvents
were tested. Optimized conditions delivered tetraazide 4d with
yields up to 34%. N,N’-Dimethylethylenediamine (1.2 equiv.) as
ligand, NaN; (16 equiv.), sodium ascorbate (0.4 equiv.) and Cul
(0.8 equiv.) in DMSO-H,O (10 : 1) were added to a solution
of tetraiodoaryl 2 in DMSO. The similarity of the molecular
structures, the thermal resistance of the adamantane core and the
well known insolubility of high symmetrical compounds made the
purification and characterization of all derivatives very difficult.
All samples were purified by flash chromatography (cyclohexane—
CH,Cl,, 5: 1) and characterized by 'H and *C NMR analysis.

| R4
NaN3
ligand
Cu(l)
sodium ascorbate
X—;,/\\‘)\ —_—_— X ' s
Z~R3
/©, / | DMSO/H,0 ,©/ e R
I 100 °C, 48 h R
I R?
1-4 _
1 X =C (methane core)  3dR'™ =Ny
2 X =1357-adamantyl 4aR!= Ny RZ4 =]

(adamantane core) 4bR12 = Na R34 =
4cR™ =Ny R =1

4d R =N,
2 Ligand Yield®
intry Core X Product [mol%] DMSO/H,0 [%]
4a-d i :
1 2 (mixture) o il AN
2 2 60" 5:1 9 (4b)
3 2 60° 5:1 12 (4¢)
4 2 60° 5:1 7 (4d)
5 2 4d 120 10:1 34 (4d)
6 1 3d 120 20:1 41

“ see Supporting Information: Variant B with -proline; ” Variant A
with NN -dimethylethylenediamine;
¢ isolated yield

Scheme 1  Ullmann-type coupling with iodoaryl 1 and 2.
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We found that tetrasubstituted compounds 3d and 4d can best
be prepared using a solvent ratio of DMSO-H,O 5:1and 20 : 1
respectively (Scheme 1). All other tested solvents like EtOH,
THF, -BuOH and other common solvent mixtures suffered from
solubility problems.

Thus, tetraiodoaryl 1 yielded 1,3,5,7-tetrakis(4-azidophenyl)-
methane 3d under the conditions optimized for the preparation of
4d (100 °C in DMSO-H,O 20 : 1). Polyazide 3d was isolated after
24 h by flash chromatography (cyclohexane-CH,Cl,, 5: 1) in 41%
yield (Scheme 1, entry 6).

Furthermore, all isolated azides containing the adamantane
core 4a—d as well as the methane tetraazide 3d were analyzed
by differential scanning calorimetry and thermal gravimetric
measurements were performed.

Obviously, the tetrasubstituted azides 3d (Fig. 1, Table 1)
and 4d showed the highest exothermicity. A thermal energy of
700 kJ mol™' (1445 kJ kg™') for polyazide 3d and 741 kJ mol™'
(1225 kJ kg™') for compound 4d were measured while heating.

55

1956 °C
f \\
/ |
|
351 /o
g "l#l |‘
§2s / \I‘
: /.
/I
15 f { \
7 |’ \1
4 f \
05 | E— SNy
L7 qm9cc
700 kjimel
-05 T T
0 100 150 200 250 300
Ewly temperature / °C
Fig. 1 DSC analysis of tetrakis(4-azidophenyl)methane 3d.

Depending on the molecule structure, different N,-eliminations
were detected, visible in several T peomp » 7 max annd AH (Table 1). The
data for all polyazides are listed in Table 1. Increasing the number
of azide functions in a molecule, e.g. mono- 4a, di- 4b, tri- 4c and
tetrasubstituted 4d aryl azide derivatives of the adamantane core,
goes along with an enhancement of the exothermicity (Table 1).
Hence, the expected drift for the exothermic effect could be
shown.

Table 1 Data of DSC analysis for all polyazides

Toecomp.” T X 4H

Azide °C °C kJ mol™!

3d 175.9 195.6 700

4a 181.8 204.7 73

4b 166.3 198.4 430
311.6 331.4

4c 167.9 199.2 435
344.0 355.1

4d 174.1 193.9 741

“Thermal decomposition starts. * Temperature with a maximum energy.
¢ Endothermicity was detected more often during the measurement,
depending on the structure.

Tetrakis(4-azidophenyl)methane 3d gave a higher reported heat
than polyazide 4d. The reason may be due to a lower molecular
weight and consequently a lower C-N ratio in the core structure.
Despite its high energetic potential, we never had problems in
isolating this product,® compared to an analogue, the unstable
azidobenzene (344 kJ mol™! in liquid phase).” The decomposition
of this azide was measured by Waddell ef al. and led to molecular
explosions upon irradiation in diluted solutions of azidobenzene.**

The samples of the polyazides were heated (5.0 K min™') in an
aluminium pan under a N,-atmosphere. Here, an empty pan acted
as a reference.

Thermal gravimetric measurements were performed as further
evidence for the molecular structure. Analysis of compound 4d
showed a stepwise mass loss of 19%, 20% and 11% relative to
its molecular mass of 604.3 g mol™' caused by the fragmentation
of the molecule. Derivative 4a could also be identified by mass
spectrometry (FAB-MS) probably due to the relatively small
exothermic effect during thermal decomposition caused by its
sole azide functional group. The high thermal energy of all other
compounds leads to a complete fragmentation of the sample
during ionization. Thus, characterization by mass spectrometry
was unsuccessful

Furthermore, a Cu(1)-catalyzed 1,3-dipolar cycloaddition re-
action, named as ‘click’ reaction, was performed with com-
pound 4d and prop-2-yn-1-ol (12 equiv.), as a terminal
alkyne, to form 1,3,5,7-tetrakis(4-(4-hydroxymethyl-1,2,3-triazol-
1-yl)phenyl)adamantane 5di in up to 11% yield (Scheme 2) after
purification by flash chromatography (CH,Cl,-MeOH, 5 : 1).*°
Other conditions, like higher temperatures (100 °C) and longer
reaction times (48 h), were required for a successful addition
despite the mild conditions reported in previous investigations.”

///\OH

N3
CuSQy, ' 5H,0 (40 mol%)

!g sodium ascorbate (40 mol%)

5d
O O DMSO/H,0 (20:1),
N3 N3

100 °C, 48 h
see text
N3
4d
OH
a8
N
HO
5
NN O _
HO
N
N\
N
OH
Scheme 2 ‘Click’ reaction with polyazide 4d.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 3586-3588 | 3587





Attempts using less equivalents of alkyne for the cycloaddition
led to mono- 5a (up to 22%) and di-adduct 5b (up to 14%).
The compounds were characterized by 'H and "C NMR after
purification.

Conclusions

In summary, we have successfully synthesized polyazides, based
on adamantane and methane cores. Despite the high energetic
properties of tetrasubstituted azides (for safety issues, please
see ref. 5), measured by differential scanning calorimetry, all
synthesized azides were stable and could be handled without
special precautions.

Further ‘click’ reactions with tetrasubstituted azides led to rigid
tetrahedral 1,2,3-triazoles with a variety of applicable functional
groups for bioconjugations or material sciences.

We thank Dr Stefan Lobbecke, Fraunhofer Institute for Chemi-
cal Technology ICT, Karlsruhe, for the DSC and thermogravimet-
ric analysis. We acknowledge the DFG center for functionalized
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